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ABSTRACT 

Over the past few decades, an ageing population combined with a shift towards a 

Western lifestyle has predisposed many individuals towards inter-connected gastrointestinal 

(GI) diseases, including inflammatory bowel disease (IBD), colorectal cancer (CRC), gastric 

cancer (GC) and Clostridioides difficile (C. difficile) infection (CDI). anti-TNF-α treatment for 

IBD patients has a high unresponsive rate, by using bioinformatics approaches, I identified 

neutrophil chemotaxis may contribute to the treatment resistance and IL13RA2 is the best 

predictor to identify treatment unresponsive patients. On the other hand, in the intestinal tract, 

colonocytes consistently exfoliate and shed into the lumen, affecting gut microbiota 

composition. These molecular/microbial changes involved in disease pathogenesis can be 

detected in faeces. By using Taqman probe-based real-time polymerase chain reaction (RT-

qPCR) assay, several non-coding microRNAs (such as miR-18a, miR-20a, miR-221 and miR-

135b) and gut microbes (including Fusobacterium nucleatum, Parvimonas micra, Gemella 

morbillorum, Peptostreptococcus anaerobius, Clostridium hathewayi and Lachnoclostrium sp.) 

are highly expressed/enriched in faeces in CRC individuals compared to control subjects. The 

use of a faecal immunological test (FIT) in combination with these biomarkers may improve 

the non-invasive CRC screening accuracy. Furthermore, Epstein-Barr virus (EBV) is an 

oncogenic virus and EBV-driven GC accounts for roughly 10% of total GC cases. GC cells 

infected with EBV alter the molecular aspect at whole-genome, transcriptome, and epigenome 

levels. For instance, AKT2 activated by mutation in EBVpositive GC cells affecting downstream 

MAPK and focal adhesion signalling pathways; AKT2 mutation associates with poor patient 

survival in EBV-positive GC. Furthermore, once patients have received GI treatments, it may 

suppress/interfere with the patients’ immune system, disrupt the gut flora homeostasis and 

trigger CDI. Faecal microbiota transplantation (FMT) has been demonstrated as an effective 

and alternative treatment strategy for CDI patients. However, it is still in clinical trials due to 

safety concerns. My study revealed that serum miRNAs such as miR-23a-3p, miR-150-5p, 

miR-26b-5p and miR-28-5p could be used to monitor FMT treatment in CDI patients, and these 

markers inversely correlate with IL-12B, IL-18, FGF21 and TNFSRF9 at serum protein and 

mRNA levels, respectively. Furthermore, miR-23a and miR-150 showed cytoprotective effects 

against C. difficile Toxin B (TcdB). 
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I. INTRODUCTION 

Over the past few decades, an ageing population combined with dramatic 

modifications in lifestyle and obesity has predisposed many individuals towards inter-

connected gastrointestinal (GI) diseases, such as non-alcoholic fatty liver disease (NAFLD), 

inflammatory bowel disease (IBD), colorectal cancer (CRC), gastric cancer (GC) and 

Clostridioides difficile (C. diff) infection (CDI). It characterises one of the major global health 

issues, causing around 8 million deaths per year worldwide (Kim et al. 2014). In Europe, GI 

cancer is the leading cause of cancer death, with the most and the second-most common 

cancer in men and women, respectively (Farthing et al. 2014). GC and CRC are the major 

malignancy in GI cancer and account for the second and fourth most cancer-related deaths 

worldwide. 

 

Benefiting from bowel cancer screening programmes (Publication 1, page 79) (Tepus, 

Yau 2020) and advanced therapeutic strategies (Publication 2, page 92) (Yau 2019), the 

population-based mortality for CRC has been falling for the past half-century, especially in 

Central, Western and Northern European countries, and particularly in men (Bray et al. 2018). 

However, the use of low-cost haemoglobin-based CRC screening such as the faecal 

immunological test (FIT) is limited by haemoglobin degradation and intermittent bleeding 

patterns in large intestines, so that a large number of individuals cannot be identified until the 

late stages, leading to poor treatment responses and prognosis (Tepus, Yau 2020). Thus, 

finding reliable non-invasive biomarkers is still ongoing; and the understanding of CRC 

pathogenesis on microRNA (miRNA) and gut microbes is critical in helping with biomarker 

discovery.  

 

On the other hand, due to poor disease management of long-standing chronic colonic 

inflammation, a certain percentage of CRC cases are induced by IBD. One of the critical issues 

is the unresponsive treatment of anti-tumour necrosis factor α (TNFα) agents, which has a 

rate of up to 30% of initial unresponsive treatment and up to 50% of diminishing response over 

time (Ben-Horin et al. 2014). (1) Thus, finding biomarkers to predict treatment outcome and 

the mechanisms of unresponsive anti-TNFα are required. Here, microRNA is involved in the 

progression of colitis-associated CRC (CAC) (Publication 3, page 102) (Bocchetti et al. 2021) 

and the use of (2) faecal-based miRNA and (3) gut microbes could be useful for non-invasive 

CRC screening. Besides, (4) study of gut-host interactions is critically important for gaining 

new insight into gastrointestinal diseases. IBD patients also have a greater risk of CDI, and 

IBD patients with CDI have disproportionately higher morbidity and mortality (Balram et al. 

2019). Faecal microbiota transplantation (FMT) is an effective alternative treatment strategy 
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for CDI, however, the molecular mechanisms of how the host responds to FMT remain unclear. 

Moreover, changes in stomach microbiota composition also increase the incidence of Epstein-

Barr virus (EBV)-induced GC, which leads to significantly increased healthcare costs 

(publication 4, page 119) (Yau, Tang, et al. 2014), unravelling the differences between EBV 

infected and non-infected GCs through the use of whole genome, transcriptome and 

epigenome sequence analysis may improve our understanding of the disease, leading to 

precision medicine. 

 

 

II. COLORECTAL CANCER 

Approximately 70-90% of total CRC cases are sporadic, thus about 10-30% of CRC 

cases are familial (Monahan et al. 2020). Around 5% of CRC subjects are linked with 

hereditary cancer predisposition, the majority (1-3% of total CRC cases) being Lynch 

syndrome (also called hereditary nonpolyposis CRC, HNPCC); hamartomatous polyposis 

syndromes (HPS) and familial adenomatous polyposis (FAP) are relatively low, with < 0.1% 

and < 1% of total CRC cases, respectively (Nguyen, Duong 2018; Monahan et al. 2020). Long-

term IBD is also the main risk factor of CRC oncogenesis (Nadeem et al. 2020), with an 

estimated proportion of fewer than 2% of all CRC cases (Eluri et al. 2017) (Figure 1). 

 

 
Figure 1. Distribution of colorectal cancer subtypes. 

 

i. SPORADIC COLORECTAL CANCER 

The pathogenesis of CRC follows a stepwise progression from aberrant crypt formation 

in colonic mucosa to benign adenomas and malignant adenocarcinomas. Without early 

intervention, it gradually evolves into invasive and metastatic tumours (Toyota, Suzuki 2010; 

You, Jones 2012; Migliore et al. 2011). There are two major distinct clinicopathologic routes 

in sporadic CRCs based on genetic classifications: the classical adenoma-carcinoma pathway 

and serrated pathways (De Palma et al. 2019; Jass 2001). 
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(1). Classical adenoma-carcinoma sequence pathway 

CRC induced by adenoma-carcinoma sequence is histologically homogeneous and 

begins with tubulovillous or tubular adenoma precursor lesions (Nguyen, Duong 2018). The 

histological alterations are the consequence of molecular dysregulation (Armaghany et al. 

2012). Broadly, the inactivation of adenomatous polyposis coli (APC) is the initial event in 

adenoma CRC formation, followed by KRAS mutation at the early neoplasm development. 

Then, the deletion and/or inactivation of the SMAD family member (SMAD2 and SMAD4) on 

chromosome arm 18q and tumour-suppressor gene TP53 on chromosome arm 17p occur 

during the transition to malignancy (Figure 2) (Diep et al. 2006; Jasmine et al. 2012; Zarzour 

et al. 2015). This proposed adenoma-carcinoma sequence pathway is a combination of the 

three tumorigenesis mechanisms of CRC, including (A) chromosomal instability (CIN); (B) 

microsatellite instability (MSI); and (C) DNA hyper-methylation (Gupta et al. 2018; Pino, Chung 

2010). Any of the mechanisms may also involve in other types of CRC pathogenesis. 

 

 
Figure 2. Classical sporadic colorectal cancer pathway. APC, Adenomatous Polyposis Coli; MSI, 

microsatellite instability; KRAS, KRAS Proto-Oncogene, GTPase; COX-2, Prostaglandin-endoperoxide 

synthase 2; DCC, Deleted in Colorectal Cancer; SMAD4, SMAD Family Member 4; p53, Tumour protein 

P53; LOH, loss of heterozygosity. Adopted and modified from (Cerrito, Grassilli 2021). 

 

A. chromosomal instability 

CIN is the most prevalent form of genomic instability that comprises deletion and/or 

duplication of either whole or parts of chromosomes. Roughly, 85% of sporadic CRCs are CIN 

and commonly found in the distal colon (Gupta et al. 2018; Pino, Chung 2010). CIN is usually 

associated with tumour suppressor genes inactivation, such as APC, TP53 and/or KRAS 

mutation (Geigl et al. 2008; Pino, Chung 2010). Allelic deletion(s) and/or somatic mutation(s) 
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of APC are a critical factor for sporadic CRC (Kapitanović et al. 2004; Kinzler, Vogelstein 

1996). Silencing of APC triggers canonical Wnt signalling cascade from the accumulation and 

stabilisation of β-catenin in the cytoplasm and is further translocated into the nucleus with T-

cell factor/lymphoid enhancer factor (Tcf/Lef) complexes (Figure 3) (Cadigan, Waterman 2012; 

Pai et al. 2017). Then, it activates the transcription of CCND1, AXIN2 and MYC (Shang et al. 

2017; MacDonald et al. 2009; Coppedè et al. 2014), and promotes cell proliferation, invasion, 

migration and cancer metastasis (Stanczak et al. 2011). 

 

 
Figure 3. Canonical Wnt/β-catenin signalling pathway. OFF state: The presence of WNT binds to 

a frizzled receptor and its co-receptor LRP5/6 activates ß-catenin phosphorylation and interacts with 

the destruction complex (CK1α, GSK-3β, Axin and APC), and subsequent degradation. ON state: The 

absence of WNT protein activates glycogen synthase kinase-3β (GSK-3β). Here, the tumour 
suppressor of ZNRF3 induces degradation of WNT receptor. It prevents β-catenin 

phosphorylation/degradation and thus accumulates β-catenin in the cytoplasm and further translocated 

into the nucleus with Tcf/Lef complexes, subsequently inducing cell proliferation. P, phosphate; APC, 

adenomatous polyposis coli; GSK-3β, glycogen synthase kinase 3β; LRP, lipoprotein receptor-related 

protein; Tcf/Lef, T-cell factor/lymphoid enhancer factor, CK, Casein kinase. Adopted and modified from 

(Silva-García et al. 2019; Zhang, Wang 2020). 
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B. microsatellite instability 

MSI consists of an accumulation of deletions and/or insertions of short nucleotide 

repeats (microsatellite) in DNA mismatch repair (MMR)-related genes without affecting 

chromosomal integrity (Boland, Goel 2010; Gupta et al. 2018). The DNA MMR system is there 

to identify and repair mistaken misincorporation, deletion and/or insertion of DNA base(s) 

during replication repair, and recombination (Figure 4). MSI occurs in about 15% of CRC 

cases; and over 80% of sporadic CRC with MSI are mainly associated with MLH1 inactivation 

– one of the key regulating genes in MMR – via CpG island methylator phenotype (CIMP)-

driven methylation (Weisenberger et al. 2006; Popat et al. 2005; Boland, Goel 2010). MSI can 

be classified and determined as stable (MSS), low (MSILow) and high (MSIHigh) by using PCR 

based on the Bethesda panel assay (BAT25, BAT26, D2S123, D5S346, and D17S250) (Losso 

et al. 2012; Hegde et al. 2014). The MSI status can also be identified from whole-genome 

sequencing data using some bioinformatics tools (Hempelmann et al. 2015; Salipante et al. 

2014; Niu et al. 2014). MSIHigh CRC often has BRAF mutations (Cancer Genome Atlas 

Network 2012) and has high frequent frameshift mutations on the genes that contain 

nucleotide repeats in exon coding regions, including MSH6, MSH3, CASP5, E2F4, TGFBR2 

and IGF2R (Souza et al. 1996; Saeki et al. 2001; Yoshitaka et al. 1996; Schwartz et al. 1999). 
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Figure 4. Schematic diagram of DNA mismatch repair. Recognition of a mismatch starts with MutS 

(MutSα: MSH2–MSH6 for single base-pair mismatch or MutSβ: MSH2–MSH3 for over 1 base pair of 

insertion/deletion mispair) and MutL (MutLα: MLH1–PMS2) forming a ternary complex. The DNA-

protein and protein-protein interactions need ATP/ADP cofactor to bind MutL and MutS (MutSα or 
MutSβ). PCNA and RFC are DNA replication factors that target the excision step to the newly 
synthesised strand. Then, Exo1 indicates the excision of one side of the DNA duplex having 

mismatched nucleotide(s) and coated with RPA on the single-strand gap. Resynthesis by the replicative 

DNA polymerase repairs the integrity of the duplex. MSH, mutS homolog; Exo1, excision by 

exonuclease 1; PCNA, proliferating cell nuclear antigen; RFC, replication factor C; DNA pol, DNA 

polymerase; ATP, adenosine triphosphate; ADP, adenosine diphosphate; RPA, replication protein A. 

Adopted and modified from (Pećina-Šlaus et al. 2020). 
 

C. DNA hyper-methylation 

DNA methylation is an epigenetics process by which a methyl (CH3) group is added 

to a carbon-5 (C5) position of cytosine to form a 5-methyl-cytosine. This process precedes a 

CpG site by DNA methyltransferase(s) (DNMTs) without changing the DNA sequence (Figure 

5A). Hyper-methylation of CpG islands in gene promoter regions presents a conformational 

change of chromatins, avoiding RNA polymerase and/or other regulatory protein(s) from 

accessing the promoter region, and thus suppressing gene transcription (Figure 5B) (Jin et 

al. 2011; Moore et al. 2013). The degree of DNA methylation can be utilised for CRC 

classification based on the CpG island methylator phenotype (CIMP), showing diverse 

molecular features, precursor lesions and histology (Issa 2004; Ang et al. 2010; Shen et al. 

2007). The degree of CIMP can be sub-classified into high (CIMPHigh) low (CIMPLow) and 

negative (CIMPNegative) (Drew et al. 2017; Ogino et al. 2006). 
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Figure 5. The molecular mechanism linking DNA methylation and inactive transcription. (A) 

Cytosine converts to 5′-methyl-cytosine via DNA methyltransferase (DNMT). (B) The CpG islands 

methylated sites at promoter regions preventing the binding transcription factors via methyl CpG-

binding protein, suppressing the down-stream transcription. DNMT, DNA methyltransferase; SAH, S-

adenosylhomocysteine; SAM, S-adenosylmethionine. 
 

(2). Serrated colorectal cancer pathway 

Based on the 5th edition of the World Health Organisation (WHO) classification of 

tumours of the digestive system, serrated colorectal lesions are classified into traditional 

serrated adenomas (TSAs), sessile serrated lesions (SSLs), hyperplastic polyps (HPs) and 

unclassified serrated adenomas (Nagtegaal et al. 2020). Two variants of HPs are 

microvesicular (MVHP) and goblet cell (GCHP) (Kim, Kang 2020). The prevalence of serrated 

class polyps is 20-40% in average-risk individuals; approximately 75% of serrated polyps 

detected are HPs (Crockett, Nagtegaal 2019). SSLs are the most common premalignant 

serrated subtype and are found in up to 15% of average-risk patients (Table 1). Approximately 

70-80% of TSAs are located in the distal colon (Gui et al. 2020; Chetty 2016; Bettington et al. 

2015). Based on clinical histopathology, TSA has three variants, including filiform, flat and 

mucin-rich (Childs et al. 2014; Bettington et al. 2015), and are often admixed with HP or SSL 

(Tsai et al. 2014; Kim et al. 2013; Bettington et al. 2015). 

 

Table 1. Clinical features of common serrated polyps. 

Histological Classification CRC 
Frequency 

(%) 

Serrated 
polyps 

Frequency 

Location Size Malignant 
Progression 

Hyperplastic Polyps (HPs)* 20%-30% ~75% 70~80% 

Distal 

<5mm No 

Sessile Serrated Lesions^ 

(SSLs) 

5%-15% ~25% 75%-90% 

Proximal 

5mm-

7mm 

Yes 

Traditional serrated polyp 

(TSAs)# 

<1% 1%-7% Mostly 

Distal 

Usually 

> 5mm 

Yes 

*Hyperplastic polyp includes microvesicular hyperplastic polyp (MVHP) and goblet cell hyperplastic 
polyp (GCHP). ^Previously version called sessile serrated adenomas/polyps. #Three variants of TSA 
are filiform, flat and mucin-rich. Adopted from (Crockett, Nagtegaal 2019). 
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In most serrated polyps, the first critical step is the acquisition of a gene mutation that 

regulates the mitogen-activated protein kinase (MAPK) pathway and DNA methylation (Pino, 

Chung 2010). The activation of MAPK signalling induces cell proliferation from normal 

epithelium cells to serrated aberrant hyperplastic crypt foci, which are considered at the 

earliest histological lesions (Rosenberg et al. 2007). TSA has been considered a genetically 

heterogeneous polyp and mainly recognised as a precursor lesion for MSS or MSILow (Leggett, 

Whitehall 2010; Saito et al. 2015), and can be CIMPHigh or CIMPLow (Rex et al. 2012; Bettington 

et al. 2013; Tsai, Cheng, et al. 2016). It has been hypothesised that GCHP is the precursor to 

TSA, although no clear evidence has been put forward (Yang et al. 2004). Pooled data showed 

that KRAS or BRAF mutations are present in the majority of TSAs, with an incidence of 

approximately 32%, and 56%, respectively (Gui et al. 2020). Based on the molecular features, 

TSA could broadly be divided into KRAS- or BRAF-driven pathways, while KRAS and BRAF 

wide type TSAs are still unknown (McCarthy et al. 2019) (Figure 6). 

 

 

 
Figure 6. Serrated colorectal cancer pathways. Serrated colorectal cancer (CRC) can be broadly 

divided by BRAF and KRAS molecular pathways. In the sessile serrated pathway, normal mucosa 

transformation begins with BRAF mutations, potentially from MVHP, followed by p16 and IGFBP7 

promoter hyper-methylation toward serrated adenocarcinoma, mainly through MLH1 epigenetic 

alterations. In contrast, the traditional serrated pathway (TSA) involves KRAS or BRAF mutations in 

normal colon cells, following MGMT methylation towards high-grade dysplasia and serrated 

adenocarcinoma (SAC). RNF43-ZNRF3 mutation may be the key regulator by transforming from SSL 

to TSA. CIMP, CpG island methylator phenotype; SSL, Sessile Serrated Lesions; KRAS, KRAS proto-

oncogene GTPase; BRAF, B-Raf proto-oncogene serine/threonine kinase; APC, adenomatous 

polyposis; TP53, tumour protein 53; TGFBR, transforming growth factor-β receptor; BAX, BCL2 
associated X apoptosis regulator; IGF2R, insulin-like growth factor 2 receptor Adopted and modified 

from (McCarthy et al. 2019). 
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BRAF mutation (especially V600E mutation sites) accounts for approximately 10% of 

CRC cases (Kambara et al. 2004). It is relatively less in conventional adenomas/Lynch 

syndrome CRC but common in SSLs/TSAs CRC tumours (Kakar et al. 2008; Spring et al. 

2006; Leggett, Whitehall 2010). Most of the BRAF-mutated TSA-induced tumours are serrated 

with MVHP or SSL precursor at proximal colon (Kim et al. 2010; Lash et al. 2010; Sekine et 

al. 2020). It has been hypothesised that MLH1 hyper-methylation (especially 93G>A 

polymorphism) leads the tumour progression from BRAF-mutated SSL, SSL with dysplasia 

(SSL-D) to MSIHigh CRC sequence (Nourbakhsh, Minoo 2020). CIMPHigh with MLH1 hyper-

methylation is also one of the critical factors from SSL to SSL-D or even serrated CRC 

transformation (Nourbakhsh, Minoo 2020). Due to the high mutation rate and oncogenic 

burden, SSL-D is speedily transformed into CRC (Amemori et al. 2019). Around three-quarters 

of SSL-D cases are loss of MLH1 gene expression (Fennell et al. 2018); and BRAF-mutated 

SSL without MLH1 methylation could be transformed into TSA and become MSS (Yan et al. 

2017; Nourbakhsh, Minoo 2020). BRAF mutation also leads to a high frequency of 

RNF43 mutations, up-regulation of p16INK4a and induces IGFBP7 secretion at aberrant crypt 

foci (Hashimoto et al. 2019; Sekine et al. 2017; Tsai, Liau, et al. 2016). Moreover, BRAF 

mutation might promote global CpG island methylation by increasing the promoter binding of 

the transcriptional repressor gene MAFG (Fang et al. 2014; Fang et al. 2016). A 

BRAF mutation-induced oncogenesis in mouse colon-derived organoid focuses on ageing-

related hyper-methylation, which suggests that BRAF mutation is not a prerequisite for CIMP 

development in SSLs (Tao et al. 2019). 

 

KRAS is a membrane-bound GTP/GDP-binding protein (Ogino et al. 2009) and its 

gene mutations are common in codon 12 (G12D, G12V) and codon 13 (G13D). KRAS 

mutation appears in the early stages of CRC tumorigenesis (Fearon 2011; Fernández-

Medarde, Santos 2011; Kosmidou et al. 2014) and impairs intrinsic GTPase activity from 

active GDP-binding stage to GTP-binding stage, resulting in KRAS accumulation and 

downstream proliferative signalling pathways (Schubbert et al. 2007). KRAS mutation with 

CIMPLow and MSS TSAs is frequently located in the distal colon (descending and sigmoid 

colon) and rectum. The epigenetic silencing of MGMT instead of MLH1 induces the mutations' 

accumulation and may lead to TSA formation (Huang et al. 2011; Whitehall et al. 2001). KRAS-

mutated TSA has a higher frequency with PTPRK-RSPO3 gene fusions (RSPO fusions), 

resulting in down-regulation of RNF43 and R-spondin over-expression (de Lau et al. 2014; 

McCarthy et al. 2019). 
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ii. COLITIS-ASSOCIATED COLORECTAL CANCER 

Inflammatory bowel disease (IBD) is a group of idiopathic and relapsing-remitting 

chronic inflammatory disorders defined by a wide range of criteria, based on clinical, 

endoscopic, laboratory, radiological and histological outcomes. Crohn's disease (CD) and 

ulcerative colitis (UC) are the two major subtypes of IBD, accounting for approximately 30% 

and 60% respectively, and up to 10% of IBD patients are grouped as IBD unclassified (IBDU) 

due to lacking specific UC or CD features (Thurgate et al. 2019) (Figure 7). 

 

 
Figure 7. Distribution of inflammatory bowel disease subtypes. 

 
Chronic inflammation appeared in one-fifth of all types of cancers, and CRC has the 

highest correlation between tumorigenesis and long-standing inflammation (De Marzo et al. 

2007). This long-standing chronic inflammation is characterised by a susceptible genetic 

background, underlying immunological deregulation and dysbiosis, inducing intestinal barrier 

injury, permeability and destruction of tight junctions, leading to intestinal mucosa damage 

(Turner 2006; Abraham, Cho 2009). The degree of colonic inflammation and the duration of 

the disease is related to the development of neoplasia, with approximately 300-500% higher 

risk of CRC (Choi et al. 2019; Samadder et al. 2019). Studies reported that UC-associated 

CRC has a more unfavourable survival rate than sporadic CRC, accounting for one-sixth of 

UC-related deaths (Jensen et al. 2006; Watanabe et al. 2011; Jess et al. 2006). 

 

(1). Pathogenesis of colitis-driven colorectal cancer 

In terms of clinical histopathology, CAC tissues are more often likely to have a 

background of chronic inflammation, a substantial portion of mucinous, and a higher number 

of signet ring cells and multifocal dysplasia (Kulaylat, Dayton 2010; Ullman, Itzkowitz 2011). 

More frequently, CAC develops initially from non-polypoid and flat dysplasia in the area of 

abnormal epithelial hyperplasia and progresses to invasive adenocarcinoma (Xie, Itzkowitz 

2008; Jensen et al. 2006; Watanabe et al. 2011). At the molecular level, CIN and MSI 

incidences in CAC are similar to sporadic CRC, while the occurrence time and frequency differ 
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(Lakatos, Lakatos 2008; Triantafillidis et al. 2009; Ullman, Itzkowitz 2011). CAC has a lower 

APC dysfunction rate and appears at the late stage of carcinogenesis; the loss of TP53 

function occurs at the early stage of carcinogenesis compared to sporadic (Dyson, Rutter 2012; 

Pilley et al. 2021; Bieging et al. 2014) (Figure 8). Approximately 50% - 85% of CACs 

haveTP53 mutations and it seems more likely for neoplasia initiation in IBD patients (Du et al. 

2017). 

 

 

Figure 8. Colitis-associated colorectal cancer in classical pathways. MSI, microsatellite instability; 

COX-2, Prostaglandin-endoperoxide synthase 2; p53, Tumour protein P53; LOH, loss of heterozygosity; 

DCC, Deleted in Colorectal Cancer; SMAD4, SMAD Family Member 4; KRAS, KRAS Proto-Oncogene, 

GTPase; APC, Adenomatous Polyposis Coli. Adopted and modified from (Kobayashi et al. 2017). 

 

Once individuals have been diagnosed with IBD, drugs treatment may be given 

depending on the disease type, severity, responsiveness to treatment and potential side 

effects, in order to obtain remission and mucosal healing, thereby lowering the need for 

surgery, disease progression and potential CRC development. Different classes of approved 

pharmacological drugs have diverse anti-inflammatory mechanisms of action and the potential 

side effects for IBD patients (McQuaid 2018) (Figure 9).  
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Figure 9. Therapeutic pyramid for the step-up treatment of inflammatory bowel disease. Step-up 

approach: from mild to stronger and more toxic therapies. ABT, Abatacept; RTX, Rituximab; TCZ, 

Tocilizumab; VDZ, vedolizumab; IFX, Infliximab; ADM, Adalimumab; CTZ, Certolizumab Pegol; GLM, 

Golimumab. 

 

(2). The role of tumour necrosis factor α in colitis-associated colorectal cancer 

Cytokines are small proteins (< 40 kDa) secreted in response to infection and 

inflammation, influencing disease progression including IBD, CAC and CRC (Kany et al. 2019). 

It is believed that IL6, IL1β and TNFα are the key cytokines in IBD (Ahluwalia et al. 2018). 

Among them, therapeutic agents targeting TNFα have altered the treatment strategy in IBD 

patients with moderate-to-severe disease (D’Haens, van Deventer 2021). TNFα is induced by 

mononuclear cells through activation of cellular receptors and pattern recognition receptors, 

such as toll-like receptor 4 (TLR4) (Sansonetti, Medzhitov 2009).  

 

The biologically active homotrimer TNFα originally derived from the precursor 

transmembrane TNFα (tmTNF-α, 26 kDa), and is proteolysed by TNF-converting enzyme 

(TACE) to form soluble TNFα (17 kDa) (Kalliolias, Ivashkiv 2016). The canonical TNFα 

pathway is activity-mediated via binding to the TNF receptors I and II (TNFRI and TNFRII), 

and further activates MAPKs and NF-κB pathways, inducing cell proliferation, differentiation 

and up-regulation of several pro-inflammatory cytokines (McDaniel et al. 2016; Yeung et al. 

2018; Ruiz et al. 2021). To be specific, TNFα binds to TNFR1, inducing the recruitment of 

death domain (DD) incorporated with TNFR-associated DD (TRADD) protein (Hsu et al. 1995) 

and, further, the recruitment of fas-associated protein with death domain (FADD), activating 

caspase-8, -10 and -3, (Hsu et al. 1996). TNFα can also trigger mitochondria signalling, 

release cytochrome C and Bax, thereby activating caspases, leading to apoptosis (Vringer, 

Tait 2019). TNFR2 contains a TRAF-interacting (TIM) motif domain and enables binding 
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TRAF2 via the activation of TNFα. This pathway also leads to association with multiple 

signalling pathways, including ERK (extracellular signal-related kinase), JNK (c-Jun N-

terminal kinase), pI3K (phosphoinositide 3-kinase) MAPK, NF-κB and AKT, and share a similar 

path to TNFR1 (Figure 10) (Wajant, Siegmund 2019). 

 

 
Figure 10. TNFα signalling pathway. TNFα binds to the membrane receptors TNFR1 or TNFR2, 
leading to downstream apoptosis and inflammatory signalling. The activation of TNFR1 induces the 
formation of a death-inducing signalling complex such as TRADD, and further activates FADD and 
caspase, eventually inducing apoptosis. Pro-inflammatory signalling pathways can be activated via 
TNFR1 or TNFR2, then, through the adaptor protein TRAF2 to activate RIPK1, ASK1 or MEKs, resulting 
in the activation of MAPK and canonical NF-kB activation. TNFR1, tumour necrosis factor receptor 1; 
TNFR2, tumour necrosis factor receptor 2; TRADD, tumour necrosis factor receptor type 1-associated 
DEATH domain protein; FADD, Fas-associated protein with death domain; TRAF2, TNF receptor-
associated factor 2; RIPK1, Receptor-interacting serine/threonine-protein kinase 1; ASK1, Apoptosis 
signal-regulating kinase 1; MEK, Mitogen-Activated Protein Kinase Kinase; NF-kB, (nuclear factor-
kappa B); IKK, IκB kinase; BID, BH3 interacting-domain death agonist; BAX, Bcl-2-associated X protein; 
Cyto C, Cytochrome c; Casp, Caspases; JNK1, Jun N-terminal Kinase 1. Adopted from (Wajant, 
Siegmund 2019). 
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III. microRNA 

MicroRNAs (miRNA) belong to a class of highly-conserved short single-stranded non-

coding RNA segments (18-24 nucleotides), which regulate gene expression at the 

transcriptional level after their nuclear hybridisation and reimportation (Place et al. 2008). 

miRNAs are commonly located within introns of host genes and potentially have a co-

regulation of transcription which has an independent transcriptional start site and regulatory 

elements. It can also be controlled by a different promoter and/or other regulatory sequences. 

Thus, miRNA expression does not necessarily correlate with the levels of their host gene 

(Bartel 2004). 

 

Biogenesis of miRNA has both canonical and non-canonical pathways 

i. CANONICAL PATHWAY OF microRNA BIOGENESIS 

The canonical miRNA pathway is the dominant approach for miRNA biogenesis 

(Figure 11B). A mature miRNA is first transcribed by RNA polymerase II (POL II) as a primary 

miRNA (pri-miRNA) (>1 kb). It contains a 5'-cap with a poly-A tail (Lee et al. 2004) and can be 

recognised by a DiGeorge Syndrome Critical Region 8 (DGCR8) - an RNase III enzyme 

Drosha complex in the nucleus (Denli et al. 2004; Han 2004). The Drosha cleaves the pri-

miRNA into precursor miRNA (pre-miRNA, an approximately 70 nucleotides stem-loop 

precursor) by recognising the N6-methyladenylated GGAC and other motif(s) such as CNNC 

and UG motifs (Lee et al. 2003). The pri-miRNA to pre-miRNA process needs a ~35 

nucleotides hairpin stem or a 3–23 nucleotides apical loop (Roden et al. 2017; Adams 2017). 

Then, the pre-miRNA is exported to the cytoplasm via the small Ran GTPase and exportin 5 

(XPO-5) complex (Bohnsack et al. 2004; Yi et al. 2003) and is therefore cleaved by the 

endonuclease DICER/trans-activation-responsive RNA binding protein (TRBP) into a duplex 

miRNA (Hutvágner et al. 2001; Bartel 2018). This duplex is bound by the Argonaute (AGO) in 

an RNA-induced silencing complex (RISC), which eliminates one strand of the duplex to 

conserve the guide strand corresponding to the mature miRNA (Kobayashi, Tomari 2016). 

This mature miRNA at the 5' region (corresponding 2 to 7 nucleotides) enables recognition 

and binding of the mRNA target transcript(s), mostly in their 3'-untranslated regions (3'UTRs). 

If the pairing is perfect, AGO produces an endonucleolytic cleavage leading to mRNA 

degradation; if mismatch(es) are present, the mRNA could first be deadenylated and then 

degraded or translational repression may occur (Jonas, Izaurralde 2015; Pasquinelli 2012). 

Rarely, miRNA could be localised in the open reading frame (ORF) or 5'UTR of mRNA (Bartel 

2009; Helwak et al. 2013), or up-regulate the expression of target genes (Mortensen et al. 

2011; Oldenburg et al. 2017; Vasudevan et al. 2007). In certain circumstances, miRNAs can 
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also control the translation activation and even regulate transcription rates (Vasudevan 2012), 

as they can shuttle between different subcellular compartments (Makarova et al. 2016). 

 

ii. NON-CANONICAL PATHWAYS OF microRNA BIOGENESIS 

Non-canonical miRNA pathways are composed mainly of proteins involved in the 

canonical pathway by bypassing one or more steps, while Dicer is still required. It is broadly 

considered as (1) Drosha/DGCR8-independent and (2) Dicer-independent pathways 

(Abdelfattah et al. 2014). miRNA is processed by Drosha via Dicer-independent pathway 

typically from the endogenous short transcripts, such as short-hairpin RNA (shRNA) and a 

short length of pre-miRNA product (Yang et al. 2010). For instance, the maturation process of 

miR-451 requires AGO2 within the cytoplasm, due to the relatively short length of the pre-miR-

451 stem-loop structure to be a Dicer substrate (Cheloufi et al. 2010; Yang et al. 2010) (Figure 

11A). On the Drosha/DGCR8-independent pathway (Figure 11C), mirtron- (a class of miRNAs 

produced by spliced or debranched mRNA) derived pri-miRNA has a stable hairpin with a 

shorter stem-loop, which is suitable for Dicer cleavage and enables bypassing the 

microprocessor (Berezikov et al. 2007; Westholm, Lai 2011). Another example is 7-

methylguanosine (m7G)-capped pre-miRNA (Figure 11D), which is transferred to the 

cytoplasm via exportin 1 without Drosha cleavage. Noted that the end miRNA product is mainly 

from the 3p strand, this is due to the m7G cap preventing 5p strand loading into an AGO (Xie 

et al. 2013). 
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Figure 11. Canonical and non-canonical pathways of microRNA biogenesis. (B) The colonial 

miRNA biogenesis starts with RNA polymerase II-driven transcription and produces the primary miRNA 

(pri-miRNA) in the nucleus, with the sequence ends polyadenylated and capped. Then, the DGCR8 and 

Drosha microprocessor complex cleaves the pri-miRNA into pre-miRNA – a short hairpin-like structure 

with 60-90 nucleotides – and delivers it to the cytoplasm by Ran/exportin-5 in a GTP-dependent 

approach. The pre-miRNA will further be modified by Dicer – an RNase III nuclease – to form a double-

stranded duplex miRNA. The duplex miRNA will be bound by the Argonaute proteins (AGO2) in an 

RNA-induced silencing complex (RISC) for a strand selection process. Within the RISC, the mature 

single-strand miRNA at the 5' region (corresponding 2 to 8 nucleotides) enables recognition and binding 

of the complementary mRNA target transcript(s), mostly in their 3'-untranslated regions (3'UTRs). In 

non-canonical pathways, (A) small hairpin RNA (shRNA) is initially cleaved by the DGCR8 and Drosha 

microprocessor complex and exported to the cytoplasm via Exportin5/RanGTP, and further processed 

via AGO2 directly without Dicer; (C) Mirtrons and (D) 7-methylguanine capped (m7G)-pre-miRNA 

require Exportin5/RanGTP and Exportin1 respectively, to export the nucleus; both require Dicer to 

complete the maturation in the cytoplasm. Moreover, mirtrons require spliceosome sizing from a pre-

miRNA. All pathways ultimately lead to a functional miRISC complex like canonical miRNA biogenesis. 

This interaction then triggers the repression of translation and degradation of the target mRNA. Adopted 

and modified from (O’Brien et al. 2018).  
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iii. NOMENCLATURE OF microRNA 

Based on the miRNA naming system, a typical miRNA name is composed of a 

minimum of two components (e.g., miR-221 or miR-21) and applied in only one specific 

species study in a research article. For studies involving more than one species, a three-letter 

specific prefix is required to separate the origin of miRNAs. For instance, "hsa" refers to human 

(Homo sapiens), "rno" refers to common rat (Rattus norvegicus) and "ebv" refers to Epstein-

Barr virus (e.g. hsa-miR-221, rno-miR-221 and ebv-miR-BART3) (AMBROS 2003; Meyers et 

al. 2008; Liang et al. 2014). 

 

The majuscule "miR-" refers to the mature form of the miRNA and minuscule "mir-" 

refers to the corresponding pre- or pri-miRNA stem-loop form. A suffix number often suggests 

the order of naming, so that miR-21 is likely discovered before miR-221. A minuscule letter 

after the number is used to distinguish among multiple members of the same family (e.g., miR-

20a and miR-20b) and normally starts from the letter "a". 3p or 5p names after a mature miRNA 

sequence indicate a position from the pre-miRNA hairpin cleaved by the RNase III enzyme 

Dicer: the -3p strand is positioned in the reverse (3'-5') position while the -5p located in the 

forward (5'-3') position (e.g., miR-21-5p from the 5' arm of the precursor and miR-21-3p from 

the 3' arm of the precursor). If two diverse loci produce identical mature products, an additional 

number will be given after the name. For instance, hsa-mir-92a-1 (from chromosome 13) and 

hsa-mir-92a-2 (from chromosome X) form the same final -3p miRNA product (hsa-miR-92a-

3p) while each locus can generate two separate -5p (hsa-miR-92a-1-5p and hsa-miR-92a-2-

5p) end mature products (Figure 12) (Kozomara et al. 2019; Kozomara, Griffiths-Jones 2014; 

Kozomara, Griffiths-Jones 2011; Griffiths-Jones et al. 2007; Griffiths-Jones 2006; Griffiths-

Jones 2004). 

 

Additionally, a miRNA with * (star symbol, an abandoned identification system) 

indicates the mature miRNA from the same hairpin precursor, but less predominant from the 

opposite arm (e.g., miR-21* is the former name of miR-21-3p). Noted that the name of a 

miRNA may be changed or abandoned (e.g., hsa-mir-923, false discovery due to the fragment 

originally from 28S ribosomal RNA (rRNA)) (miRBase 2020). The latest miRNA identifiers can 

be found from the miRbase database (http://www.mirbase.org/) for published (and dead entry) 

miRNA (Kozomara et al. 2019; Kozomara, Griffiths-Jones 2014; Kozomara, Griffiths-Jones 

2011; Griffiths-Jones et al. 2007; Griffiths-Jones 2006; Griffiths-Jones 2004). 

 

http://www.mirbase.org/
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Figure 12. The hsa-miR-92 Family and its nomenclature. Based on the miRbase database dated 
10-03-2021. Brackets indicate the previous miRNA identifier(s). 

 

iv. PROBE-BASED REAL-TIME POLYMERASE CHAIN REACTION 

SYBR® Green is the most commonly used reagent for Real-Time quantitative 

polymerase chain reaction (qPCR). In traditional real-time qPCR, it only requires a pair of 

18~22 based-pair primers targeting the specific target sequence of interest. However, SYBR 

Green is able to bind to any double-stranded DNA, including non-specific amplification 

products. Thus, using a specific complement sequence probe with a pair of primers can 

minimise the chance of RT-qPCR non-specific amplification product(s). This approach can 

also increase the detection specificity and prefer to use it in a complex environment, such as 

DNA/RNA samples from faeces. Noted that the probe-based RT-qPCR approach has been 

extensively used in SARS-COV-2 screening during the COVID-19 pandemic (Bustin, Nolan 

2020; Vogels et al. 2020). A hydrolysis fluorescent-labelling probe enhances the detection of 

specificity and adjusts the melting temperature (Tm). A probe conjugate with a minor groove 

binder (MGB) can minimise the length of its oligonucleotide to approach the target sequence 

as well as stabilising the quantification of PCR products via a reporter dye (Table 2) (Chen 

2005; Afonina et al. 2002). The use of probe-based qPCR can be utilised in multiple targets 

in one single reaction (Liang et al. 2019). It is based on the use of different probes by selecting 

different wavelength reporters and the corresponding relative intensities. Probe design, 

fluorescent-label selection, and the number of RT-qPCR targets in one single reaction are 

varied and rely on the qPCR instrument itself. FAM is the most common qPCR probe while 

other types, such as VIC™ and NFQ™ are available (Mark D. et al. 2005). 

 



19 | P a g e  

 

Table 2. Comparison between TaqMan® probe-based and SYBR® Green for Real-Time 

quantitative polymerase chain reaction. 

TaqMan® Probe-based  SYBR® Green 

Chemistry 

Fluorogenic probe(s) in detection of 
target sequence(s) 

Bind to double-stranded DNA 

Advantage / Disadvantage 

High specificity  High sensitivity 

Low signal to background High signal to background 

Require fluorescent-labelled probe(s)  No fluorescent-labelled probe 

Relatively High cost Relatively low cost 

Available for multiplexing Only one single target per reaction 

Accurate quantitation May have non-specific amplification(s) 

TaqMan® is a registered trademark of Roche Molecular Systems, Inc.; SYBR® is a registered trademark 

of Molecular Probes, Inc. 

 

Compared to a typical protein-coding gene expression qPCR assay, small RNAs, 

including mature miRNAs, are too short to accommodate for “traditional” PCR amplification. 

In order to overcome these issues, using a one-strand cDNA synthesis with a highly stable 

miRNA-specific stem-loop structure primer can lengthen the original target small RNA based 

on the 6 base-pair binding regions and forms the 3' end RT primer/mature miRNA chimaera 

for the specific mature miRNA (Figure 13, Step one). These extended cDNA products also 

optimised for the Tm for a standard TaqMan® probe-based Real-Time PCR (Figure 13, Step 

two). To apply this stem-loop primer structure for SYBR® Green qPCR, an 11 base pair (bp) 

extended binding region was designed to bring down the cost per single reaction (Tong et al. 

2015).  



20 | P a g e  

 

 
Figure 13. microRNA detection and quantification by TaqMan® probe-based RT-qPCR. (Step 1) 
miRNA templates are reverse transcribed using a stem-loop specific primer. (Step 2) The reverse 
transcribed product is amplified using the miRNA specific primers and the hydrolysable probes. The 
process of hydrolysis displaces the probes and Taq polymerase, resulting in the fluorophore's 
separation and quencher. Accumulation of reporter dye (the fluorescence signal intensity) can 
determine the amplification efficiency based on a cut-off cycle. microRNA, miRNA.  
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IV. MICROBIOTA 

There are trillions of microbes colonised in the human intestinal flora, of which there 

are about 100–1,000 bacterial species that interact closely with host cells, affecting the 

immune and metabolome in the gastrointestinal tract, and shaping the homeostasis of the 

intestine (Qin et al. 2010). Dysbiosis of gut microbiota has been linked to various GI diseases, 

including IBD, CRC and Clostridioides difficile (also formerly called Clostridium difficile, C. 

difficile) infection (CDI) (Lee et al. 2016). In the stomach, the presence of Helicobacter pylori 

(H. pylori) and/or Epstein-Barr virus (EBV) have been reported in association with the induction 

of GC (Yau, Tang, et al. 2014). Recently, an increasing number of studies indicated that 

miRNAs from the host, or microbes such as EBV, play an important role in influencing the 

stomach microenvironment to maintain intestinal homeostasis and/or disease(s) progression. 

 

i. EPSTEIN-BARR VIRUS-INDUCED GASTRIC CANCER 

Helicobacter pylori (H. pylori) and EBV are the oncogenic microbes that induce GC; 

among them, EBV-associated GC (EBVaGC) accounts for nearly 10% of GC cases (Tavakoli 

et al. 2020). Compared to the other GCs, EBVaGC is recognised for its unique 

clinicopathological characteristics (Chen et al. 2015). EBVaGC is a latency I EBV infection, in 

which EBER, EBNA1 and LMPs viral genes are expressed in the host cells, affecting the host 

cells' molecular mechanisms, including their epigenetics. The mechanism of EBV infection 

and the epigenetic changes in EBVaGC have been previously discussed (publication 4, page 

119) (Yau, Tang, et al. 2014). For example, EBV latent membrane protein 2A (LMP2A) 

induces DNMT1 transcription via the phosphorylation of STAT3 (Hino et al. 2009). Virally-

encoded miRNAs such as ebv-miR-BART1-5p, ebv-miR-BART3, and ebv-miR-BART6 target 

host DICER1 to regulate host miRNA expression (Wang et al. 2017). Host cell DNA 

methylation can be activated to suppress tumour suppressor gene expression by EBV 

infection in EBVaGC (Wang et al. 2017). 

 

(1). Identification of Epstein–Barr virus-associated gastric cancer 

The detection of EBV genes in host GC cells was first described by using PCR (Burke 

et al. 1990) while in situ hybridisation (ISH) targeting EBV-encoded small RNA (EBER-ISH) is 

considered the gold standard for EBVaGC identification (Fukayama et al. 2020). This 

identification can also be applied to genome sequencing (Camargo et al. 2016). Serology-

based EBV detection, such as enzyme-linked immunosorbent assay (ELISA) and 

immunofluorescence against one or more viral antigens such as nuclear EBNA, capsid VCA, 

and early EA-D/EA-R antigens, are available; however, it is less likely for GC patients (Koh et 

al. 2019). 
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PCR amplification for EBV genes usually targets BamHI-W and/or Epstein–Barr 

nuclear antigen 1 (EBNA-1) (Shukla et al. 2011). In general, the outcome from PCR-based 

detection is commonly higher in EBVaGC (Rymbai et al. 2015; Shukla et al. 2011); and the 

prevalence of positive cases is about 80% compared with EBER-ISH (Shukla et al. 2012; 

Shukla et al. 2011). Recently, using droplet digital PCR (ddPCR), it has become possible for 

the EBV-DNA load from GC patients to be calculated according to the copy number of BamH1-

W fragments (Shuto et al. 2019). However, due to heterogeneity and a high false-positive rate, 

PCR methods cannot determine the source of virus fragments. This is firstly because of viral 

DNA potentially from EBV-induced inflammation caused by infiltrating lymphocytes, instead of 

tumour cells; secondly, nine out of ten people have a latent stage of EBV infection from 

lymphocytes (Kim et al. 2009). These drawbacks also applied in serology-based EBV 

detection. The gold standard of EBER-ISH requires detection of both EBER-1 and EBER-2 

viral genes from resected GC specimens fixed by formaldehyde and embedded in paraffin 

(FFPE), as positive cases have high copies of EBV (106–7 per cell) in the nucleus (Tokunaga 

et al. 1993; Lee et al. 2009). However, there are shortcomings, including a complex 

experimental process, the expense and time-consumption. If poor fixation appeared, nucleic 

acids in the tissue may be diffused and/or denatured, reducing the binding efficiency and 

potentially appearing as false positive/negative results (Chen et al. 2015). 

 

ii. CLOSTRIDIOIDES DIFFICILE INFECTION 

C. difficile is an anaerobic gram-positive spore-forming bacillus and typically harmless 

in a balanced gut flora microenvironment. Once patients have been diagnosed with digestive 

diseases, gastrointestinal treatments, such as gastric-acid suppressing agents (e.g. H2-

receptor antagonists and proton pump inhibitors), broad-spectrum antibiotics, chemotherapy 

and/or GI tract surgery may be required to overcome their diseases (Janarthanan et al. 2012; 

Roughead et al. 2016). Such treatments could suppress or interfere with the patients’ immune 

system and disrupt gut flora homeostasis, creating a suitable micro-ecosystem for overgrowth 

of C. difficile (Rineh et al. 2014).  

 
The life cycle of C. difficile includes spore formation, germination, and growth. At the 

spore stage, when C. difficile is in the dormant phase, it can resist oxygen, heat, and many 

other environmental insults, including ethanol-based disinfectants (Wilcox 2003). Once stable, 

spores germinate rapidly and produce two major toxins – toxin A and toxin B encode by TcdA 

and TcdB respectively, and locate at the 19.6 kbp long pathogenicity locus (PaLoc) region 

(Figure 14). The other coding genes (tcdC, tcdE and tcdR) are also located at PaLoc. Toxin 

A and toxin B trigger cytosol translocation of target host cells and inactive small GTP-binding 
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proteins (such as CDC42, Rho and Rac) through monoglucosylation, leading to actin 

condensation, disintegration of cytoskeleton, cell rounding and apoptosis (Voth, Ballard 2005). 

tcdR is an RNA polymerase sigma factor that initiates translation of tcdA and tcdB, activated 

by its two tandem promoters (Mani, Dupuy 2001; Mani et al. 2002). 

 

 

Figure 14. Pathogenicity loci of toxicogenic Clostridioides difficile. The 19.6kbp long pathogenicity 
loci (PaLoc) in toxicogenic Clostridioides difficile, including tcdC, tcdA, tcdE, tcdB, and tcdR coding 
genes. Adopted and modified from (Isidro et al. 2017). 

 

(1). Clostridioides difficile infection and microRNA dysregulation 

Study of the relationship between CDI and host miRNA is limited. To the best of my 

knowledge, the first reported study indicated the C57BL/6J wild-type mice with CDI induced 

mmu-miR-146b, mmu-miR-1940, and mmu-miR-1298 expressions, and up-regulated the pro-

inflammatory cytokine expressions, such as MCP-1, IL-6, IL-17 and IL-1β in colonic tissues 

(Viladomiu et al. 2012). The miR-146b potential target NCOA4, CD36 and GLUT4 mRNA 

expression levels were down-regulated. in silico simulation predicts up-regulation of mmu-

miR-146b and IL-17 down-regulated NCOA4 and PPARγ in mice after CDI. Null mice silencing 

PPARγ in T cells following CDI presents severe colonic disease activity, inflammatory lesions 

and inflammatory cytokine expressions (Viladomiu et al. 2012). A higher level of faecal hsa-

miR-1246 was found in human CDI patients, compared to the control group in a small-scale 

study (Verdier et al. 2020). 

 

Faecal microbiota transplantation (FMT) has been proven in the treatment of recurrent 

CDI (Drekonja et al. 2015; Hensley-McBain et al. 2016). It is intended to restore colonic 

microbiota through the introduction of "healthy" bacteria via colonoscopy, enema or oral 

capsules that contain powder-form substance. However, the safety concerns of FMT, such as 

volunteers who found SARS-COV-2 in their faeces, could be an obstacle to extending the 

application as a regular treatment strategy (Y. Xu et al. 2020; Alang, Kelly 2015). To monitor 

treatment conditions, detecting a panel of miRNA markers in circulations could help physicians 

make a clinical decision (Tanya M. Monaghan, Seekatz, et al. 2021). A study shows 71 

circulating miRNAs were identified at 4 and 12 weeks following FMT from 126 sera from 42 

patients at the screening. qRT-PCR and 3'UTR reporter assays validating the top miRNA 
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candidates showed that hsa-miR-23a-3p, hsa-miR-150-5p, hsa-miR-26b-5p and miR-28-5p 

expression levels target and inversely correlate with the sera protein and mRNA levels of IL-

12B, IL-18, FGF21 and TNFRSF9 respectively. In a mouse model of relapsing-CDI, RT-qPCR 

analyses of caecal and sera RNA extracts showed inhibition of these miRNAs, and the 

inhibitory effect can be recovered by FMT. An additional study showed TcdB mediated the 

suppressive effects of CDI on miRs in human colonoids and mouse colon models. miR-23a 

and miR-150 demonstrated cytoprotective effects against TcdB (Tanya M. Monaghan, 

Seekatz, et al. 2021).  

 

iii. GUT MICROBES IN COLORECTAL CANCER 

Gut microbiota imbalance (also called dysbiosis) and the corresponding microbial by-

product changes have been recognised as playing crucial roles in both CRC and CAC 

pathogenesis. These alterations further affect the form of bacterial biofilm and the interaction 

of host immunity and inflammation (Keku et al. 2015; Flemer et al. 2017). The disruption of 

bacterial biofilm may lose the front line of defence protecting the host epithelial cells, inducing 

intestinal inflammation from direct bacteria attacks and genotoxic metabolites derived from the 

gut bacteria (Wu, Wu 2012; Belkaid, Hand 2014). It subsequently damages the mucous 

membrane, promotes colonic inflammation and neoplastic lesions (Wu, Wu 2012; Belkaid, 

Hand 2014). For instance, a number of in vivo studies demonstrated that faeces from human 

CRC patients transplanted into AOM-induced CRC mice and Apcmin/+ mice models further 

promote colon neoplasia, compared to the corresponding controls (Wong et al. 2017; Li et al. 

2019). The composition of the various microbes has been investigated and several overgrowth 

bacteria have been identified (Table 3), these pathogenic microorganisms induced intestinal 

inflammation through several immune pathways, including endocytosis via invasion, toxin, 

secretion and/or adherence (Sansonetti, Medzhitov 2009). In addition, there is an increasing 

evidence suggesting that gut microbes can inter-react with host miRNAs and demonstrated in 

several mice models (Table 4). 
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Table 3. The major reported gut microbes in colorectal cancer. 
Genus/Species Change Sample Type Reference 

Anaerotruncus Up Faeces (N. Wu et al. 2013; Li et al. 2019) 

Actinomyces 
odontolyticus 

Up Faeces (Kasai et al. 2016; Mizutani et al. 2020; Yachida et al. 
2019) 

(Enterotoxigenic)  
Bacteroides fragilis  

Up Faeces/Mucosa (Zhou et al. 2016; Hwang et al. 2018; Sobhani et al. 
2011; Wei et al. 2016; Kasai et al. 2016) 

Bifidobacterium Down Mucosa (Chen et al. 2012; Masanobu et al. 2011; Fanning et al. 
2012) 

Blautia Down Mucosa (Yuan et al. 2018; Ocvirk et al. 2020; Chen et al. 2012) 

Clostridioides difficile Up Faeces (Zheng et al. 2017; Fukugaiti et al. 2015) 
Campylobacter Up Faeces (Warren et al. 2013; N. Wu et al. 2013) 

Collinsella Up Faeces (Sheng et al. 2019; N. Wu et al. 2013) 

Enterococcus Up Faeces (Balamurugan et al. 2008; Zorron Cheng Tao Pu et al. 
2020; Gaines et al. 2020) 

Enterococcaceae Up Faeces (Wang, Huycke 2007; N. Wu et al. 2013) 
Erysipelotrichaceae Up Faeces (Turnbaugh et al. 2009; N. Wu et al. 2013) 

Faecalibacterium Down Faeces/Mucosa (N. Wu et al. 2013; Chen et al. 2012) 

Fusobacterium Up Faeces/Mucosa (Castellarin et al. 2012; Chen et al. 2012; N. Wu et al. 
2013) 

Mogibacterium Up Mucosa (Hale et al. 2017; Chen et al. 2012) 
Parvimonas micra Up Faeces (Löwenmark et al. 2020; J. Xu et al. 2020; Flemer et al. 

2018; Zhao et al. 2022) 
Peptostreptococcus Up Faeces/Mucosa (N. Wu et al. 2013; Chen et al. 2012) 

Porphyromonas Up Mucosa (Chen et al. 2012; Zorron Cheng Tao Pu et al. 2020) 

Roseburia Down Faeces (N. Wu et al. 2013; Chen et al. 2012) 
Prevotella Up Stool/Mucosa (Flemer et al. 2017; Kasai et al. 2016; Sobhani et al. 

2011) 
Streptococcus 
sanguinis 

Up Faeces (Nijjer, Dubrey 2010; Fass et al. 1995; Rawla et al. 
2017; Chen et al. 2017) 

 

 

Table 4. MicroRNA-microbiota interaction in mice models. 
Bacteria Model Target Reference 

E. coli  
(Nissle 1917) 

• C57BL/6J w/ DSS miR-223, miR-155, 
miR-150, miR-143, miR-375 

(Rodríguez-Nogales, Algieri, Garrido-
Mesa, Vezza, Maria P. Utrilla, et al. 
2018) 

E. coli 
 

• C57BL/6J 
• Germ-free 
• Dicer1ΔIEC 

miR-1226-5p (Liu et al. 2016) 

Saccharomyces 
boulardii 

• C57BL/6J w/ DSS or 
probiotics 

miR-155, miR-223 (Rodríguez-Nogales, Algieri, Garrido-
Mesa, Vezza, M. Pilar Utrilla, et al. 
2018) 

L. fermentum • C57BL/6J w/ DSS or 
probiotics 

miR-150, miR-155, miR-223, 
miR-143 

(Rodríguez-Nogales et al. 2017) 

L. salivarius • C57BL/6J w/ DSS or 
probiotics 

miR-155, miR-223 (Rodríguez-Nogales et al. 2017) 

Listeria 
monocytogenes 

• Germfree 
• Listeria infected C57BL/6J 

miR-143, miR-148a 
miR-200b, miR-200c 

(Archambaud et al. 2013) 

F. nucleatum • BALB/C nude 
• C57BL miR21a-/- 

• C57BL APCmin/+ (w/., w/out 
AOM/DSS) 

miR-21 (Yongzhi Yang et al. 2017) 

• C57BL/6J 
• Germ-free 
• Dicer1ΔIEC 

miR-515-5p (Liu et al. 2016) 

B. bifidum • BALB/c w/ AOM, L. 
acidophilus or B. bifidum 

miR-135b, miR-155 
miR-26b, miR-18a 

(Heydari et al. 2019) 

L. acidophilus • BALB/c w/ AOM, L. 
acidophilus or B. bifidum 
• DSS-induced colitis 

miR-135b, miR-155 
miR-26b, miR-18a, 
miR-107, miR-146, miR-223 

(Heydari et al. 2019) 

B. longum • Swiss CD-1 w/ AOM/DSS miR-145, miR-15a 
miR-146a 

(Fahmy et al. 2019) 

L. rhamnosus • C57BL/6 
• IL-22 knockout 
• Germ-free 

gma-miR396e 
mdo-miR-7267-3p 

(Teng et al. 2018) 

DSS, dextran sulphate sodium; AOM, azoxymethane 
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(1). Gut microbes affect host microRNAs in colorectal cancer carcinogenesis 

F. nucleatum was shown to increase CRC cell proliferation and tumour growth in mice 

by up-regulating miR-21 in the tumour cells by activating the TLR4–MyD88 signalling cascade 

(Yongzhi Yang et al. 2017). The loss of miR-21 reduces susceptibility in the experimental 

murine colitis model (Johnston et al. 2018). TLR4 (with the recruitment of MD2 accessory 

proteins) can be activated by lipopolysaccharides (LPS), bacterial metabolites or derivates 

from Gram-negative bacteria (Liu et al. 2007; Wu et al. 2019). The activation of TLR4 

dimerises and recruits downstream adaptor molecules MyD88/TIRAP (MyD88 dependent) or 

TRIF/TRAM (MyD88 independent) to mount an inflammatory response. The initiation of 

MyD88 dependent pathway activates IRAK4, IRAK1, TRAF6 and TAK1, forming an IKK 

complex and promoting NF-κB expression. Next, NF-κB translocates to the nucleus and 

furthers the transcription of proinflammatory cytokine-related genes (such as TNFα, IL-6, IL-

1a/β and IL-18) (Walsh et al. 2015). The stimulation of NF-κB can be archived via PI3K-AKT 

signalling (Walsh et al. 2015). On the other hand, MyD88 independent pathway relies on TRIF, 

activates TRAF3 and IRF3 through TBK1, inducing transcription of type I interferons (IFNs) 

and IFN-inducible genes (Figure 15). This LPS-TLR4 signalling pathway promotes TNFα 

production in intestinal immune cells, which further act on epithelial cells via TNFR1 (Ruder et 

al. 2019). The activation of TNFα induce immune response and pro-inflammatory cytokine and 

chemokine productions, which can also be found other colonic diseases including IBD 

(Bocchetti et al. 2021) and C. difficile infection (Tanya M. Monaghan, Seekatz, et al. 2021). 

Studies indicate that rs11536898 single-nucleotide polymorphism (SNP) in TLR4 is 

significantly associated with CRC compared to healthy individuals (Slattery et al. 2012); and 

TLR4 polymorphism (Thr399Ile and/or Asp299Gly) is significantly associated with CRC 

and KRAS gene mutations (Messaritakis et al. 2018). 
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Figure 15. TLR4 signalling pathway. TLR4, Toll-like receptor 4; MD2, lymphocyte antigen 96; MAPKs, 

mitogen-activated protein kinases; IRF3, interferon regulatory factor 3; TIRAP, Toll/interleukin-1 

receptor domain-containing adapter protein; MyD88, myeloid differentiation primary response; TRAM, 

Translocation Associated Membrane Protein; TRIF, TIR-domain-containing adapter-inducing 

interferon-β; IRAK1, IL-1 receptor-associated kinase 1; IRAK4, IL-1 receptor-associated kinase 4; RIP1, 

receptor-interacting serine/threonine-protein kinase 1; TRAF 3, TNF receptor-associated factor 3; TRAF 

6, TNF receptor-associated factor 6; TAK1, Transforming growth factor β-activated kinase1; IKK, IκB 
kinase; TBK1, TANK-binding Kinase 1, MEK, mitogen-activated protein kinase; JNK, c-Jun N-terminal 

kinase; ERK, extracellular signal-regulated kinase; AP-1, activator protein 1; p38, p38 mitogen-

activated protein kinases; AKT, Protein kinase B; NF-κB, Nuclear factor-kappa B. 

 

Colibactin is a genotoxic compound that encodes from E. coli and harbours pks 

genomic island (pks+ E. coli) (Nougayrede 2006; Chagneau et al. 2019). Colibactin can 

stimulate host cells’ inflammation and alkylate DNA on adenine residues to induce double-

strand breaks, causing chromosomal instability and mutations, and promoting cancer 

development (Wilson et al. 2019; Xue et al. 2019; Nougayrede 2006). Colibactin in CRC cells 

can also induce c-Myc expression, resulting in the up-regulation of miR-20a-5p, and suppress 
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SENP1 gene expression. The lower expression of SENP1 negatively regulates cell 

senescence via p53 small ubiquitin-like modification (SUMOylation); drives a senescence-

associated secretory phenotype (SASP); and secretes the growth factors that stimulate 

tumour growth (Dalmasso et al. 2014; Tjalsma et al. 2012; Cougnoux et al. 2014).  

 

In addition to F. nucleatum and pks+ E. coli, enterotoxigenic B. fragilis (ETBF) that 

encode a 20 kDa metalloprotease called – B. fragilis toxin (BFT) (DeStefano Shields et al. 

2016; Vetizou et al. 2015) have been linked to diarrheal disorders, IBD and CRC pathogenesis 

(Chung et al. 2018; Zamani et al. 2020; Purcell et al. 2017). BFT-treated cells cause persistent 

cellular proliferation, target the epithelial cell tight junctions and enhance barrier permeability 

(Wu et al. 2006). BFT also induces IL-8 secretion, triggers E-cadherin cleavage and c-myc 

translation, initiates the nuclear localisation of β-catenin and actuates NF-κB signalling 

(Hwang et al. 2013; Wu et al. 2007; Sears 2009; Jeon et al. 2019). The expression of β-catenin 

can return to its original level relatively late after stimulation (Jeon et al. 2019). The toxin can 

also induce B. fragilis-associated lncRNA1 (BFAL1) expression via the Ras homolog - the 

MTORC1 binding target of rapamycin (RHEB/mTOR) signalling pathway. BFAL1 modulates 

RHEB expression by competitively sponging miR-200a-3p and miR-155-5p (Bao et al. 2019). 

 

(2). Gut flora influenced by host microRNA 

It is reported that intestinal microbiota negatively regulates host miR-107 in 

macrophages and dendritic cells in NF-κB- and MyD88-dependent manner to maintain 

intestinal homeostasis (Xue et al. 2014). A study reported that hsa-miR-515-5p targets 

16S/23S rRNAs of F. nucleatum, while hsa-miRNA-1226-5p modifies yegH gene expression 

of E. coli (Liu et al. 2016). The authors first used a prediction tool for miRNA candidates and 

cultured the bacteria separately with the target miRNA mimics and observed the promotion of 

bacteria growth. Then, knockout of DICER at the intestinal epithelial cells in experiential mice 

resulted in a significant reduction in the total miRNA level in faeces, transformed the gut 

microenvironment and exacerbated colitis. Faeces transplanted from the wild-type mice into 

the Dicer knockout mice ameliorated damage and inflammation from colitis (Liu et al. 2016). 

Here, the delivery of host-derived miRNAs may be transferred via extracellular vesicles, 

affecting the gut microbiome composition, and regulating bacterial growth. For instance, the 

gain of function p53 mutant CRC cells selectively abandons exosomal transcriptome with hsa-

miR-1246-5p (Cooks et al. 2018). Uptake of exosomal hsa-miR-1246-5p by tumour-

associated macrophages stimulates the reprogramming into an anti-inflammatory condition, 

increases activity of TGF-β and supports cancer growth (Cooks et al. 2018). 
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V. RESEARCH METHODOLOGY 

To improve IBD management and prevent neoplasia development in colon and rectum, 

identifying molecular pathways and finding reliable diagnostic biomarkers for patient response 

to anti-TNF-α treatment are necessary. In the beginning, a total of 449 freely available 

Affymetrix transcriptomic data from five eligible datasets were systemically retrieved from 

Gene Expression Omnibus (GEO) database, including control, baseline, and after primary 

anti-TNF-α therapy in IBD patients or placebo. Then, two immune microenvironments 

algorithms and five in silico flow cytometry programs were used to evaluate immune cell 

populations and Metascape – a pathway analysis tool for gene enrichment analysis. The 

outcome from the pathway analysis was validated on neutrophils isolated from choriodecidua 

cells with LPS-induced inflammation treated with or without adalimumab (Yau et al. 2022) 

(Figure 16). The AUC curve analysis was applied to all the genes to identify the best prediction 

biomarkers (Publication 5, page 129) (Yau et al. 2022). 

 

 

Figure 16. The analysis workflow on anti-TNF-α treatment resistance IBD patients. 

 

Other than improving disease management for IBD patients, CRC development from 

neoplasia can be prevented by using non-invasive stool-based screening approaches such as 

FIT. However, there are a number of limitations in FIT and thus new non-invasive biomarkers 

to improve the screening accuracy are required. In the study, miRNA and gut microbes have 

the potential to archive the goal. Initially, we focus on faecal-based miRNA. Briefly, reverse 
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transcription for miRNA array carries out using Human Pools A and B v2.1 Kit (Applied 

Biosystems) – a megaplex primer pools in the 5 paired CRC-adjunct normal tissues to identify 

high express miRNAs (Wu et al. 2014). Then, some of the target miRNAs will further be 

validated in 40 paired CRC-para normal tissues and CRC cell lines. Next, total RNA from the 

faecal samples (n = 595, containing 198 CRCs, 199 adenomas and 198 healthy subjects) 

were isolated from the TRIzol-chloroform mixture using the miRNeasy Mini Kit (Qiagen) and 

qRT-PCR of individual miRNA was performed using TaqMan miRNA Reverse Transcription 

Kit and TaqMan Human MiRNA Assay (Applied Biosystems) (Publication 6-8, from page 

141)(Yau, Wu, et al. 2014; Yau et al. 2016). 

 

To further investigate the use of faecal-based miRNA potential for CRC screening, the 

Cochrane Handbook for Diagnostic Test Accuracy Review protocol was followed to perform 

the meta-analysis to evaluate the utility of faecal miRNAs as a non-invasive tool in CRC 

screening. A systematic literature search in five databases (PubMed, Ovid Embase, The 

Cochrane Library, Scopus and Web of Science) identified 17 research articles including 6475, 

783 and 5569 faecal-based miRNA tests in CRC, adenoma patients and healthy individuals, 

respectively (Figure 17)(Publication 9, page 171)(Yau et al. 2019). 

 

 

Figure 17. Flowchart diagram of faecal-based miRNAs study selections based on the inclusion 

and exclusion criteria. Adopted from (Yau et al. 2019). 
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In addition to faecal-based miRNA, gut dysbiosis in CRC has been investigated and 

some of them have been reported as potential biomarkers for non-invasive CRC screening. 

To search for the candidate targets, at first, the metagenome-wide association studies on 

faecal samples from 74 patients with CRC and 54 controls from the East Asian cohort, and 

validated the early outcomes in 16 patients and 24 controls from Denmark. Additional 

confirmation on the selected biomarkers for the two reported European cohorts. Finally, we 

applied targeted qPCR assays to evaluate the diagnostic potential of selected biomarkers in 

an independent Chinese cohort of 47 patients and 109 controls and identified 20 bacterial 

gene marker candidates that may serve as non-invasive biomarkers for CRC (Publication 10, 

page 185)(J. Yu et al. 2017). These findings further confirmed that faecal bacteria may be 

able to serve as non-invasive targets for CRC screening by using target qPCR. These 

biomarkers, by combination with F. nucleatum, undefined ‘m7’, Bacteroides clarus (B. clarus) 

and Clostridium hathewayi (C. hathewayi) could improve the CRC diagnostic performance but 

the diagnostic performance for adenoma is not satisfactory (Liang et al. 2017). Thus, a 

new Lachnoclostridium gene marker (labelled as ‘m3’) was identified and further evaluated 

the utility for the diagnosis of colorectal adenoma. The diagnostic accuracy of m3, compared 

with and/or in combination with FIT and other bacterial gene markers, was tested in 1012 

subjects (274 CRC, 353 adenoma and 385 controls) from two separated East Asian cohorts 

(Publication 11, page 196)(Liang et al. 2020). 

 

Furthermore, to demonstrate and validate gut microbiome varies to factors including, 

but not limited geographic locations, lifestyles, diets, disease types and statuses widely 

between people, an in-depth phenotypic prospective study was conducted based on 218 

adults from rural (n = 94) and urban (n = 124) areas of central India by using multi-omics 

analysis to determine the relationship between disease risk, circulating biomarkers and 

microbial taxa (Figure 18). High-throughput experiments, including multiplex assays for serum 

diabetic proteins, cytokines, chemokines and polyisotypic antibodies, quantification of serum 

short-chain fatty acids by gas chromatography-mass spectrometry (GC-MS) and analysis of 

faecal microbiota by 16s ribosomal RNA gene amplicon sequencing were used. Sera were 

also analysed for N-glycans and immunoglobulin G Fc N-glycopeptides (Publication 12, page 

208)(Tanya M. Monaghan, Biswas, et al. 2021). 
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Figure 18. Schematic diagram of the overall study design on rural and urban areas of central 

India. n; number of urban/rural samples. Adopted from (Tanya M. Monaghan, Biswas, et al. 2021). 

 

C. difficile is a type of bacteria that can cause colitis, it is sometimes life-threatening. 

Infections from C. difficile often start with taking antibiotics and FMT is an unconventional 

treatment strategy for CDI patients. Although the growing evidence to support the use of FMT 

in CDI, the multifactorial mechanisms that underpin the efficacy of FMT remain unclear. Thus, 

a deep phenomics study on four adults (three responders and one non-responder) receiving 

sequential FMT for severe or fulminant CDI (SFCDI), in which we performed a longitudinal, 

integrative analysis of multiple host factors and intestinal microbiome changes. Faecal 

samples were profiled in a variety of assays for changes in gut microbiota and metabolites, 

and blood samples for alterations in targeted epigenomic (including miRNAs), metabonomic, 

glycomic, immune proteomic, immunophenotyping, immune functional assays, and T-cell 

receptor (TCR) repertoires, respectively (Figure 19)(Publication 13, page 232)(Tanya M. 

Monaghan, Duggal, et al. 2021). 
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Figure 19. Schematic diagram of the study workflow on severe or fulminant Clostridioides 

difficile infection patients on three faecal microbiota transplantation (FMT) responders and one 

FMT non-responder). (A) Multidimensional, longitudinal assays applied in patients receiving 

sequential FMT either by colonoscopy or enema with severe or fulminant Clostridioides difficile infection; 

(B) FMT Delivery route for each participant; (C) Methodologies applied; (D) Treatment timelines and 

sampling strategy. Adopted from (Tanya M Monaghan, Duggal, et al. 2021). 

 

Based on the investigative study, next, an in-depth study concentrates on the 

molecular mechanisms of miRNA alterations underlying successful FMT for recurrent CDI 

(rCDI) patients. To be more specific, sera samples from 2 prospective multicentre randomised 

controlled trials were used for miRNA profiling on the Nanostring nCounter platform and 

revealed dysregulation circulating miRNAs 4 and 12 weeks after FMT compared with pre-

treatment screening, of which the top miRNAs were validated in the discovery cohort by means 

of RT-qPCR. In a murine model of rCDI, RT-qPCR analyses of sera and caecal RNA extracts 

demonstrated suppression of these miRs, an effect reversed by FMT (Publication 14, page 

258)(Tanya M. Monaghan, Seekatz, et al. 2021). 

 

In addition to colorectum, a relatively stable microbiota microenvironment is also 

important in stomach. Helicobacter pylori and EBV are the key oncogenic bacteria, GC 

patients present stomach dysbiosis and form a genotoxic microbial community by reduced 

microbial diversity and the abundance of Helicobacter, with over-population of new bacterial 

genera (Ferreira et al. 2018). Thus, we worked on whole-genome, transcriptome, and 

epigenome sequence analyses of a gastric adenocarcinoma cell line (AGS cells) before and 

after EBV infection. Gastric tumour samples with (n = 34) or without (n = 100) EBV infection 

were also applied to look for the alteration (Publication 15, page 277)(Liang et al. 2014).
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VI. RESULTS 

i. INCREASE ANTI-TNF-α TREATMENT RESPONSIVENESS IN PATIENTS WITH 

INFLAMMATORY BOWEL DISEASE 

(1). Introduction 

Currently, anti-TNFα compounds such as full monoclonal IgG1 antibodies (infliximab 

and adalimumab), pegylated anti-TNFα F[ab']2 fragment (certolizumab), and IgG1қ 

monoclonal antibody - derived from immunising genetically engineered mice with human 

TNFα (golimumab) have been approved for IBD patients (Table 5) (Berns, Hommes 2016; 

Levin et al. 2016; Moroi et al. 2013). Although the retrospective study indicated that TNFα 

blockers lower the risk of CRC in IBD patients (Alkhayyat et al. 2020), approximately 30% of 

patients do not respond to anti-TNF induction therapy (primary non-response), and up to 50% 

of the patients lose response to treatment over time, after initially experiencing clinical 

improvement (secondary loss of response). More importantly, anti-TNF treatment could 

induce the risk of serious infection (Gerriets et al. 2020; Poullenot et al. 2016). Thus, improving 

the anti-TNFα treatment responsiveness in IBD is needed to improve the disease 

management. 

 

Table 5. Anti-tumour necrosis factor (TNF) therapeutic agents for moderate-to-severe IBD patients. 
Anti-TNFα Abbv. Structure Administration Adverse effects 

(Unique)  
Indication 

Adalimumab ADM Human monoclonal 
antibody 

• Subcutaneous • Injection site reactions CD: induction (include IFX 
failure, maintenance) 

UC: induction, maintenance 

Certolizumab 
Pegol 

CTZ Recombinant antigen 
binding Fab fragment 
conjugated to 
polyethylene glycol 

• Subcutaneous • Injection site reactions CD: maintenance 

Golimumab GLM Human monoclonal 
antibody 

• Subcutaneous • Injection site reactions UC: induction (include 
corticosteroid-dependent), 
maintenance 

Infliximab  IFX 75% human 
monoclonal antibody + 
25% chimeric mouse 

• Intravenous 
• Subcutaneous 

• Infusion reactions 
• Serum sickness 
• Risk of heart failure 

CD: induction, maintenance 

UC: induction, maintenance, 
corticosteroid elimination 

Abbv., Abbreviation; CD, Crohn's disease; UC, ulcerative colitis. 

 

(2). Summary of the outcomes 

To find out the reason behind the treatment irresponsiveness, optimise the disease 

management and minimise the chance to develop colonic neoplasms in IBD patients, in the 

beginning, a total of 449 publicly available transcriptomic data from five eligible datasets were 

systemically retrieved, including control, baseline, and after primary anti-TNF-α therapy in IBD 

patients or placebo. Then, based on the outcomes from in silico flow cytometry algorithms 

analysis, neutrophil, endothelial cell, and B-cell populations were higher in baseline 

nonresponders (Figure 20) and revealed that neutrophil chemotaxis pathways – identified 

from Metascape – may contribute to the treatment resistance. Genes identified within the 
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neutrophil chemotaxis enrichment pathways were validated in LPS-induced inflammation on 

neutrophils in a previously published RNA-sequencing dataset from the anti-TNF-α-treated 

animal model. The AUC analysis was applied to all the genes to identify the best prediction 

biomarkers. Interleukin 13 receptor subunit alpha 2 (IL13RA2) is the best predictor (AUC: 

80.7%, 95% confidence interval: 73.8%–87.5%), with a specificity of 84.93% and sensitivity of 

68.13%, and significantly higher in nonresponders compared with responders (P < 0.0001) 

(Publication 5, page 129)(Yau et al. 2022). 

 

 

Figure 20. Neutrophils, endothelial cells, and B cells are significantly higher on the baseline anti-

TNF-α treatment IBD nonresponders compared with responders patients. Immune cell population 

evaluated in five in silico flow cytometry, and (a–c) neutrophils, (d–f) endothelial cells, and (g–i) B cells 

can be recognized in three out of five algorithms. B-cell, endothelial cell, and neutrophil populations are 

higher on baseline anti-TNF-α nonresponders compared with responders. P-value determined by 

Mann–Whitney U-test. Asterisks denote statistically significant differences (*P < 0.05, **P < 0.01, ***P 

< 0.001, and ****P < 0.0001). Adopted from (Yau et al. 2022). 

 

(3). Discussions and Conclusions 

In a typical inflammatory response, immune cells such as T lymphocytes, dendritic 

cells, macrophages, and natural killer cells release pro-inflammatory cytokine TNF-α, leading 

to the activation of neutrophils and endothelial cells (Balamayooran et al. 2010). The activation 
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of endothelial cells in colonic mucosa enhances vascular permeability, induces the recruitment 

of immune cells, and thus activates chemotaxis. At the same time, the activation of neutrophils 

follows the tethering, rolling, crawling, and transmigration process from the blood vessel into 

the inflamed colonic tissues (Wéra et al. 2016). When neutrophils engulf invasive gut 

microbiome, they release granule proteins and chromatin to form neutrophil extracellular traps 

and secrete antimicrobial peptides to mediate extracellular killing of microbial pathogens 

(Schmidt et al. 2011). Nevertheless, hyperactive neutrophils trigger an unrestrained activity of 

the positive feedback amplification loops, leading to endothelial cells and the surrounding 

tissues damage, inducing resolution delay (IL-6, TNF-α, and IFN-γ) and chemokines (IL-8, 

CCL3, and CCL4), which further the recruitment of neutrophils, monocytes, and macrophages 

to the inflamed sites (Mortaz et al. 2018).  

 

The use of anti-TNF-α blockers significantly suppresses the infiltration of neutrophil 

and B-cell population in the inflamed mucosa, and suppresses pro-inflammatory mediators, 

such as calprotectin (S100A8/A9), IL-8, IL-6, and TNF-α production,(C. Zhang et al. 2018; 

Timmermans et al. 2016) and matched with our finding only in responders. However, the 

unwanted immunogenicity has a high level of B cells due to the presence of anti-drug 

antibodies (Vaisman-Mentesh et al. 2019), including anti-TNF-α monotonical antibodies (De 

Groot, Scott 2007) which is matched with our findings. In addition, the study also identified 

that IL13RA2 is stand-alone in the volcano plot with the highest fold change and the lowest p-

value, suggesting IL13RA2 is a potential biomarker to predict anti-TNF-α treatment response. 

 

In summary, nonresponders presented higher populations of neutrophils, endothelial 

cells, and B cells compared to responders at baseline level. IL13RA2 is a potential biomarker 

to predict anti-TNF-α treatment response. These findings may help us to further investigate 

the drug resistance in anti-TNF-α monotonical antibodies against inflammation. 

 

ii. STOOL-BASED MICRORNA AS NON-INVASIVE BIOMARKERS FOR COLORECTAL 

CANCER SCREENING 

(1). Introduction 

Implementation of CRC screening programs in communities allows early detection of 

colonic neoplasm(s) to lower the treatment need, morbidity, and mortality (Zauber et al. 2012). 

However, the use of low-cost haemoglobin-based CRC screening such as FIT is limited by 

haemoglobin degradation and intermittent bleeding patterns in large intestines, so that there 

is still a large number of individuals cannot be identified until the late stages, leading to poor 

treatment responses and prognosis (Publication 2, page 92)(Tepus, Yau 2020). The search 
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for reliable non-invasive biomarkers is therefore still ongoing, and faecal-based miRNAs and 

gut microbes are crucial tools in helping to discover new biomarkers. The expression of 

several miRNAs differs significantly between normal colonic tissues and CRC, including IBD 

and colitis-induced CRC (Publication 3, page 102)(Bocchetti et al. 2021). These abnormal 

colonocytes consistently exfoliate and shed into the lumen. miRNAs are highly stable and 

detectable within samples throughout a 72-hour incubation period at room temperature, due 

to protection from ribonuclease degradation by exosomes (Hunter et al. 2008; Mitchell et al. 

2008). Thus, miRNA levels can be detected in faecal specimens.  

 

(2). Summary of the outcomes 

To begin with, a total of 10 RNA samples from 5 paired CRC-adjacent normal tissues 

were applied for miRNA profiling, and identified 10 highly expressed miRNAs (Figure 21A, 

replotted the figure based on the supplementary data from Publication 6, page 141) (Wu 

et al. 2014). Next, five of the target miRNAs were validated in 40 pairs of CRC tissues (Table 

6, data reorganised from Publication 6-8, from page 141) (Wu et al. 2014; Yau, Wu, et al. 

2014; Yau et al. 2016) and CRC cell lines (Figure 21B-F, previously unpublished data). 

 
Figure 21. Identification of upregulated microRNAs in colorectal cancer by qPCR profiling. (A) 

667 microRNAs in five paired colorectal cancer (CRC) patients were evaluated. Fold change below 0.8 

on each analyte in each paired CRC sample was eliminated. Adapted from (Wu et al. 2014). Levels of 

(B) miR-18a-5p, (C) miR-20a-5p, (D) miR-31-5p, (E) miR-135b-5p, (F) miR-221-5p in CRC epithelial 

cell lines Colo-205, DLD-1, HT-29, and 4 colon biopsies from patients of normal colonoscopy findings. 

Levels of microRNA are normalised to internal control RNU6B. 
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Table 6. microRNA differentially expressed in tumours compared with adjacent 

normal tissues. Adopted from (Wu et al. 2014; Yau, Wu, et al. 2014; Yau et al. 2016). 

miRNA Chromosomal 
location 

% of samples with elevated 
expression in tumour 

Fold change 
(Interquartile range) 

P-value* 

miR-135b 1q32.1 92.5% (37/40) 13.73 (5.532-45.66) < 0.0001 

miR-31 9p21.3 87.5% (35/40) 10.45 (2.443-99.31) < 0.0001 

miR-221 Xp11.3 77.5% (31/40) 1.96 (1.025-3.319) < 0.0001 

miR-18a 13q31.3 77.5% (31/40) 2.65 (1.078-6.828) 0.0003 

miR-20a 13q31.3 70.0% (28/40) 2.063 (0.910-5.418) 0.0065 

Combined - 97.5% (39/40) - - 

*P values were analysed by Wilcoxon matched-pairs test. 
 

Then, a total of 595 faeces samples from healthy subjects (n = 198), polyps (n = 199) 

and CRC patients with different cancer stagings (n = 198) were extracted for miRNA-specific 

reverse transcription and Taqman probe-based real-time polymerase chain reaction (RT-

qPCR) for the specific miRNAs. Our experimental findings confirmed that miR-18a, miR-20a, 

miR-221 and miR-135b are potential non-invasive biomarkers (Publication 6-8, from page 

141) (Wu et al. 2014; Yau, Wu, et al. 2014; Yau et al. 2016). The combination of miR-221, 

miR-18a and miR-135b, for example, is the best faecal-based miRNAs combination in our 

study and showed an improvement in screening accuracy for CRC patients (AUC: 0.79, 95% 

CI 0.75 – 0.83)(Publication 7, page 152)(Yau, Wu, et al. 2014). 

 

 
Figure 22. The combination of miR-221, miR-18a and miR-135b has an AUC of 0.79. Adopted from 

(Yau, Wu, et al. 2014). 

 

Afterwards, a meta-analysis approach was applied to assess different faecal-based 

miRNA studies for CRC and colonic adenoma screening from the published research articles 

in any language up to November 17, 2017. The study identified 21 miRNAs and estimated that 

miR-21 may be the most reliable miRNA marker. miR-21 has an AUC of 0.84 with a sensitivity 
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of 59.3% and a specificity of 85.6% for CRC patients based on the 5 studies; and has an AUC 

of 0.78 with a sensitivity of 59.6% and a specificity of 83.0% for colonic adenoma according to 

the 3 published outcomes (Figure 23)(Publication 9, page 171)(Yau et al. 2019). 

 

 

Figure 23. Diagnostic accuracy in pooled stool-based miR-21 for colorectal cancer screening. 

SROC for pooled miR-21 in the detection of CRC (n = 5) and colonic adenoma (n = 3). The number next 
to the dot/triangle corresponding to the study ID in Table 1 (Blue dots: CRC) or Table 2 (Red triangles: 

colonic adenoma) in the publication (Yau et al. 2019). Sen, sensitivity; Spe, specificity; SOP, summary 

operating point. The circular regions (95% confidence contour) contain likely combinations of the mean 

value of sensitivity and specificity. Adopted from (Yau et al. 2019). 

 

(3). Discussions and Conclusions 

Unlike FIT, which is currently used for CRC screening, faecal-based miRNA tests do 

not require troublesome drug and dietary restrictions. Therefore, the uptake of faecal-based 

miRNA tests may be higher than that of FIT. As a result, quantitation of miRNA biomarkers in 

human faeces by qRT-PCR is a promising non-invasive approach for screening CRC patients. 

We have investigated the expression profile of 667 mRNAs, and reported that miR-18a and 

miR-20a from microRNA-17-92 cluster, and miR-221 as candidate biomarkers (Wu et al. 2014; 

Yau, Wu, et al. 2014; Yau et al. 2016). Also, the meta-analysis summarised 21 miRNAs from 

17 different publications and miR-21 could be the best miRNA biomarker for CRC screening 

(Yau et al. 2019). In conclusion, faecal-based microRNA could be a useful target for CRC, in 

combination with other biological markers along with FIT could improve the detection accuracy. 

The biological functions of these miRNAs were also discussed below.  
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A. microRNA-20a and miR-18a in microRNA-17-92 Cluster in Colorectal Cancer 

miR-17-92 is one of the most extensively investigated miRNA clusters and located in 

chromosome 13q31.3. It comprises six mature miRNAs, including miR-17, miR-18a, miR-19a, 

miR-20a, miR-19b-1 and miR-92a-1 (Figure 24)(Ventura et al. 2008). Each of the individual 

miRNAs in the miR-17-92 cluster expresses varies in cancers compared to normal controls 

(G. Yu et al. 2012; Diosdado et al. 2009; Humphreys et al. 2014). 

 

 

Figure 24. microRNA-17-92 cluster at chromosome 13q31.3. 

 

miR-20a is an oncomiR and has been suggested as a diagnostic biomarker in GI 

cancers (Table 7)(Moody et al. 2019; Stojanovic et al. 2019). In CRC, over-expression of miR-

20a promotes cell cancer proliferation, migration, and invasion, and inversely correlates with 

Smad4 expression. The abolition of Smad4 induces epithelial-mesenchymal transition (EMT), 

mediated by miR-20a (Zhang et al. 2014) and confirmed by dual-luciferase reporter assays 

(Cheng et al. 2016). The presence of miR-20a modulates the expression of tissue inhibitor of 

metalloproteinases-2 (TIMP2) and matrix metalloproteinase 9 (MMP9) to promote EMT; aids 

the detachment of CRC cells from the tissue parenchyma; and goes into systemic circulation 

during cancer metastasis (Xu et al. 2015). miR-20a is also involved in the cell cycle by 

regulating FOXJ2 to control cell cycle arrest at G1 stage (Qiang et al. 2020), and Myc/p21 

(CDKN1A) expression via TGF-β by preventing its delay of G1/S transition (Sokolova et al. 

2015). Silencing of miR-20a in SW480 CRC cell lines increases the anti-tumour effect of 

TRAIL through the caspase-8 dependent pathway (Huang et al. 2017), and inhibits 

translocation of truncated BID (tBID) to induce the mitochondrial pathway of apoptosis (Li et 

al. 1998; Orzechowska et al. 2015). By controlling MICA and CXCL8, miR-20a respectively 

modulates NK cells and influences tumour latency from IBD (Tang et al. 2019; Signs et al. 

2018). 
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Table 7. The reported microRNA-20a studies with the corresponding direct target genes in 

gastrointestinal diseases. 

Target 

Gene 

Gene Name Main Biological roles GI Disease [Reference] 

Apoptosis 

BID BH3 Interacting Domain Death Agonist Induce mitochondrial pathway of 

apoptosis 

CRC (Huang et al. 2017) 

SENP1 SUMO Specific Peptidase 1 Proliferation, apoptosis, invasion, 

migration & chemo-resistance 

CRC (Huang et al. 2017; 

Xu et al. 2015) 

PDCD4 programmed cell death factor 4 Cell proliferation, migration & invasion; 

promote cell apoptosis & 5-FU resistance 

CRC (Jiang et al. 2020) 

Cell Cycle 

CDKN1A Cyclin Dependent Kinase Inhibitor 1A 

(p21) 

Interfere colonic epithelium homeostasis 

by disrupting the regulation of Myc/p21 by 

TGF-β 

CRC (Sokolova et al. 

2015) 

FOXJ2 Forkhead Box J2 Proliferation, migration, invasion& cell 

cycle arrest at G1 stage 

CRC (Qiang et al. 2020) 

Drug Resistance 

ASK1 Apoptosis signal-regulating kinase 1 Enhance sensitivity to cisplatin CRC (L. Zhang et al. 

2018) 

BNIP2 BCL2 Interacting Protein 2 5-FU, oxaliplatin & teniposide resistance CRC (Chai et al. 2011) 

HAND2-

AS1 

heart and neural crest derivatives 

expressed 2-antisense RNA 1 - lncRNA 

5-FU resistance, cell proliferation, 

migration & invasion & promoted cell 

apoptosis 

CRC (Jiang et al. 2020) 

Extracellular Growth Factors 

SMAD4 Mothers against decapentaplegic 

homolog 4 

EMT signalling CRC (Cheng et al. 2016; 

Zhang et al. 2014; Xu et 

al. 2015) 

G-protein coupled receptor 

GABBR1 Gamma-Aminobutyric Acid Type B 

Receptor Subunit 1 

Promote proliferation & invasion CRC (Longqiu et al. 

2016) 

Immune Response 

MICA Major Histocompatibility Complex (MHC) 

class I-related chain genes A 

Regulate the sensitivity of CRC cells to 

NK cells 

CRC (Tang et al. 2019) 

CXCL8 Chemokine (C-X-C motif) ligand 8 Influence tumour latency from IBD IBD induced CRC 

(Signs et al. 2018) 

GI, Gastrointestinal, CRC, colorectal cancer; IBD, inflammatory bowel disease; GC, gastric cancer; 

HCC, Hepatocellular carcinoma; 5-FU, Fluorouracil; EMT, Epithelial-mesenchymal transition, TRAIL, 

TNF-related apoptosis-inducing ligand; lncRNA, long non-coding RNA. 

 

miR-18a has a dual-functional role in either promoting or inhibiting oncogenesis in 

different human cancers and presents as an oncomiR in CRC (Table 8). The up-regulation of 

miR-18a was shown to inhibit the malignant progression of CRC by inhibiting GTPase cell 

division control protein 42 (CDC42), a mediator of PI3K pathway (Humphreys et al. 2014). The 

suppression of miR-18a restores CDC42 mRNA expression and cell growth (Humphreys et al. 

2014). The activation of CDC42 promotes adhesion and invasion of CRC cells (Gao et al. 

2013), and the malignant progression through silencing of ID4 and CACNA2D2 (Sakamori et 

al. 2014; Gómez Del Pulgar et al. 2008). On the other hand, the long non-coding RNA (lncRNA) 

UCA1 was identified and up-regulates in CRC, promoting cell proliferation and tumorigenicity 

(NI et al. 2015). UCA1 can be a "sponge" to reduce the regulatory effect on miR-18a and thus 

increase CDC42 expression to enhance the sensitivity to oncolytic vaccinia virus cell-to-cell 

spread by activating filopodia formation (Horita et al. 2019). Furthermore, the presence of 

lncRNA FENDRR can also act as a "sponge" to restrain the aggressiveness of CRC cells 
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through the regulation of miR-18a-5p/ING4 axis (Yin et al. 2019). Additionally, studies 

indicated that the expression of miR-18a attenuates DNA damage repair via suppressing ATM 

and induces CRC cell apoptosis via the autophagolysosomal degradation of HNRNPA1 (C.-

W. Wu et al. 2013; Fujiya et al. 2014). miR-18a can be a treatment target by encapsulation in 

grapefruit-derived nano-vectors (GNV) to induce M1 macrophage interferon gamma (IFN-γ) 

by targeting interferon regulatory factor 2 (IRF2) to induce IL12, and to activate NKT cells and 

NK cells suppressing cell metastasis to the liver (Teng et al. 2016). In colitis-associated 

colorectal cancer (CAC), up-regulation of miR-18a inhibits PIAS3 expression and activates 

NF-κB and STAT3 in the colon of both CAC and CRC patients (Ma et al. 2018). This PIAS3-

mediated autoregulatory feedback loop (PIAS3/NF-κB or STAT3/miR-18a) is verified in an 

AOM-DSS-induced mice model. Modulation of the feedback loops through suppression of 

miR-18a or over-expression of PIAS3 significantly repressed cell proliferation in a mouse CRC 

xenograft model. By contrast, up-regulation of PIAS3 by intra-colonic administration of PIAS3 

or anti-miR-18a lentivirus in AOM-DSS-induced mice reduces both tumour sizes and numbers 

(Ma et al. 2018).  

 

Table 8. Reported microRNA-18a studies with the corresponding direct target genes in 
gastrointestinal diseases. 

Target Gene Gene Name Main Biological roles GI Disease [Reference] 

Apoptosis 

HNRNPA1 heterogeneous nuclear 

ribonucleoprotein A1 

Induces apoptosis via 

autophagolysosomal degradation 

CRC (Fujiya et al. 2014) 

IRF2 Interferon regulatory factor 2 Promote apoptosis, inhibit cell 

proliferation & migration; Induction of 

macrophage IFNγ & activates NK & NK 
T cells in CRC 

CRC (Teng et al. 2016); 

GC (Chen et al. 2016); 

HCC (Yongyu et al. 

2018) 

Cell Cycle 

ATM Ataxia telangiectasia mutated Attenuate DNA damage repair CRC (C.-W. Wu et al. 

2013) 

CDC42 Cell division control protein 42 Acts as a GTPase in the PI3K/AKT 

pathway 

CRC (Humphreys et al. 

2014) 

UCA1 Urothelial Cancer Associated 1 

(lncRNA) 

Sponging miR-18a, promoting Cdc42 

activation, regulate oncolytic vaccinia 

virus cell-to-cell spread & filopodia 

formation 

CRC (Horita et al. 2019) 

Transcription Factor 

TBPL1 TATA-Box Binding Protein Like 1 Regulate tumour proliferation & 

invasion 

CRC (Liu et al. 2015) 

PIAS3 Protein inhibitor of activated STAT3  Inhibit STAT3 activity, downstream of 

the Wnt/β-catenin pathway 

Colitis-associated CRC 

(Ma et al. 2018); GC (W. 

Wu et al. 2013) 

FENDRR FOXF1 Adjacent Non-Coding 

Developmental Regulatory RNA 

(lncRNA) 

Exert an inhibitory role by interacting 

with miR-18a-5p & increase ING4 

expression 

CRC (Yin et al. 2019) 

CRC, colorectal cancer; GC, gastric cancer; HCC, Hepatocellular carcinoma; 5-FU, Fluorouracil; EMT, 

Epithelial-mesenchymal transition; NK, natural killer; lncRNA, long non-conding RNA. 
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B. microRNA-21 in Colorectal Cancer 

miR-21 is one of the most highly-expressed miRNAs in CRC, IBD and colitis-

associated CRC and could also be utilised to distinguish these diseases for patient diagnosis 

and prognosis (Svrcek et al. 2013; Shi et al. 2013; Ando et al. 2016). The up-regulation of 

miR-21 in CRC correlates to cell migration, invasion and proliferation, as well as promoting 

miR-21-mediated transformation in somatic cells (Iliopoulos et al. 2010; Shi et al. 2016). The 

expression of miR-21 regulates a plethora of genes in GI cancer (Table 9), including 

programmed cell death 4 (PDCD4) (Asangani et al. 2008; Peacock et al. 2014; Lu et al. 2008), 

Sprouty 1 and 2 (SPRY1 and SPRY2) (Sayed et al. 2008; Thum et al. 2008; Feng et al. 2012), 

E‐cadherin (Kang et al. 2015), and SEC23A (Li et al. 2016). miR-21 is also involved in cancer 

stem cells (CSCs) stemness and cell cycle. For instance, FOLFOX (a combination of 5-FU, 

leucovorin and oxaliplatin)-resistant HT-29 and HCT-116 CSCs show suppression of PDCD4 

and has an up to 7-fold increase of pre or mature miR-21 (Yingjie Yu et al. 2012). The stable 

over-expression of miR-21 in the HCT-116 cell line down-regulates PDCD4 and TGFβR2 by 

binding to 3'UTR sequences, suppresses c-Myc and Cyclin D1, and increases stemness via 

the Wnt/β-catenin signalling pathway (Yingjie Yu et al. 2012). The presence of circular RNA - 

circRNA-ACAP2 acts as an miRNA sponge to regulate TIAM1 expression by removing the 

inhibitory effect of miR-21-5p, affecting cell proliferation, migration and invasion (He et al. 

2018). An integrative combination meta-analysis and bioinformatics analysis indicated that 

ABCB1, HPGD, BCL2, TIAM1 and PDCD4 are the most common targets of miR-21 in CRC 

patients and are potentially biomarkers for diagnosis and prognosis (Saheb Sharif-Askari et 

al. 2020). 
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Table 9. The reported microRNA-21 studies with the corresponding direct target genes in 

gastrointestinal diseases. 
Target Gene Gene Name Main Biological roles GI Disease [Reference] 

Apoptosis 

CDH1 Cadherin 1 (E‐cadherin) An independent predictor of early tumour 
relapse 

CRC (Kang et al. 2015) 

ROHB Ras homolog gene family, member 
B 

Proliferation, invasion & apoptosis CRC (Liu et al. 2011) 

PDCD4 Programmed cell death 4 ROS promotes gastric carcinogenesis 
inflammation 

CRC (Asangani et al. 2008; 
Peacock et al. 2014; Lu et 
al. 2008)  

Cell Cycle 

CDC25A Cell Division Cycle 25A Negatively regulates G(1)-S transition, 
involve in DNA damage-induced G(2)-M 
checkpoint  

CRC (Wang et al. 2009) 

TGFBR2 Transforming growth factor, beta 
receptor 2 

Induce stemness CRC (Y. Yu et al. 2012) 

PTEN Phosphatase and tensin homolog Regulate cell cycle, induces resistance 
of interferon-α/5-FU & metformin 

CRC(Feng et al. 2012) 

Cytoplasmic vesicle 

SEC23A Sec23 Homolog A, COPII Coat 
Complex Component 

Proliferation, migration, & invasion CRC (Li et al. 2016) 

Growth Factor 

SPRY2 Sprouty RTK Signalling Antagonist 
2 

Enhance the cytotoxic effect of 5-FU & 
metformin 

CRC (Feng et al. 2012) 

Immune Response 

BCL2 B-cell lymphoma 2 Increases beta cell death CRC (Sims et al. 2017) 

TIAM1 T-cell lymphoma invasion and 
metastasis 1 

CircRNA-ACAP2/miR-21-5p/TIAM1 
feedback circuit affects proliferation, 
migration & invasion  

CRC (Cottonham et al. 
2010; He et al. 2018) 

Metabolism 

HPGD 15-Hydroxyprostaglandin 
Dehydrogenase 

COX-2-dependent mechanism CRC (Monteleone et al. 
2019) 

DUSP8 Dual Specificity Phosphatase 8 Repress cell growth & metastasis; alter 
AKT & ERK signalling 

CRC (Ding et al. 2018) 

CRC, colorectal cancer; NASH, non-alcoholic steatohepatitis, NAFLD, non-alcoholic fatty liver disease; 

GC, gastric cancer; HCC, Hepatocellular carcinoma; NK, natural killer; 5-FU, Fluorouracil. 

 
 

C.microRNA-221 in Colorectal Cancer 

miR-221 is also one of the highly-expressed miRNAs in CRC tissues compared to the 

para-tumour tissues (Di Martino et al. 2016). The level of miR-221 positively correlates to local 

invasion, advanced tumour node metastasis and shorter patient survival. The depletion of 

miR-221 diminishes colony formation, cell migration, invasion and proliferation in both in vivo 

and in vitro CRC models (Table 10)(Tao et al. 2014; Liu et al. 2014; Qin, Luo 2014; Liao et al. 

2018; Liu et al. 2018). miR-221 could directly bind to reversion-inducing-cysteine-rich protein 

with Kazal motifs (RECK) 3′UTR to promote CRC cell invasion and metastasis (Qin, Luo 2014). 

Silencing of miR-221 enables induction of apoptosis and autophagy via Cyclin-Dependent 

Kinase Inhibitor 1C (CDKN1C) and tumour protein 53-induced nuclear protein 1 (TP53INP1) 

respectively, and suppresses the S-phase and overexpresses the G0/G1 population (Sun et al. 

2011; Liao et al. 2018). A dose-dependent X-radiation affects the expression of miR-221 in 

Caco2 CRC cells and suppresses the PTEN expression. Inhibition of miR-221 sensitises 

radiosensitivity (Xue et al. 2013). In addition, the use of microcystin-LR promotes DLD-1 CRC 

cell migration through the miR-221/PTEN, as well as STAT3 signalling with the accumulation 

of β-catenin in nuclei (Ren et al. 2019). 
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miR-221 and miR-222 are encoded from a tandem gene cluster located on 

chromosome Xp11.3, and thus co-expression of both miRNAs has been well studied. A three-

dimensional (3D) cell culture study indicated KRAS mutation induces the expression of miR-

221/222 and suppresses PTEN protein expression (Tsunoda et al. 2011). Over-expression of 

miR-221/222 by using miRNA mimics activates NF-κB and STAT3 and binds to the 3′ UTR of 

PDLIM2 – a nuclear ubiquitin E3 ligase for RelA and STAT3. Injection of lentivirus-

expressing miR-221/222 sponges suppresses CRC tumour formations in AOM/DSS-induced 

CRC mice, with fewer Ki67-positive cells compared with the control group (Ebert et al. 2007; 

Liu et al. 2014). 

 

Table 10. Reported microRNA-221 studies with the corresponding direct target genes in 
gastrointestinal diseases. 

Target Gene Gene Name Main Biological roles GI Disease [Reference] 

Apoptosis 

GAS5 lncRNA Induces G0/G1 arrest & apoptosis CRC (Yang Yang et al. 2017; Liu 

et al. 2018) 

Autophagy 

TP53INP1 Tumour protein p53-

inducible nuclear protein 1 

Inhibit autophagy CRC (Liao et al. 2018) 

Cell Cycle 

PTEN Phosphatase and Tensin 

Homolog 

Cell proliferation, invasion & sphere 

formation to increase radio-

sensitivity; down-regulate by 

microcystin-LR, radiation & Oroxin B 

CRC (Xue et al. 2013; Ren et al. 

2019; Tsunoda et al. 2011) 

Immune Response 

PDLIM2 PDZ And LIM Domain 2 Degrade RelA & STAT3 CRC & IBD (Liu et al. 2014) 

Metalloendopeptidase Activity 

RECK Reversion Inducing 

Cysteine Rich Protein with 

Kazal Motifs 

Promote cancer cell invasion & 

metastasis 

CRC (Qin, Luo 2014) 

HBV; Hepatitis B virus, CRC, colorectal cancer; GC, gastric cancer; HCC, Hepatocellular carcinoma; 

5-FU, Fluorouracil; EMT, Epithelial-mesenchymal transition; NK, natural killer. 

 

iii. GUT MICROBES AS NON-INVASIVE BIOMARKERS FOR COLORECTAL CANCER 

SCREENING 

(1). Introduction 

Besides faecal-based miRNAs, gut microbiota dysbiosis and the corresponding 

microbial composition changes have been recognised in a variety of diseases including the 

pathogenesis of CRC. These patterns could be used as microbial diagnostic biomarkers for 

potential CRC screening tool development. 

 

(2). Summary of the outcomes 

At the beginning of the study, our early shotgun metagenomics analysis from CRC 

patients firstly identified 20 bacteria abundant markers in CRC patients compared to controls, 

these are including Fusobacterium nucleatum (F. nucleatum), Parvimonas micra (P. micra, 
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formerly Peptostreptococcus micros), Gemella morbillorum, Peptostreptococcus anaerobius 

and Solobacterium moorei. The selected markers were trans-continental validated in the 

Danish cohort. Further validation of the four gene markers in published metagenomes CRC 

cohorts from the French and Austrian have the AUC of 0.72 and 0.77, respectively. qPCR 

abundance of two gene markers (combined butyryl-CoA dehydrogenase from F. nucleatum 

and RNA polymerase subunit β, rpoB, from P. micra) separates CRC microbiomes from 

controls in an independent cohort consisting of 47 cases and 109 healthy controls, with the 

odds ratio of 23 and AUC of 0.84 (Figure 25)(Publication 10, page 185)(J. Yu et al. 2017). 

 

 

Figure 25. Validating robust gene markers associated with colorectal cancer in quantitative PCR 

(qPCR). The abundance of two gene markers (butyryl-CoA dehydrogenase from Fusarium nucleatum 

and RNA polymerase subunit beta, rpoB, from Parvimonas micra) were further evaluated in 47 CRC 

cases and 109 healthy controls. (A) The combined log10 abundance of the two genes enable to 

distinguish the CRC patients from the control group, and (B) classification of the CRC microbiomes with 

an area under the receiver operating characteristic curve of 0.84. (C-D) The two markers presented 

relatively high abundance in stage II and III CRC compared to the control and stage I. Zero abundance 

is plotted on a log10 scale as -8. FPR, false positive rate; TPR, true positive rate AUC; area under the 

receiver operating curve. Adopted from (J. Yu et al. 2017). 
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Then, further additional metagenomic analysis identified Clostridium hathewayi (C. 

hathewayi) F. nucleatum, and “m3” from a Lachnoclostridium sp. significantly enriched in 

adenoma. Faecal m3 and F. nucleatum were significantly increased from normal to adenoma 

to CRC (linear trend by one-way ANOVA: p < 0.0001, in group I (n = 698) and group II (n = 

313) cohorts). F. nucleatum showed better in detecting CRC (AUC: F. nucleatum = 0.862 vs 

m3 = 0.741, p < 0.0001), while 'm3' may performed better than F. nucleatum in categorising 

adenomas in the control group (AUC: m3 = 0.675 vs F. nucleatum = 0.620, p = 0.09) (Liang 

et al. 2020). By setting a specificity threshold of 78.5%, F. nucleatum and m3 had sensitivities 

of 77.8% and 62.1% for CRC and 33.8% and 48.3% for adenoma, respectively. In a subgroup 

Hong Kong cohort comparison with FIT (n = 642), m3 performed better in detecting adenomas 

and advanced adenomas, with sensitivities of 44.2% and 50.8% at 79.6% specificity, 

compared to 0% and 16.1% for FIT, at 98.5% specificity. Combining m3 with FIT increased 

the sensitivity of advanced adenomas to 56.8% (Figure 26A). Finally, the combination of m3 

with F. nucleatum, C. hathewayi, B. clarus and FIT performed best in the diagnosis of CRC 

with a specificity of 81.2% and a sensitivity of 93.8% (Figure 26B)(Publication 11, page 196) 

(Liang et al. 2020). 

 

 

Figure 26. Comparison and combination of bacterial markers with faecal immunochemical test 
(FIT). (A) Comparison of the sensitivities of FIT, m3 and their combination in detecting non-advanced 
and advanced adenomas. (B) Comparison of sensitivity and specificity of FIT, m3, the combination of 
four makers (LR4: m3 + F. nucleatum + C. hathewayi + B. clarus) and combination of bacterial markers 
with FIT in a subgroup from Hong Kong. LR4 combined with FIT performed best for colorectal cancer 
(CRC) detection, while m3 combined with FIT performed best for detecting adenoma. All comparison 
of sensitivities was conducted by X2 tests. A, non-advanced adenoma; AA, advanced adenoma. 
Adopted from (Liang et al. 2020). 

 

(3). Discussions and Conclusions 

In addition to faecal miRNA, other investigative targets, including gut microbes are one 

of the potential markers that could be used to improve CRC screening accuracy. Here, we 
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showed several faecal bacterial markers that can be used to distinguish between healthy 

subjects and CRC patients and m3 could be able for adenoma. In the meantime, a new panel 

of faecal bacterial markers (m3 + F. nucleatum + C. hathewayi + B. clarus) enhanced 

diagnostic power for CRC compared to the microbial markers reported in our studies in the 

past. The carcinogenicity of some overgrown bacteria identified in our studies, such as P. 

micra and F. nucleatum has been studied (Publication 11, page 196)(Liang et al. 2020). 

 

P. micra is a Gram-positive anaerobic cocci species known as a commensal bacterium 

in the human oral cavity (García Carretero et al. 2016). The overgrowth P. micra has been 

studied in several CRC cohorts in both faeces and tissues and has been reported as a 

potential non-invasive screening biomarker (Löwenmark et al. 2020; J. Xu et al. 2020; Flemer 

et al. 2018). Functional studies showed that P. micra induces cell proliferation in CRC cell 

lines and germ-free mice; it also increases Ki-67positive cells and PCNA protein expression, and 

pro-inflammatory cytokines (TNFα, IL17a, IL6 and CXCR1) in the germ-free mice model (Zhao 

et al. 2022). Flow cytometry analyses identified Th2 and Th17 immune cell populations are 

higher, while Th1 cells were reduced in the lamina propria in P. micra mice. In the Apcmin/+ 

mice model, P. micra-driven CRC is significantly higher in tumour burden and tumour load 

compared to mice gavage with non-pathogenic E. coli or non-bacterial control (Zhao et al. 

2022). F. nucleatum can be found in approximately 70% of CRC patients (J. Yu et al. 2017). 

It adheres and invades colonic epithelial cells, binds to E-cadherin via FadA to activate β-

catenin signalling and regulates the inflammatory and oncogenic responses (Rubinstein et al. 

2013). A higher abundance of F. nucleatum induces tumour multiplicity through the recruitment 

of tumour-infiltrating myeloid cells to generate a pro-inflammatory microenvironment (Kostic 

et al. 2012). Virulence factors such as FadA and Fap2 proteins from F. nucleatum, Bacteroides 

fragilis (B. fragilis)-produced toxins and the bacteria wall extracts, have also been identified 

and play as influential modulators in the evolution of normal colonic epithelial cells to tumour 

cells (Gholizadeh et al. 2017; Boleij et al. 2015; Mima et al. 2016; Abed et al. 2016). 

 

In addition to the known and/or culturable microbes, there are a number of 

“unculturable” microbes and other identified gut bacteria that may need to be further 

investigated for their functions and the correlations in the role (s) of CRC and/or other colonic 

diseases. 

 

iv. GUT-HOST INTERACTION 

(1). Introduction 

Whilst communicable diseases caused by infectious microbes continue, non-

communicable diseases (NCDs) have become a major cause of morbidity and mortality in 
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many countries (India State-Level Disease Burden Initiative Collaborators 2017; Arokiasamy 

2018; Mohan et al. 2019). Perturbation of host-microbiome interactions may be a key 

mechanism by which lifestyle-related risk factors, for example, alcohol consumption, tobacco 

use, and physical inactivity influence metabolism caused by metainflammation (Furman et al. 

2019; Lumeng, Saltiel 2011). Metainflammation contributes to the development of many NCDs, 

such as diabetes, which has increased rapidly in India over the past 25 years, rising to 65 

million prevalent cases in 2016 from 26 million in 1990 (India State-Level Disease Burden 

Initiative Diabetes Collaborators 2018). Therefore, there is clearly an urgent need to identify 

relevant metabolic disorder traits to predict the risk of metabolic disorders and their associated 

diseases (Anjana et al. 2017). 

 

Furthermore, once patients have been diagnosed with digestive diseases, 

gastrointestinal treatments may be required (Janarthanan et al. 2012; Roughead et al. 2016) 

and thus could suppress or interfere with the patients’ immune system and disrupt gut flora 

homeostasis, creating a suitable micro-ecosystem for overgrowth of C. difficile (Rineh et al. 

2014). In addition to antibiotics, FMT is an alternative treatment strategy for CDI patients with 

increasing evidence to support the use of FMT in SFCDI. However, the multifactorial 

mechanisms that underpin the efficacy of FMT are not fully understood. Other than CDI in 

colorectum, EBV infection in stomach should not be negated and thus functional studies are 

required to have a better understanding of the mechanisms including the epigenetic changes 

of the oncogenic viral infection (Publication 4, page 119)(Yau, Tang, et al. 2014). 

 

(2). Summary of the outcomes 

A. Host-microbe and Metabolic Interactions are Differentially Shaped by Geographic 

location and Body Weight 

In comparison between countryside and municipal areas of central India, the study 

revealed metabolic and host-microbe interactions are differentially shaped by body weight and 

geographical location, multiple hallmarks of dysmetabolism were identified in urbanites and 

young overweight adults, the majority of whom did not have a known diagnosis of diabetes 

(Publication 12, page 208)(Tanya M. Monaghan, Biswas, et al. 2021). To be more specific, 

the faecal taxonomic composition profile revealed a number of overrepresented genera 

belonging to the Firmicutes phylum in the rural population, including Faecalibacterium, 

Roseburia, Ruminococcaceae and unclassified Lachnospiraceae by using Linear discriminant 

analysis Effect Size (LEfSe). Prevotella and Alloprevotella are dominant in the rural microbiota 

while Bacteroides and Parabacteroides are overrepresented in the urban microbiota (Figure 

27). 
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Figure 27. The microbiota is structurally distinct in participants from rural vs. urban areas. Log-
transformed relative abundance of significantly differential genera between participants from rural or 
urban areas, as determined by Linear discriminant analysis Effect Size (LEfSe). Adopted from (Tanya 
M. Monaghan, Biswas, et al. 2021). 

 

The specific variation in serum short-chain fatty acids (SCFAs) - 2-hydroxybutyrate 

levels were positively correlated with IgG4 levels in the rural group (p < 0.05), and IgG4 was 

strongly positively associated with Campylobacter, Gemella, Leptotrichia, Neisseria, 

Porphyromonas and Streptoccocus (p < 0.0001). Tetrasialylated and tetragalactosylated 

serum glycans (pathogenic complex glycans) were positively associated with serum caproate 

in the urban residents as well as Holdemania and Klebsiella in the rural residents, showing a 
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potentially diabetogenic role for the serum metabolite and genera. Also, glycated serum 

protein (GSP) levels were assessed (n = 135) and significantly higher in pre-obese (BMI 25–

29.9) and overweight (BMI 23–24.9) individuals compared to normal (BMI 18.5–22.9), and in 

urban participants compared to rural subjects (p < 0.001). Across all the subjects, high GSP 

levels were associated with significantly lower circulating IgG2, IgM, caproate, and valerate 

levels, and lower relative abundance of Roseburia and Dorea (p < 0.05) (Publication 13, page 

232)(Tanya M. Monaghan, Biswas, et al. 2021). 

 

B. Faecal Microbial Transplantation is an effective treatment strategy for Clostridioides 

difficile infection 

FMT is highly effective for recurrent CDI and there is growing evidence to support FMT 

for SFCDI. in this early exploratory longitudinal analysis study using a small sample size (3 

responders and 1 non-responder for sequential FMT), a total of 562 characteristics were used 

for analysis, 78 of which were significantly different at all time points (p<0.05). This is including 

Acidaminococcaceae, Phascolarctobacterium, Enterobacteriaceae, Pseudocitrobacter, 

Enterococcaceae and Enterococcus, which are higher in the FMT non-responder compared 

to the responders (Table 11)(Tanya M Monaghan, Duggal, et al. 2021). This multi-omics study 

highlights initial novel features of dynamic phenotypic changes in FMT non-responders under 

different expectations, which prompted an in-depth study focusing on the molecular and 

immunological mechanisms of miRNA alterations in successful FMT in patients with recurrent 

CDI. 

 

Table 11. Statistically significant threshold difference between responders and non-responder on four 
severe or fulminant Clostridioides difficile infection patients (three responders and one non-responder) 
in the taxonomy analysis (average across all time points). Adopted from (Tanya M Monaghan, Duggal, 
et al. 2021). 

Taxa Classification P-value log2 Fold Change 
(Succ/Fail) 

Responders  
(Mean Value) 

Non-Responder 
(Value) 

Acidaminococcaceae Family 0.0212 −3.6351 0.1625 2.0193 

Phascolarctobacterium Genus 0.0212 −3.6351 0.1625 2.0193 
Enterobacteriaceae_unclassified Genus 0.0013 −2.2113 1.0058 4.6577 

Pseudocitrobacter Genus 0.0080 −2.2079 0.7009 3.2383 

Enterococcaceae Family 0.0035 −1.8467 1.4509 5.2185 

Enterococcus Genus 0.0035 −1.8467 1.4509 5.2185 

 

For the in-depth study, sera from two prospective multicentre randomised controlled 

trials (NCT02254811 and NCT01398969) for miRNA profiling on the Nanostring nCounter 

platform uncovered 64 upregulated circulating miRNAs at 4 and 12 weeks after FMT 

compared with screening (pre-treatment phase), of which the top 6 miRNAs were validated in 

the discovery cohort by means of RT-qPCR. In a murine model of rCDI, RT-qPCR analyses 

of cecal and sera RNA extracts proved repression of these miRs, an effect reversed by FMT. 

In mouse colons and human colonoids, C. difficile TcdB mediated the suppressive effects of 
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CDI on miRNAs. CDI dysregulated DROSHA, but not Ago2 or Dicer1, and its effect can be 

reversed by FMT. Correlation analyses, qPCR, and 3′UTR reporter assays revealed that miR-

26b, miR-28, miR-23a and miR-150, target directly the 3′UTRs of FGF21, TNFRSF9, IL12B 

and IL18, respectively. miR-23a and miR-150 demonstrated cytoprotective effects against 

TcdB on colonic epithelial cells. These results provide novel and provocative evidence that 

modulation of the gut microbiome via FMT induces alterations in circulating and intestinal 

tissue miRs and identify new potential targets for therapeutic intervention in rCDI (Figure 28) 

(Publication 14, page 258)(Tanya M. Monaghan, Seekatz, et al. 2021). 

 

 

 

Figure 28. Summary of findings on miRNA changes in patients with Clostridium difficile infection after 

receiving faecal microbial transplants. rCDI; recurrent Clostridioides difficile, FMT, Faecal microbiota 

transplantation. Adopted from (Tanya M. Monaghan, Seekatz, et al. 2021). 

 

C. Genome-wide, Transcriptomic and Epigenomic level changes in Epstein-Barr virus-

associated gastric cancer 

In the EBV-driven GC study, a number of sequencing approaches including whole-

genome, transcriptome, and epigenome sequencing were applied on EBV infected vs control 

AGS GC cell line. Integrated epigenome and transcriptome analyses identified 216 genes 

transcriptionally down-regulated by EBV-associated hypermethylation; methylation of ACSS1, 

FAM3B, IHH, and TRABD increased significantly in EBVaGC. Overexpression of Indian 

hedgehog (IHH) and TraB domain containing (TRABD) increased proliferation and colony 

formation of GC cells, whereas knockdown of these genes reduced these activities. Genomic 

analyses spotted AKT2 from the 44 mutation genes as it has 2 nonsynonymous point 

mutations in AGS–EBV cells and is linked with poorer patient survival in EBVaGC. AKT2 and 

phosphate-AKT2 also have a higher expression in EBVaGC cell lines and up-regulate the 

down-stream MAPK signalling of ERK and activator protein 1 (AP-1), eventually inducing GC 

cell proliferation. AKT2 mutation associates with poor patient survival in EBVaGC. AKT2 is a 
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putative oncoprotein that participates in important cancer pathways; our study uncovered 

EBVaGC, mainly involved in focal adhesion and MAPK signalling (Liang et al. 2014). In 

addition to the well-documented EBV viral gene markers, such as EBNA1, EBER1 and EBER2 

found in EBVaGC patients, we reported 10 different EBV genes expressed in EBVaGC 

patients (Figure 29)(Publication 15, page 277)(Liang et al. 2014). 

 

Figure 29. Summary of the study outcomes in Epstein-Barr virus associated gastric cancer. EBV 

gene expression profile, EBVpositive host genomic and epigenomic alterations were identified in a cell 

model and validated further in primary EBV(+) gastric cancers. Adopted from (Liang et al. 2014). 

 

(3). Discussions and Conclusions 

There is substantial evidence that the gut microbiome is associated with interrelated 

physiological parameters of different gastrointestinal diseases such as CDI and EBVaGC, as 

well as metabolic diseases including diabetes. Currently, a relatively few deep phenomic 

studies have been undertaken and thus a better understanding of the biological processes 

associated with healthy individuals and those potentially at risk of diabetes.  

 

By using the Central-Indian study cohort, the serum N-glycan profiles showed a more 

complex glyco-phenotype in urban population, which may be associated with a higher risk of 

developing T2DM and poorer blood glucose regulation (Rudman et al. 2019). The findings of 

SCFAs in our study were previously observed in the non-industrial microbiome, with more 

SCFAs present in human faeces and greater diversity of genes engaged in complex 

carbohydrate metabolism compared to the industrial microbiome (Ou et al. 2013; Obregon-

Tito et al. 2015). Multi-hallmarks of dysmetabolism were identified in urbanites and young 
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overweight adults from a higher burden of diabetic-related proteins and a complex 

glycophenotype in the circulation, the majority of whom did not have a known diagnosis of 

diabetes. It is important to identify people at high risk of diabetes as early intervention may 

delay or even prevent overt diabetes. By unravelling the immunometabolic interactions 

between gut microbiome and host, personalised therapeutic approaches, including prebiotics, 

probiotics, postbiotics and synbiotics could be utilised and investigated to prevent or even treat 

cardiometabolic-related diseases (Vallianou et al. 2019; Barengolts 2016). 

 

In the context of rCDI studies, our findings demonstrate the synergistic regulation of 

miRNA expression by FMT, confirming several significant alterations in circulating miRNAs 

following successful FMT treatment in two independent cohorts of rCDI patients. The miRNA 

signature was further validated in rCDI mouse models and human colonoids. miRNA 

processing in colonic epithelial cells was directly altered by C. difficile toxin and may be 

affected by C. difficile-associated dysbiosis. Conditional knockdown of the miRNA processing 

enzyme Dicer in murine intestinal epithelial cells has been shown to regulate the intestinal 

microbiota and exacerbate colitis. From this observation, we found that FMT-regulated 

miRNAs can control cellular properties and target TNFRSF9, FGF21, IL12B and IL18, all of 

which are integral to pathways associated with cancer, inflammation and autoimmunity, and 

that CDI-induced colitis can suppress circulating miRNAs, which can be restored by FMT. 

These findings may be further explored to investigate the potential of rCDI as a therapeutic 

target. 

 

Regarding the study on EBVaGC, gene expressions in EBVaGC cell was shown by 

transcriptome analysis and confirmed in EBVaGC primary gastric tumours. Whole-genome 

sequencing showed EBV-associated host mutations in genes including AKT2, CCNA1, 

MAP3K4, and TGFBR1. AKT2 mutations are associated with reduced survival times of 

patients with EBVaGC. Epigenome analysis uncovered hypermethylation of genes including 

ACSS1, IHH, FAM3B, and TRABD through the infection. Five core pathways were shown to 

be dysregulated by EBV-associated host genomic and epigenomic aberrations in GC. These 

findings provide a systematic view of EBV-associated host genomic and epigenomic 

abnormalities and signalling networks that may govern the pathogenesis of EBVaGC. 

 

VII. OVERALL DISCUSSION AND FUTURE DIRECTIONS 

Over the past century, an ageing population coupled with a shift to a Western lifestyle 

has left many people vulnerable to interrelated digestive disorders and there is an urgent need 

to understand the pathogenesis and mechanisms of disease in order to improve diagnostic 
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accuracy and treatment outcomes. First, by integrating publicly available datasets with 

bioinformatics analysis, I identified hyperactive neutrophil chemotaxis could be the major 

factor for anti-TNF-α treatment resistance in IBD patients. Then, utilising faecal miRNA and 

gut microbes, several upregulated miRNA and over-abundance of gut microbes in CRC were 

identified. In addition, studies regarding FMT confirmed the alternation of host-miRNA 

expression and relief of the infection symptoms in rCDI patients; EBVpositive GC has clear 

molecular changes at whole-genome, transcriptome, and epigenome levels. 

 

Currently, in non-invasive CRC screening studies, our faecal-based miRNA and gut 

microbe biomarker discoveries focus on the general population in the prevention of cancer 

development, however, the strategy for other diseases and/or other conditions in clinical 

applications should not be neglected, such as chemotherapy. For instance, miR-20a 

dysregulation has been reported in several chemo-resistance studies, including CRC. miR-

20a directly targets apoptosis signal-regulating kinase 1 (ASK1) in cisplatin resistance CRC 

cells (L. Zhang et al. 2018) and BCL2 Interacting Protein 2 (BNIP2) in 5-Fluorouracil (5-FU), 

oxaliplatin and teniposide resistance CRC cells (Chai et al. 2011). Long non-coding RNA 

(lncRNA) HAND2-AS1 acts as a miR-20a sponge to control the expression of miR-20a target 

genes in 5-FU chemotherapy-resistance CRC cells (Jiang et al. 2020). In addition, a recent 

study indicated that the enrichment of F. nucleatum regulates the autophagy signalling 

pathway through ATG7 and ULK1 to increase chemo-resistance to CRC (T. Yu et al. 2017). 

ATG7 and ULK1 can be targeted by hsa-miR-4802 and hsa-miR-18a-3p, respectively, through 

initiating TLR4–MyD88 activation and thus avoiding undergoing chemotherapy-caused 

apoptosis (T. Yu et al. 2017). Hence, our findings on miR-18a and F. nucleatum could also be 

further expanded to investigate the prediction potential for chemotherapeutic treatment 

response in CRC patients, and additional studies are thus required. 

 

More recently, loop-mediated isothermal amplification (LAMP) also offers extensive 

research, and detection opportunities for target-specific amplification under isothermal 

conditions, especially samples from a complicated environment such as soil and faeces. 

LAMP typically requires recognising 6-8 various regions by using 4-6 primers to target a 

specific DNA or cDNA for an amplification reaction. This requires a DNA polymerase with 

strand-displacing ability to begin synthesis and two specially designed primers to form 'loop' 

structures that facilitate subsequent rounds of amplification by extension on the loop and 

additional annealing of the primers. The endpoint LAMP DNA products can exceed 20kb and 

are formed by many repeats of short target sequences (typically between 80-250bp) linked to 

single-stranded loop regions. LAMP could be applied to real-time fluorescence assays using 

intercalators or probes, and both agarose gel and lateral flow assays are directly compatible 
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with LAMP reactions (Panno et al. 2020). The use of LAMP may present better accuracy 

compared to probe-based qPCR techniques, however, this may not apply well to faecal-based 

miRNAs due to the relatively short sequences. 

 

In addition to increasing non-invasive CRC screening and the treatment accuracy for 

IBD patients to prevent colonic polyps development, studies on diet-microRNAs-microbiome 

interactions may also be able for us to investigate disease prevention strategies including CRC. 

For instance, high-fat diets have been considered a risk factor for CRC. Studies have shown 

that high-fat diets stimulate the production of hepatic primary bile acids and transfer them into 

the colon, which is then metabolised by gut microbes into genotoxic bile acids such as 

deoxycholic acid (DCA) (Ajouz et al. 2014). An increased level of 7α-dehydroxylating intestinal 

bacterium has also been reported in high-fat diet studies (Ocvirk, O’Keefe 2017). DCA was 

shown to promote CRC through down-regulation of miR-199a-5p (Kong et al. 2012). The 

expression of miR-199a-5p in CRC cells may lead to the inhibition of tumour-cell growth and 

metastasis, and regulate EMT signalling by targeting ROCK1 and DDR1 (Zhu et al. 2018; Hu 

et al. 2014), restore therapeutic sensitivity through CAC1 (Kong et al. 2012), and control cell 

apoptosis through HIF-1α and VEGF (Ye et al. 2015). 

 

On the other hand, SCFAs such as acetate, propionate, and butyrate are the end 

metabolite products of dietary fibres via saccharolytic fermentation in the gut. 

Faecalibacterium prausnitzii is one of the abundant bacterial species in the gut producing 

butyrate. Butyrate is a source of colonocytes and has a potential protective role against colonic 

diseases, such as IBD and CRC (Martín et al. 2017), by reducing mucosa inflammation 

through upregulating PPARγ (Schwab et al. 2007) and inhibiting NF-κB transcription factor 

activation (Inan et al. 2000) and IFN-γ (Klampfer et al. 2003). Butyrate is also a histone 

deacetylase (HDAC) inhibitor that regulates PTEN, BCL2L11 and CDKN1A at post-

transcriptional level, presenting anti-tumour effects (Wawruszak et al. 2019; Hu et al. 2011). 

A number of dysregulated miRNAs in butyrate-treated cells have been reported. For instance, 

in CRC cells, butyrate can inhibit miR-92a in a cMyc-dependent manner, allowing p57 – a 

CDK inhibitor – to exert control over cell cycle progression (Hu et al. 2015); suppression of 

miR-106b by butyrate promotes the expression of tumour suppressor p21 (p21 acts on 

proliferating cell nuclear antigen (PCNA) to inhibit DNA replication and intermediate cell cycle 

arrest triggered by p53 (Huang et al. 2000; Schlörmann et al. 2015; Hu et al. 2011)); miR-203 

was identified by butyrate in several CRC cell lines and down-regulate NEDD9 – a scaffolding 

protein belonging to the Cas family – resulting in reduced cancer cell migration and invasion 

(Han et al. 2016; Shagisultanova et al. 2015). 
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In addition, diets themselves could regulate intestinal microbes and affect homeostasis. 

For instance, miRNAs are abundant in raw milk, which is resistant to RNase digestion; stable 

in normal storage and acidic conditions and freeze-thaw cycles (Kosaka et al. 2010; Weber et 

al. 2010; Izumi et al. 2012); and ~40% of miRNAs remain after pasteurisation and 

homogenisation processes (Howard et al. 2015). Milk miRNAs can tolerate the upper digestive 

tract and are attained by absorption in the intestine via exosome (Munagala et al. 2016). Also, 

plant miR-159 is rich in broccoli and stable under storage, processing and cooking conditions 

(Chin et al. 2016; Philip et al. 2015). A DSS-induced mouse colitis model showed that ginger 

exosome-like nanoparticle (GELN)-carried mdo-miR-7267-3p can target Lactobacillus 

rhamnosus monooxygenase coding gene ycnE; boost up the expression of indole-3-

carboxaldehyde – a ligand for the aryl hydrocarbon receptor; and stimulate host IL-22 

production, eventually relieving colitis symptoms through improving barrier function (Teng et 

al. 2018). By using Lactobacillus acidophilus and Bifidobacterium bifidum as probiotics in 

AOM-induced CRC mouse model, the researchers identified miR-135b, miR-155 and KRAS 

expression are increased; while miR-18a, miR-26b, APC, PU.1, and PTEN expressions are 

reduced (Heydari et al. 2019). 

 

Currently, various studies have been focused on therapies that control gut microbiota 

composition; and antibiotics treating gut-related diseases is one of the most remarkable 

achievements. For instance, both vancomycin and metronidazole are commonly used in CDI 

and fidaxomicin may apply for recurrence or relapse CDI; vancomycin is also frequently used 

for IBD flares associated with C. difficile colitis. Rifaximin, ciprofloxacin and metronidazole can 

be applied in IBD, especially Crohn’s disease (Ledder 2019; Czepiel et al. 2019). However, 

the extensive use of antibiotics has led to the global challenge of antibiotic resistance; thus, 

alternative treatment strategies, such as pro-/pre-biotics, bacteriophage, FMT, as well as 

miRNA, are under investigation. Bacteriophage (also called phages) therapy relies on the use 

of naturally-occurring and/or bio-engineered phages to infect and lyse target bacteria at the 

affected infection site(s). Its therapeutic efficiency relies on a particular setting and remains at 

an exploratory stage, due to its complex microbial communities and ethical challenges 

(Anomaly 2020). Phages may also translocate across the intestinal epithelium and 

subsequently circulate within the blood (Górski et al. 2006). The so-called “cocktail phage 

therapy” was first applied in the United Kingdom for a 15-year-old patient with cystic fibrosis 

with drug-resistant Mycobacterium abscessus infection (Dedrick et al. 2019); and the US FDA 

recently approved a phase one bacteriophage clinical trial for Pseudomonas aeruginosa 

infections (Voelker 2019). 
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On the other hand, gut dysbiosis could be changed by taking prebiotics – specialised 

dietary fibres that stimulate “friendly” bacteria growth, or probiotics – living "good" bacteria in 

food. In prebiotics, for example, the intake of lactose will break down the lactose in milk (-

containing) products to alleviate the symptoms of lactose intolerance and maintain the balance 

of gut microbiota (Dastar et al. 2016). Lactose itself may contribute to the growth of 

Bifidobacterium and other lactic acid bacteria (Romero-Velarde et al. 2019); consuming milk 

in patients with lactose intolerance may decrease Megamonas and increase Bifidobacterium, 

Anaerostipe and Blautia (Li et al. 2018). On the other hand, there is some evidence that 

probiotics may ease some symptoms of irritable bowel syndrome (IBS) (Cristofori et al. 2021) 

and prevent diarrhoea when taking antibiotics (Stavropoulou, Bezirtzoglou 2020); while 

developing probiotic strains for treatment/prevention purposes requires intensive studies to 

ensure the possible treatment effect and safety. Moreover, there is increasing evidence that 

miRNAs regulate gut homeostasis; modulating gut microbiota via miRNAs is an unexplored 

therapeutic strategy. Studies to understand host-miRNA-microbiota communication are 

essential for the development of miRNA-based therapies. For example, a recent study 

identified a synthetic miRNA that can specifically modulate the microbiome and ameliorate an 

inflammatory autoimmune disease (Liu et al. 2019). Other hypotheses include using milk or 

plant as delivering vectors to transfer miRNAs that target specific gut bacteria (Rome 2019; 

Munagala et al. 2016). 

 

VIII. CONCLUSION 

In conclusion, inter-connected GI diseases are the major global public health issues 

affecting almost the entire human population. The complex interactions among host epithelial 

cells, immunity, epigenetics and gut microbiota have been suggested as major factors in the 

maintenance of a healthy GI environment. The molecular changes, such as miRNA from 

disease(s) or infection, can be found in blood/faeces and modulate the distribution and 

composition of the gut flora microenvironment. These changes can potentially be a non-

invasive tool to improve the detection accuracy of the current use of FIT for CRC screening or 

for recurrent CDI patients. 
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Abstract

Background: Colorectal cancer (CRC) follows a protracted stepwise progression, from benign 

adenomas to malignant adenocarcinomas. If detected early, 90% of deaths are preventable. 

However, CRC is asymptomatic in its early-stage and arises sporadically within the population. 

Therefore, CRC screening is a public health priority. Summary: Faecal immunochemical test 

(FIT) is gradually replacing guaiac faecal occult blood test and is now the most commonly used 

screening tool for CRC screening program globally. However, FIT is still limited by the haemo-

globin degradation and the intermittent bleeding patterns, so that one in four CRC cases are 

still diagnosed in a late stage, leading to poor prognosis. A multi-target stool DNA test (Co-

loguard, a combination of NDRG4 and BMP3 DNA methylation, KRAS mutations, and haemo-

globin) and a plasma SEPT9 DNA methylation test (Epi proColon) are non-invasive tools also 

approved by the US FDA, but those screening approaches are not cost-effective, and the de-

tection accuracies remain unsatisfactory. In addition to the approved tests, faecal-/blood-

based microRNA and CRC-related gut microbiome screening markers are under development, 

with work ongoing to find the best combination of molecular biomarkers which maximise the 

screening sensitivity and specificity. Key Message: Maximising the detection accuracy with a 

cost-effective approach for non-invasive CRC screening is urgently needed to further reduce 

the incidence of CRC and associated mortality rates. © 2020 The Author(s)
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Introduction

Colorectal cancer (CRC) is the third most common cancer and the second leading cause 

of cancer-related death worldwide, with over 1.8 million new cases and causing approxi-

mately 900,000 deaths in 2018 [1]. The incidence rate varies among countries, with a rate 

about 3-times higher in developed versus developing countries, while the mortality rate has 

less variation [1]. The improvement in cancer treatment and the introduction of CRC screening 

programs have further reduced mortality arising from CRC in developed countries [2–4]. 

However, the pathogenesis of CRC follows a stepwise progression from benign adenomas to 

malignant adenocarcinomas, often over a course of 10 years. It is often asymptomatic in its 

early stages and remains undiagnosed until late stages, where prognosis becomes unfa-

vourable [2]. If detected early, up to 90% of deaths can be prevented [5]. As a result, a well-

planned public health policy with the development of effective and non-invasive biomarkers 

could overcome the problem.

Colorectal Cancer Screening Program

Implementation of CRC screening programs in communities allows early detection of 

colonic neoplasm(s) to lower the treatment need, morbidity, and mortality [6]. However, 

CRC screening programs in different countries differ in their approach [7]. These programs 

can be broadly divided by structured opportunistic and population-based organised (pilot) 

screening programs (Table 1) [4]. Population-based organised programs have been intro-

duced into the United Kingdom (UK), Croatia, and Hong Kong, with the governments 

providing a well-organised systematic process of inviting a specific group of individuals for 

testing. By contrast, structured opportunistic screening programs are implemented on an ad 

hoc basis, usually through fee-for-service reimbursement of physicians, such as the United 

States (US) (Table 2).

The United Kingdom

The UK is a typical example of a population-based organised screening program, where 

the National Health Service (NHS) has been providing a free-for-charge nationwide Bowel 

Cancer Screening Program (BCSP) for UK residents since 2006. The BCSP was originally 

intended for the population between 60 to 69 years of age and recently extended the age 

range to between age 50 to 74 for their biannual tests. To increase detection accuracy, the 

screening guidelines have shifted from guaiac faecal occult blood test (gFOBT) to faecal 

immunochemical test (FIT) since April 2018. Moreover, the NHS also offers a one-off flexible 

sigmoidoscopy at the age of 55 [8].

Croatia

The early CRC screening program in Croatia was established in 2007 following recom-

mendations by the European Council in 2003. The program provides a non-invasive gFOBT 

for the population aged 50 to 74 every 2 years. Positive cases of gFOBT may further be referred 

for a colonoscopy to confirm the finding [9]. However, the participation rate was below 20% 

for 5 years (2007 to 2011), the lowest rate in the European Union [4].

Hong Kong

The Hong Kong government has a CRC screening program for citizens in the age range of 

50 to 74, which is considered an average risk age group. Eligible citizens should receive a FIT 

every 2 years in this screening program. The guideline from the Department of Health in Hong 
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Kong also recommended self-funded invasive screening, such as sigmoidoscopy every 5 years 

or colonoscopy every 10 years [10]. A similar screening program can also be found in Macau 

and Taiwan [11, 12].

The United States

In the US, the CRC screening program is largely opportunistic, and the guidelines are 

relying on both government institutions as well as national independent bodies, such as 

the US Preventive Services Task Force and the American Cancer Society (ACS). These 

organisations provide their professional guidelines for the choice of CRC screening tests 

according to the latest prevention and evidence-based medicine [4]. Currently, CRC 

screening is indicated for the patients aged 50 to 75, although the 2018 ACS guideline 

Table 1. Global status of structured and organised colorectal cancer screening by continent in 2018

Continent Population-based

organised

Population-based

organised pilot

Structured

opportunistic

Europe 1. Belgium

2. Croatia

3. Czech Republic

4. Denmark

5. Estonia

6. France

7. Ireland

8. Italy

9. Lithuania

10. Luxembourg

11. Malta

12. Montenegro

13. The Netherlands

14. Norway

15. Poland

16. Slovenia

17. Spain

18. United Kingdom

1. Austria

2. Cyprus

3. Georgia

4. Hungary

5. Portugal

6. Serbia

7. Sweden

8. Switzerland

1. Austria

2. Germany

3. Greece

4. Latvia

North and Latin America 1. Canada

2. Uruguay

1. Argentina

2. Brazil

3. Chile

1. USA

2. Colombia

Africa – – 1. Morocco

Central, West, South Asia 1. Israel

2. UAE

1. Bahrain

2. Kuwait

3. Kazakhstan

4. Lebanon

5. Qatar

6. Saudi Arabia

1. Iran

Far East Asia and Oceania 1. Taiwan

2. Korea

3. Hong Kong

4. Singapore

5. Australia

6. New Zealand

1. PR China

2. Thailand

1. Japan

2. Malaysia
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recommended that screening should begin at the age of 45 and does not recommend CRC 

screening for anyone over 85. People in the age range between 76 and 85 should consult 

their medical providers. The ACS guideline also recommended a regular faecal-based non-

invasive examination, such as FIT (every year) and mt-sDNA (every 3 years) [13]. gFOBT 

is no longer recommended due to the high false-positive rate as well as the dietary and 

pharmaceutical restrictions [14, 15]. The ACS guideline also proposed visual invasive 

examinations, such as CT colonography (every 5 years), flexible sigmoidoscopy (every 5 

years) or colonoscopy (every 10 years) [16]. Although opportunistic screening is effective 

in reducing CRC-related mortality in the US [17], access to CRC screening is not equal [4]. 

Residents who are in poverty, uninsured, or underinsured are less likely to undergo regular 

CRC screening [18, 19].

Table 2. Colorectal cancer screening programs in the selected countries

United States United Kingdom Hong Kong/

Macau/Taiwan

Croatia

Screening program Opportunistic Population-based Population-based Population-based

Age 45 to 75

76 to 85: consult

60 to 75 50 to 75 50 to 74

Non-invasive Annual gFOBT

Annual FIT

Triennial mt-sDNA

Biennial FIT Biennial FIT Biennial gFOBT

Invasive CT colonography (every 5 years)

Flexible sigmoidoscopy (every 5 years)

Colonoscopy (every 10 years)

One-off flexible

sigmoidoscopy

for age 55

Sigmoidoscopy

(every 5 years)*

Colonoscopy

(every 10 years)*

Colonoscopy

(when gFOBT

positive)

gFOBT, guaiac faecal occult blood test; FIT, faecal immunochemical test; mt-sDNA, multi-target faecal-based DNA screening test. 

* Fee-of-charge service.

Table 3. Clinically available non-invasive CRC screening tools

Screening

tool

Sample Detection target Specificity, %

(95% CI)

[Ref.]

Sensitivity, %

(95% CI)

[Ref.]

Advanced adenoma

sensitivity, %

(95% CI) [Ref.]

Cost, USD

[Ref.]

mSEPT9

(Epi proColon)

Serum SEPT9 DNA

methylation

92 (89–94)

[70]

71 (67–75)

[70]

11.2 (7.2–15.7)

[71]

273–445

[71]

mt-sDNA

(Cologuard)

Faeces NDRG4 and BMP3

DNA methylation,

KRAS mutations and

haemoglobin

89.8 (88.9–90.7)

[72]

92.3 (83–97.5)

[72]

42.4 (38.9–46)

[72]

492.72

[73]

FIT Faeces Haemoglobin 90*

[74]

78*

[74]

39*

[74]

20–21.65

[73, 75]

gFOBT Faeces Haemoglobin 90.0 (84.2–93.8)

[76]

62.6 (34.9–83.9)

[76]

– 3.31–5

[71, 75]

* No 95% CI reported from the meta-analysis. 95% CI, 95% confidence interval; gFOBT, guaiac faecal occult blood test; FIT, faecal 

immunochemical test; mt-sDNA, multi-target stool DNA test; mSEPT9, plasma SEPT9 DNA methylation test.
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Approved Colorectal Cancer Screening Tools

Faecal Occult Blood Test and Faecal Immunochemical Test

Currently, the most common and low-cost non-invasive faecal tests for CRC screening are 

gFOBT and FIT (Table 3). Both gFOBT and FIT enable detection of a tiny amount of blood by 

targeting haemoglobin [20]. Individuals with a positive gFOBT or FIT result may receive a 

gold-standard, invasive colonoscopy to confirm the results and/or removal of polyp(s). A 

meta-analysis of four randomised controlled trials revealed that annual or biennial gFOBT 

screening caused roughly a 16% reduction in CRC-related mortality with no significant effect 

on CRC incidence [21]. However, gFOBT is limited by its relatively poor sensitivity in advanced 

colonic adenoma and also requires repeat screening and dietary restrictions [22]. Thus, it is 

gradually being replaced by FIT [23, 24]. FIT has a relatively better detection accuracy and 

can be quantified, providing a tailored screening approach by optimising the cut-off level [25, 

26]. A low cut-off reduces the specificity and requires more follow-up with colonoscopy, but 

increases the sensitivity to identify more individuals with precancerous polyp(s) [23, 27]. 

Further optimisation for FIT to improve detection accuracy is still ongoing, including the 

formulation of a FIT buffer for haemoglobin stabilisation [28, 29], the best haemoglobin 

detection concentration for automated FIT systems, as well as a single-sample (1-FIT) and 

two-sample (2-FIT) faecal sample protocol per one specimen [30]. Although improvement in 

FIT detection is still ongoing, a more accurate non-invasive test is urgently needed. At present, 

the Food and Drug Administration (FDA) in the US approved two other commercially available 

CRC tests in clinical use, including the multi-target stool DNA (mt-sDNA) test (Cologuard) and 

plasma SEPT9 DNA methylation test (Epi proColon) (Table 3).

Multi-Target Stool DNA Test (Cologuard)

Since colonocytes consistently exfoliate and shed into the lumen of the gastrointestinal 

tract, molecular alterations in faeces, such as DNA methylations, have been widely investi-

gated [31]. The mt-sDNA screening test (also called Cologuard) is an FDA-approved non-

invasive CRC screening tool in 2014, developed by EXACT Sciences Corporation (NASDAQ: 

EXAS) and Mayo Clinic [32]. The test is Clinical Laboratory Improvement Amendments 

(CLIA) certified and accredited by the College of American Pathologists [33]. It is designed 

to detect faeces-based DNA biomarkers with occult haemoglobin. The initial development 

utilised a pre-commercial 23-marker assay, with subsequent findings that there were 3 

broadly informative markers for colorectal neoplasia [34]. Based on the findings, the 

preliminary version of mt-sDNA utilised NDRG4, BMP3, VIM, and TFP12 genes as DNA 

methylation targets, with mutant KRAS and faecal haemoglobin. At the threshold of 90% 

specificity from the 293 healthy controls, the sensitivities for CRC (n = 252) and adenomas 

≥1 cm (n = 133) were 85 and 54%, respectively [35]. The size of the tumour correlated to 

the detection sensitivity, increasing from 54% in 1 cm to 92% in ≥4 cm adenomas [35]. 

Afterwards, the commercially available, FDA-approved mt-sDNA version 2.0 by the 

“DeeP-C” study utilised NDRG4 and BMP3 DNA as methylation markers with KRAS muta-

tions plus FIT. The “DeeP-C” prospective study recruited almost ten thousand participants 

in an average-risk community asymptomatic of CRC [36]. The sensitivity for CRC and pre-

cancerous lesions was 92.3 and 42.4%, respectively, and presented a higher sensitivity 

compared to only one FIT kit at one cut-off (CRC: 73.8%, p = 0.002; pre-cancerous lesions: 

23.8%, p < 0.001) [36].

Following the approval, further clinical trials were continued. In the Alaska native cohort 

(n = 661) [37], the test presented a sensitivity of 49% for advanced colorectal neoplasms  

(n = 92) versus 28% for FIT (p < 0.001). The specificity of mt-sDNA was 93%, which is 3% 

lower than FIT (p = 0.034) in the subjects in whom no adenomas were detected [37]. Later, 
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the mt-sDNA test was applied in frozen samples (n = 1,047) from the Netherlands prospective 

COCOS study for further FIT comparison in advanced colorectal neoplasia (n = 102). The 

mt-sDNA had a sensitivity of 49% and specificity of 89%, showing better accuracy than FIT, 

which had a sensitivity of 25% and specificity of 96% [38, 39]. An additional clinical trial at 

the Netherlands cancer institute is still ongoing [40]. It should be taken into account that a 

positive test result with no findings on colonoscopy may be due to other causes as NDRG4 

and BMP3 methylation can be found from other gastrointestinal diseases such as gastric and 

pancreatic cancers, although it is rare [41–43].

Plasma SEPT9 DNA Methylation Test (Epi proColon)

In addition to faeces, DNA methylation can also be determined from blood. The SEPT9 

methylation detection in plasma has been evaluated in multiple studies. Epigenomics AG 

(ECX: FRA) in Germany first implemented the SEPT9 methylation biomarker in Europe in 

2008 [44]. Two years later, the commercialised Epi proColon qPCR kit version 1.0 was 

launched in Europe and later upgraded to version 2.0 [45]. The Chinese Food and Drug Admin-

istration and the US FDA approved the Epi proColon kit in 2015 and 2016, respectively. In the 

prospective “PRESEPT” study, the methylated SEPT9 assay demonstrated a sensitivity of 48% 

for CRC (from stages I–IV, 35, 63, 46, and 77%, respectively) with a specificity of 92%; 

however, merely 11% of advanced adenomas were identified [46]. The commercially available 

kit provides 2 different algorithms, the 2/3 algorithm test has a relatively high true negative 

rate, while the sensitivity is higher in the 1/3 algorithm [47]. A meta-analysis study published 

in 2017 including 25 research articles found that the SEPT9 assay is only superior to the FIT 

in the symptomatic population [48]. Due to its relatively poor sensitivity, the US Preventive 

Services Task Force and the ACS currently do not include the Epi proColon test in their CRC 

screening guidelines [49].

Screening Tools under Development

One of the biggest challenges in early cancer diagnosis and/or prognosis is the lack of 

reliable biomarkers, leading to several screening tools, such as PreGen-PlusTM (KRAS, APC, and 

p53 mutations) [50], ColoSureTM (VIM methylation), and COLVERATM (BCAT1 and IKZF1 meth-

ylation) [51], being withdrawn from the market [50, 52]. Therefore, developing a low-invasive 

biomarker that can be easily performed with a clear clinical outcome is necessary. Apart from 

DNA methylation tests in both faeces and blood samples, other molecular biomarkers are 

being developed for CRC screening, such as circulating tumour DNA (ctDNA) [53], tumour-

derived circulating cell (CTC) [54], circular RNA (circRNA) [55], PIWI-interacting RNA 

(piRNA) [56], microRNA (miRNA) [57–60], and gut microbes (Table 4). Studies relating to 

miRNA and gut bacteria will further be discussed.

microRNAs Detection in Blood and Faeces

miRNAs are a class of conserved endogenous, non-coding RNAs with approximately 

18–24 nucleotides and play an important role in post-transcriptional regulation of protein-coding gene expression(s) through binding primarily to the 3′-untranslated region of the 
target mRNA(s), resulting in mRNA degradation and/or translational repression [61]. Thus, 

aberrant miRNA expression leads to disease progression and thus can be useful as diagnostic 

and/or prognostic predictors to human diseases. Until now, numerous research articles have 

reported that both blood- and faecal-based miRNAs can be utilised as biomarkers for CRC 

screening. Among them, miR-21 and miR-92a are the highly reported miRNAs for CRC 

screening [62].
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Table 4. Selected developing molecular biomarkers for colorectal cancer screening

Types Sample Molecular

biomarker(s)

AUC

(95% CI)

Sensitivity, %

(95% CI)

Specificity, %

(95% CI)

Ref.

DNA

methylation

Plasma APC, MGMT, RASSF2A,

WIF1

0.927 86.5 (81.7–90.8) 92.1 (88.2-95.0) [81]

Plasma BCAT1, IKZF1 NA 66 94 [82]

Serum SDC2 NA 87 95.2 [83]

Plasma cfDNA LINE-1 0.81 65.8 90 [84]

Faeces NDRG4 T: 0.77 T: 61 (43–79) T: 93 (90–97) [85]

V: NA V: 53 (39–67) V: 100 (86–100)

Faeces TFPI2 NA 76 (60–88) 93 (77–99) [86]

Circulating

tumour DNA 

Serum cfDNA ALU115 0.8458 69.23 99.09 [87]

ALU247/115 0.8551 73.08 97.27

Circular RNA

(circRNA)

Plasma 91H, PVT1, MEG3 0.877 82.76 78.57 [88]

Serum LOC285194, RP11-

462C24.1, Nbla12061

0.79 (0.71–0.86) 68.33 86.89 [89]

Whole-blood NEAT1_v1 0.73 (0.60–0.83) 56.7 83.3 [90]

Whole-blood NEAT1_v2 0.85 (0.73–0.93) 86.6 83.3 [90]

PIWI-interacting

RNA (piRNA)

Serum piR-5937 T: 0.8060 71.8 72.5 [56]

V: 0.7673 73.6 65.3

piR-28876 T: 0.8065 75.3 70.0 [56]

V: 0.7074 66.0 65.3

microRNA

(miRNA)

Plasma miR-92a 0.885 89 70 [91]

Serum miR-210 0.82 74.6 73.5 [92]

Plasma miR-24 8.84 (0.79–0.89) 78.4 83.9 [93]

Faeces miR-221 0.73 (0.68–0.78) 62 (55–68) 74 (67–80) [60]

Faeces miR-20a 0.73 (0.68–0.78) 55 (47–62) 82 (76–87) [57]

Faeces miR-135b 0.79 78 (69–85) 68 (58–77) [59]

Faeces miR-92a, miR-21,

miR-135b, miR-145,

miR-133a

0.849 81 80 [94]

Saliva miR-21 NA 97 91 [95]

Exosomal

microRNA

Plasma miR-27a 0.87 (0.77–0.96) 81.82 90.91 [96]

Plasma miR-130a 0.82(0.73–0.90) 69.32 100

Tumour-derived

circulating cell

Whole-blood Circulating endothelial

cell clusters

0.92 (0.84–1.00) NA NA [54]

Gut microbes Faeces F. nucleatum,

Parvimonas micra

0.84 NA NA [76]

Faeces F. nucleatum,

Clostridium hathewayi,

Lachnoclostridium sp.,

Bacteroides clarus, and FIT

NA 93.8 81.2 [80]

95% CI, 95% confidence interval; NA, not available; T, training; V, validation; cfDNA, cell-free DNA.

86 | Page



69Gastrointest Tumors 2020;7:62–73

Tepus and Yau: Colorectal Cancer Screening

www.karger.com/gat
© 2020 The Author(s). Published by S. Karger AG, BaselDOI: 10.1159/000507701

In a meta-analysis of the blood-based miRNA study, the overall sensitivity and specificity 

of blood-based miRNAs for CRC is 76% (95% CI, 72–80%) and 76% (95% CI, 72–80%), 

respectively [63]. The most predictive miRNA was miR-92a, ranging from a sensitivity of 

65.5% to 89%, and from a specificity of 70% to 82.5%, with the area under the receiver-oper-

ating characteristics (AUC) between 0.786 and 0.890 [63]. However, the major shortcoming 

of using blood-based miRNA for CRC screening is the detection specificity. This is because 

miRNAs might arise from other cancer(s) [64, 65], depression [66], and virus infection(s) [67, 

68]. Therefore, faecal-based miRNA detection may be an alternative option [57, 59, 60, 69]. It 

has been demonstrated that miRNAs are highly stable short sequences which remain 

detectable within samples throughout a 72-hour incubation period due to protection from 

ribonuclease degradation by exosomes [70, 71]. A meta-analysis showed that miR-21 is the 

most reliable miRNA [72]. However, as faeces contain abundant amounts of proteins and DNA 

from gut microbes, the purity of RNA samples from faeces may determine the result outcomes. 

As a result, faecal-miRNA detection in combination with FIT is a reliable approach to enhance 

the detection accuracy. Previous studies indicated that the combination of miR-21 and 

miR-92a with FIT had a specificity of 96.8% and sensitivity of 78.4%, while FIT alone only had 

a specificity of 98.4% and sensitivity of 66.7% [73].

Faecal-Based Microbe Detection

The gut flora habitat has a vast amount of microbes and plays an important role in main-

taining our health. Changes in microbiome composition have been linked to multiple diseases 

including cancer. The study of biomarkers from the gut microbiome has a particular focus on 

CRC, where clinical use is already on the horizon [74]. It is known that dysbacteriosis alters 

metabolic activities and induces inflammatory stimuli to the gastrointestinal tract, and even-

tually induces mutations to colonic cells, thus contributing to the development of the CRC. 

Among multiple microbial taxonomic markers, intensive research showed that Fusobac-

terium nucleatum is enriched in tumour neoplasms as well as in faeces from CRC patients [75, 

76]. F. nucleatum belongs to the class of asaccharolytic bacteria. Enrichment of F. nucleatum 

in the gut does not only recruit tumour-infiltrating immune cells and induces a pro-inflam-

matory microenvironment, but also contributes to CRC tumorigenesis through its strong 

adhesive abilities and invasive effects on epithelial cells [77]. Furthermore, F. nucleatum 

survives and divides in the hypoxic tumour microenvironment, contributing to the cell prolif-

eration and angiogenesis. A meta-analysis indicated that the use of F. nucleatum as a biomarker 

for CRC screening has a sensitivity of 71% (95% CI, 61–79%) and a specificity of 76% (95% 

CI, 66–84%), with the AUC of 0.80 (95% CI, 0.76–0.83); the sensitivity and specificity for 

advanced colorectal neoplasia is 36% (95% CI, 27–46%) and 73% (95% CI, 65–79%), respec-

tively, with the AUC of 0.60 (95% CI, 0.56–0.65) [78]. The use of F. nucleatum together with 

FIT may improve the detection accuracy for advanced colorectal neoplasia [79]. A most recent 

report indicated that the combination of F. nucleatum, Clostridium hathewayi, Lachnoclos-

tridium sp., Bacteroides clarus, and FIT presented a high detection accuracy, with a specificity of 81.2% and sensitivity of 93.8% [80].

Conclusion

CRC is the third most aggressive cancer worldwide with a high mortality rate due to the 

lack of robust biomarkers. Current CRC screening programs are mostly only available to those 

above age 50 or 55, despite the latest guidelines recommending that screening should begin 

from the age of 45. Although colonoscopy is the gold standard for CRC, it being labour-

intensive and invasive means that it cannot be applied for everyone. Thus, there is a great 
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need for a cost-effective and non-invasive CRC screening test to improve the screening 

accuracy and acceptability. The use of circulating and/or faecal-based miRNAs, as well as gut 

bacteria, could be the next generation CRC screening biomarkers.
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Abstract

Until recently, a one-drug-fits-all model was applied to every patient diagnosed with

the same condition. But not every condition is the same, and this has led to many

cases of ineffective treatment. Pharmacogenetics is increasingly used to stratify

patients for precision medicine treatments, for instance, the UGT1A1*28 polymor-

phism as a dosage indicator for the use of irinotecan as well as epidermal growth fac-

tor receptor (EGFR) immunohistochemistry and KRAS Proto-Oncogene (KRAS) exon

2 mutation tests for determining the likelihood of treatment response to cetuximab or

panitumumab treatment in metastatic colorectal cancer (CRC). The other molecular

subtypes, such as KRAS exon 3/4, B-Raf Proto-Oncogene, NRAF, PIK3CA, and

PETN, were also reported as potential new pharmacogenetic targets for the current

and the newly discovered anticancer drugs. In addition to next-generation sequencing

(NGS), primary tumor cells for in vivo and in vitro drug screening, imaging biomarker

30-Deoxy-30-18F-fluorothymidine positron emission tomography, and circulating

tumor DNA (ctDNA) detection methods are being developed and may represent the

future direction of precision medicine. This review will discuss the current environ-

ment of precision medicine, including clinically approved targeted therapies, the latest

potential therapeutic agents, and the ongoing pharmacogenetic trials for CRC patients.

INTRODUCTION

Colorectal cancer (CRC) is the second most common cancer and

cause of death across European countries. In 2012, approxi-

mately 447 000 Europeans were diagnosed, and 215 000 died

from the disease.1 Over the past few decades, patients with CRC

were treated homogenously and provided with the same “stan-

dard” care. In addition to the standard colorectal surgery, the rec-

ommendation of standard drug treatment based on the tumor

staging has successfully improved the treatment efficacy for

CRC patients in both overall survival (OS) and disease-free sur-

vival (DFS).2 However, not every patient’s condition is the same,

and decisions on treatment options made by relying solely on

CRC staging is simplistic. This has likely led to many cases of

ineffective treatment, adverse drug reactions, and multiple side

effects.

Precision cancer treatment could be one of the possible

ways to tackle this problem. Precision medicine, also known as

personalized medicine, goes beyond a conventional one-drug-

fits-all model to match therapy by using particular environmental,

lifestyle, cancer staging, and biological characteristics to identify

which approach will be most effective for a particular individual.

This thereby increases his or her likelihood of response to treat-

ment and reduces the number of adverse drug effects.3

Currently, there are several drugs that have been approved

for CRC treatment, and a variety of pharmacogenetic tests

involving biomarkers have been accepted to aid the patient

selection process (Table 1). The aim of this review is to discuss

the current state of precision drug treatments, including clinically

approved chemotherapy drugs, molecularly targeted therapies

such as anti-VEGF (vascular endothelial growth factor) and anti-

EGFR (epidermal growth factor receptor) treatments, and the lat-

est ongoing clinical trials for CRC patients.

Precision treatment and implications for
early-stage CRC

There are several methods for staging CRC, including the

tumour, node, and metastases (TNM) system, Dukes classifica-

tion, and Astler-Coller classification. Using the most common

TNM staging system, CRC can be broadly subdivided into five

phases (Table 2).4 This staging system is important because it

forms the basis for decisions regarding treatment options for

CRC. For example, patients with stage I CRC normally receive

colonoscopic polypectomy, endoscopic mucosal resection, or

endoscopic submucosal dissection as their main form of treat-

ment, whereas those with more advanced stages require surgical

resection with or without (neo)adjuvant chemotherapy.5

More recent research has, however, suggested that a subset

of patients with stage I CRC have lymph node metastasis (LNM)

and requires additional surgery.6 Unfortunately, current best

practice lacks relevant risk assessment tools, and there is no clear

definition of LNM for patients classified with T1 histopathology.

This results in several patients being under- or overtreated,
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causing unnecessary treatment side effects and excess morbidity.7

The use of biomarkers may aid in the further subclassification of

this set of patients. One study has shown that EZR is a potential

biomarker for LNM and that this may guide decisions about the

need for further surgery.8 A panel of five biomarkers—BMI,

ETV6, H3F3B, RPS10, and VEGFA—was also shown to outper-

form clinicopathological prognostic factors for node-negative

CRC.9

Current best practice recommends adjuvant chemotherapy

for patients with stage II CRC and high-risk clinicopathological

features, but there is also no consensus on how to define the

high-risk characteristics.10 Several molecular assays, such as

ColoPrint and Oncotype DX, offer additional means for analyz-

ing patients’ risk of recurrence. In the Prospective Analysis of

Risk Stratification by ColoPrint (PARSC) study

(NCT00903565), relapse rates in stage II CRC were evaluated,

and it was demonstrated that ColoPrint may improve the prog-

nostic accuracy beyond the clinical variables and microsatellite

instability (MSI) status.11 The Oncotype DX Colon Cancer assay,

which utilizes quantitative polymerase chain reaction (qPCR) to

measure 12 biomarkers (seven cancer-related—BGN, C-MYC,

FAP, GADD45B, INHBA, Ki-67, MYBL2; 5 reference genes—

ATP5E, GPX1, PGK1, UBB, VDAC2), produces a score from

0 to 100, which represents the predicted recurrence risk to

inform decisions regarding adjuvant chemotherapy for CRC

patients.12,13 It has been shown to predict recurrence risk more

accurately than when using T-stage and mismatch repair status

alone (NCT01479894).13 Studies have also shown that other bio-

markers, such as a lack of CDX2 expression, may offer further

insight into the subgroup of patients with high-risk stage II CRC

who benefit from receiving adjuvant chemotherapy (5-year DFS:

91% vs 56%; P = 0.006).14

Chemotherapy drugs for precision
treatment

Cytotoxic agents such as 5-fluorouracil (5-FU), irinotecan, and

oxaliplatin are commonly used as chemotherapy agents for CRC

treatment. However, a proportion of CRC patients does not

respond to this chemotherapy regimen and/or suffer from severe

drug toxicities. 5-FU is a widely used thymidylate synthase

(TS) inhibitor that acts as an antimetabolite to block the pyrimi-

dine thymidine synthesis required for DNA replication.15 In the

early years, studies demonstrated that high-frequency microsatel-

lite instability (MSI-H), due to loss of DNA mismatch repair

function, is correlated with poor response to 5-FU-based treat-

ment compared to CRC patients with stable microsatellites.16,17

Controversially, negative results were also reported by the other

researchers.18 The latest systematic review with meta-analysis

summarized fourteen 5-FU-based trials and concluded that MSI

status has a limited effect on both DFS and OS and is therefore

not valuable in guiding 5-FU-based treatment selection.19 Dihy-

dropyrimidine dehydrogenase ([NADP+], DYPD)—a pyrimidine

catabolic enzyme that metabolizes thymine (T) and uracil

(U) nucleotides—was later discovered and enables the identifica-

tion of the 3% of CRC patients who cannot sufficiently metabo-

lize 5-FU. Patients with DYPD deficiency could experience

severe 5-FU-related toxicities.20 Further research found that the

DPYD variants DPYD*2A (relative risk: 2.9, P < 0.0001),

c.1679 T > G (relative risk: 4.4, P < 0.0001), c.1236G >

A/HapB3 (relative risk: 1.6, P < 0.0001), and c.2846A > T (rel-

ative risk: 3.0, P < 0.0001) are clinically relevant as predictors of

fluoropyrimidine-associated intolerance.21 A prospective trail

proved that DPYD*2A-guided 5-FU dosing has significantly

reduced the incidence of severe toxicity in DPYD*2A carriers,

Table 1 Clinically approved drugs and its approved pharmacogenetic targets in colorectal cancer patients

Class of agent Name Biological target Detection target†
U.S. FDA-approved testing kit for CRC (detection

method)

Cytotoxic

chemotherapy

5-FU TS DYPD —

Irinotecan TOP1 UGT1A1*28 —

Oxaliplatin — — —

Raltitrexed‡ TS — —

Lonsurf

(trifluridine/tipiracil)

TS — —

VEGF Bevacizumab VEGF-A — —

Ziv-aflibercept VEGF-A — —

Ramucirumab VEGFR-2 — —

Regorafenib Series of protein

kinases§
— —

EGFR Cetuximab EGFR 1. EGFR 1. DAKO EGFR PharmDx Kit (IHC)

Panitumumab EGFR 2. KRAS exon

2 3 & 4

2. cobas® KRAS Test (qPCR)

3. therascreen KRAS Test (qPCR)

†U.S. FDA-approved pharmacogenomic biomarkers on drug labeling.
‡NICE UK-approved drug.
§Regorafenib targeted proteins are VEGF receptors 1–3, TIE2, KIT, RET, RAF1, BRAF V600E, PDGFR, and FGFR.

DYPD, Dihydropyrimidine Dehydrogenase [NADP(+)]; EGFR, epidermal growth factor receptor; IHC, immunohistochemistry; qPCR, quantitative

reverse transcription polymerase chain reaction; TOP1, Topoisomerase 1; TS, thymidylate synthase; VEGF, vascular endothelial growth factor.
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from 73 to 28% (P < 0.001).22 Although DPYD pretreatment

screening has been proven to improve drug safety for DPYD*2A

carriers by the Food and Drug Administration (FDA) in the

United States, the current European Society for Medical Oncol-

ogy (ESMO) guidelines do not “routinely recommend” upfront

genotyping of DPYD*2A before the administration of 5-FU in

metastatic CRC (mCRC) patients.23 This recommendation is now

being reviewed.24

Irinotecan is a topoisomerase 1 (TOP1) inhibitor that has a

specific pharmacodiagnostic test.25 Clinical studies demonstrated

that the inhibition of TOP1 by irinotecan blocks the DNA liga-

tion process during the cell cycle. However, CRC patients with

uridine diphosphate glucuronosyltransferase 1A1 (UGT1A1)

deficiency cannot sufficiently excrete the active metabolite SN-

38, which primarily undergoes glucuronidation in their livers.26

As a result, a high dose of irinotecan in UGT1A1-deficient CRC

patients is associated with severe adverse drug responses such as

neutropenia and diarrhea.27 This has been confirmed by other

studies and verified by a meta-analysis.28 Therefore, the

U.S. FDA has recommended a dose reduction of irinotecan for

patients with homozygous UGT1A1*28 based on A(TA-6)TAA

and A(TA-7)TAA genotyping.29 Clinical trials focusing on the

other UGT1A1 gene polymorphisms, such as UGT1A1*1

(ClinicalTrials.gov Identifier: NCT01639326 and NCT02138617)

and UGT1A1*6 (NCT02497157), are still ongoing.

Similar to 5-FU and irinotecan, oxaliplatin is another com-

mon antineoplastic agent to which there are varying levels of

chemo resistance in CRC patients.30 The treatment efficacy of

this platinum-based regimen can be modulated by excision repair

cross-complementing group 1 (ERCC1)—one of the

ERCC1-XPF enzyme complexes that play a crucial role in the

nucleotide excision and repair (NER) pathway for DNA recombi-

nation and DNA repair.31 In particular, ERCC1-C118T (T/T or

T/C) polymorphism32 or a lower expression of ERCC133 has

been reported as being associated with unfavorable prognosis in

patients undergoing treatment with oxaliplatin. It has therefore

been proposed as a surrogate biomarker for oxaliplatin resistance.

However, clinical trials have not demonstrated the predictive

ability of ERCC1 in oxaliplatin-based treatment.34 Thus, EMSO

has not recommended ERCC1 testing prior to the use of oxalipla-

tin in routine practice.23

More recently, a new cytotoxic drug, lonsurf, was

approved by the U.S. FDA, National Institute of Health and Care

Excellence (NICE) in England, and the European Medicines

Agency (EMA) for refractory mCRC patients. Lonsurf is a com-

bination of trifluridine (thymidine-based nucleoside analogue)

and tipiracil (a potent thymidine phosphorylase inhibitor) that

suppresses cancer cell proliferation by interfering with DNA syn-

thesis.35 Based on the RECOURSE group’s phase III randomized

trial, which included nearly 800 participants from three different

geographical areas, lonsurf results in a 1.8-month improvement

in median OS compared with the placebo group.36 Methods for

optimizing lonsurf treatment are currently under investigation,

including the development of a CRC xenograft experimental

model that predicts treatment outcome;37 the use of 30-Deoxy-30-

18F-fluorothymidine positron emission tomography ([18F]FLT-

PET) as a noninvasive radio-traceable substitute for thymidine;

and using the MSI status as an indicator for the use of lonsurf in

combination with nivolumab, a PD-1 inhibitor, in refractory

mCRC patients (NCT02860546).

EGFR therapies

EGFR is a transmembrane tyrosine kinase receptor that regulates

the serine/threonine-specific protein kinase (AKT), JNK, and

mitogen-activated protein kinase (MAPK)/ERK signaling path-

ways responsible for DNA synthesis, cell proliferation, apoptosis,

and motility (Fig. 1). Overexpression of EGFR is associated with

tumor progression in various cancer types, including CRC.38

Blocking the EGFR by using monoclonal antibodies such as

cetuximab or panitumumab39,40 with a chemotherapy formula

combination with 5-FU, leucovorin plus oxaliplatin (FOLFOX)

or a chemotherapy formula combination with 5-FU, leucovorin

plus irinotecan (FOLFIRI) results in a better treatment response

in mCRC patients.41,42 Those treatments can be tailored using

one of the FDA-approved pharmacogenetic tools that measure a

patient’s EGFR expression level43 or detect KRAS Proto-

Oncogene (KRAS) exon 2 (codon 12/13) mutations44 (Table 1).

However, the effectiveness of these pharmacogenetic tests in

detecting and improving treatment response is uncertain. For

Table 2 TNM staging system of colorectal cancer (AJCC 8th edition)

Stage

T (primary

tumour)

N (regional lymph

nodes)

M (distant

metastasis)

0 Tis N0 M0

I T1–T2 N0 M0

IIA T3 N0 M0

IIB T4a N0 M0

IIC T4b N0 M0

IIIA T1–T2 N1 or N1c M0

T1 N2a M0

IIIB T3–T4a N1 or N1c M0

T2–T3 N2a M0

T1–T2 N2b M0

IIIC T4a N2a M0

T3–T4a N2b M0

T4b N1–N2 M0

IVA Any T Any N M1a

IVB Any T Any N M1b

IVC Any T Any N M1c

Primary tumour (T): Tx, primary tumour of unknown; T0, no evidence of

primary tumour; Tis, carcinoma in situ; T1, tumour invades submucosa;

T2, tumour invades muscularis propria; T3, tumour invades through the

muscularis propria into the peri colorectal tissues; T4a, tumour invades

through the visceral peritoneum; T4b: tumour directly invades or

adheres to other adjacent organs or structures.

Regional lymph nodes (N): Nx, lymph nodes cannot be assessed; N0,

no lymph node metastases; N1, 1–3 lymph node involvement; N1a,

1 lymph node; N1b, 2–3 lymph nodes; N1c, non-nodal tumour deposits

without identified lymph node metastases; N2, 4 or more lymph node

involvement; N2a: 4–6 lymph nodes; N2b: 7 or more lymph nodes.

Distant metastasis (M): Mx, distant metastasis cannot be assessed; M0,

no distant metastasis by imaging; M1, distant metastasis; M1a, metas-

tasis to one organ or site without peritoneal metastasis; M1b, metasta-

sis to two or more organs or sites without peritoneal metastasis; M1c,

peritoneal involvement regardless of other organ involvement.
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example, many pathologists have expressed concern about the

EGFR detection criteria in the PharmDx™ immunohistochemis-

try (IHC) test.45,46 Many clinicians also doubt the benefits of

anti-EGFR treatment in EGFR-positive CRC patients.45,47 The

alternative option of KRAS exon 2 mutation screening is also

problematic because testing is limited to one KRAS exon region,

and studies have shown that CRC patients with other KRAS

mutations will still benefit from anti-EGFR treatment.48 In fact,

up to 35% of KRAS exon 2 wild-type49 and approximately 25%

of EGFR-negative patients responded to EGFR inhibitor treat-

ments.50 Therefore, other RAS signaling biomarkers, such as

KRAS exon 3 (codons 59/61) and 4 (codons 117/146), as well as

NRAS proto-oncogene (NRAS) exon 2 (codon 12/13), 3 (codons

59/61) and 4 (codons 117/146) mutations, are being investigated

for further pharmacodiagnostic development.51–53

In a retrospective analysis of the CRYSTAL study,

authors assessed the status of other RAS mutations (KRAS exons

3 and 4; NRAS exons 2, 3 and 4). Of the 367 RAS wild-type

CRC patients, treatment with FOLFIRI plus cetuximab was bet-

ter than FOLFIRI alone in both PFS (11.4 vs 8.4 months, HR:

0.56 P < 0.001) and OS (28.4 vs 20.2 months, HR: 0.69

P = 0.0024). There was no difference in the other RAS mutant

populations (n = 63).54 Similar results were also reported in

another phase III trial for a second-line therapy based on RAS

mutation status (KRAS exons 3, 4; NRAS exons 2, 3, 4; and

BRAF exon 15). The use of FOLFIRI with or without panitumu-

mab in the wild-type RAS population improved survival in

mCRC patients (PFS: 6.4 vs 4.6 months, HR: 0.70, P = 0.007)

compared with the KRAS exon 2 wild-type individuals (PFS: 5.9

vs 3.9 months, HR: 0.73, P = 0.004).55 Based on the published

results of the RAS mutation combination analysis, the ESMO,56

European Society of Pathology (ESP), and Association of Clini-

cal Pathologists Molecular Pathology and Diagnostics Group in

the United Kingdom recommended the KRAS/NRAS mutation

test for mCRC patients.57

In addition to the RAS mutation, other potential bio-

markers have been uncovered and may help in the selection of

CRC patients suitable for anti-EGFR treatment. These bio-

markers include PIK3CA, PTEN, Human Epidermal Growth Fac-

tor Receptor 2 (HER2), HER3, and the EGFR ligands EREG and

AREG.53,58–61 Although these biomarkers are not yet available

for clinical use, the combination of multiple biomarkers may

have a stronger predictive power than using one alone.58 Further

prospective studies are needed to substantiate predictive bio-

marker combinations for EGFR-targeted treatment (Table 3).

VEGF receptor therapies

The VEGF receptor is a transmembrane protein containing a split

tyrosine–kinase domain at the intracellular level and seven

immunoglobulin-like domains at extracellular levels for angio-

genesis and vasculogenesis.62 Overexpression of VEGF results in

tumor progression and metastasis as well as lower patient sur-

vival rates.63,64 Today, three approved biological agents targeting

VEGF are available for CRC patients. Ramucirumab targets the

VEGF-A receptor activation by modulating VEGFR-2; ziv-

aflibercept inhibits placental growth factor (PIGF), VEGF-A, and

VEGF-B by using its IgG1 Fc-VEGFR; and bevacizumab blocks

VEGF-A to cause ligand sequestering (Fig. 1).65 Interestingly,

the use of FOLFIRI in combination with ziv-aflibercept

(VELOUR trial),66 bevacizumab (ML18147 trial),67 or ramuciru-

mab (PRAISE trial)68 in mCRC patients presented similar treat-

ment benefits in median OS (1.4, 1.4, and 1.6 months) and PFS

(2.2, 1.6 and 1.2 months). All three antiangiogenic regimens also

present with similar types of adverse drug events

(e.g. proteinuria, hemorrhage, and hypertension).69 However, the

differences in tolerability and the study design in those clinical

trials vary.70

Although no obvious difference was found between the

approved VEGF-targeted treatments, they also do not directly

replace each other due to the different VEGF subtype targets

(Fig. 1) and the treatment effectiveness in patient-derived xeno-

graft mouse models.71 Hence, an ongoing PERMAD phase II

trial (NCT02331927) is investigating potential cytokine and/or

angiogenic factor(s) as biomarker(s) for a treatment shift from

bevacizumab to ziv-aflibercept to increase the treatment effec-

tiveness and limit drug resistance. Furthermore, studies also

found that the continuous administration of bevacizumab leads to

better OS67,72 as planned treatment breaks or discontinuation in

antiangiogenic therapy could lead to rapid tumor regrowth.73,74

To monitor the tumor growth and treatment response, the CIR-

CUS research team is prospectively evaluating circulating

VEGFR-2 levels as a predictor of the continuation of bevacizu-

mab treatment in mCRC patients (NCT02623621). Several

Figure 1 The approved EGFR and VEGF targeted drugs and its recep-

tors in colorectal cancer. AKT, protein kinase B; EGFR, epidermal

growth factor receptor; ERK, extracellular-regulated kinase; MEK,

mitogen-activated protein/extracellular signal-regulated kinase; PI3K,

phosphatadylinositol 3-kinase; PIGF, placental growth factor; RAF, rap-

idly accelerated fibrosarcoma; RAS, retrovirus-associated DNA

sequences; VEGFR, vascular endothelial growth factor receptor
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potential new biomarkers have also been reported for VEGF

inhibitors, including KRAS (codons 12 and 13),75 VEGF(165)b:

VEGF(total) expression ratio,76 VEGF-D,77 miR-126,78

EGFL7,79 Ang-2,80 NRP-1,81 IL-8,82 and G12 V and G12A

KRAS mutations.83 However, prospective studies are necessary to

verify the results.

In addition to the VEGF single-targeting agents, regorafe-

nib is a dual-targeted VEGFR2-TIE2 tyrosine kinase inhibitor that

suppresses a set of protein kinases involved in oncogenesis (B-Raf

Proto-Oncogene [BRAF], RAF1, RET and KIT) and angiogenesis

(tyrosine receptor kinase-2 [TIE2], VEGFR 1–3, fibroblast growth

factor receptor [FGFR] and platelet-derived growth factor receptor

[PDGFR]).84 mCRC patients who received regorafenib treatment

demonstrated a statistically significant improvement in survival

rate when compared with placebo in the CORRECT (OS: 6.4 vs

5.0 months, HR = 0.77, P = 0.0052; PFS: 1.9 vs 1.7 months,

HR = 0.49, P < 0.0001)85 and CONCUR (OS: 8.8 vs 6.3 months,

HR = 0.55, P = 0.0016) trials.86 Several clinical studies on

regorafenib are ongoing to find suitable biomarkers to stratify

CRC patients.85,87 This includes identifying RAS subtypes

(NCT02619435), as well as using imaging biomarkers such as

[18F] FLT-PET (NCT02175095) (Table 3). Several clinical trials

investigating biomarkers for regorafenib in mCRC patients who

failed one prior anticancer treatment are ongoing (NCT01949194,

NCT01996969, and NCT02402036).

The development of new molecular
targeted therapy in CRC

The development of new molecular targeted therapy in CRC and

investigations into their use in combination are ongoing. For

instance, selumetinib, a MEK1 and MEK2 inhibitor,88 in combi-

nation with afatinib, an approved EGFR inhibitor for non-small

cell lung carcinoma,88 is currently being tested in an early-stage

randomized clinical trial for KRAS mutant and PIK3CA wild-type

CRC patients (NCT02450656) (Table 4). Dual anti-EGFR and

anti-VEGF treatments for CRC are also being studied. For exam-

ple, the use of cetuximab plus regorafenib inhibited AKT and

MAPK signaling pathways in BRAF-mutated, KRAS-mutated,

and cetuximab-resistant CRC cell lines and presented a synergis-

tic apoptotic as well as antiproliferative effect in an in vivo

model.89 This combination was proven and well tolerated in the

phase I clinical trial, and the antitumor effect may greatly benefit

MSI-H CRC patients.90 The next phase of the trial may be con-

ducted in the near future.

More recently, monoclonal antibodies against programed

cell death-1 (PD-1) receptor or its ligand PD-L1 have shown

promising results in several types of cancers. PD-1 is an immune

checkpoint protein expressed on the surface of T-cells and plays

a key role in promoting self-tolerance by suppressing T-cell cyto-

kine production. PD-L1 is frequently upregulated in tumor cells

Table 3 Ongoing clinical trials for molecular biomarkers in approved CRC drugs

Drug Biomarker ClinicalTrials.gov identifier:

Bevacizumab + chemotherapy VEGFR-2 NCT02623621

Bevacizumab/cetuximab + FOLFIRI BRAF & PIK3K in RAS wild-type mCRC NCT01640444

Bevacizumab, cetuximab + irinotecan KRAS wild-type, Irinotecan refractory NCT02292758

Cetuximab + FOLFIRI/mFOLFOX6 ERCC1 NCT01703390

Cetuximab or panitumumab EGFR domain III region NCT01726309

Panitumumab + FOLFIRI RAS & BRAF wild-type mCRC NCT02508077

Regorafenib [18F] FLT-PET NCT02175095

Regorafenib RAS-mutant advanced CRC NCT02619435

Ziv-aflibercept Cytokines & angiogenic factors NCT02331927

[18F] FLT-PET, 30-deoxy-30-18F-fluorothymidine positron emission tomography; mCRC, metastatic colorectal cancer.

Table 4 Ongoing clinical trials for new CRC drugs and their respective biomarkers

Target molecule Drug name Biomarker Trial phase ClinicalTrials.gov identifier

AKT Trametinib BRAF mutant I/II NCT01902173

GSK2141795 BRAF mutant I/II NCT01902173

BRAF Dabrafenib BRAF mutant I/II NCT01902173

cMET Tivantinib KRAS wild-type II NCT01892527

PF-02341066 RAS mutant & over-active MET I/II NCT02510001

Glutaminase CB-839 Fluoropyrimidine Resistant & PIK3CA mutant I/II NCT02861300

HER2 Ado-Trastuzumab Emtansine HER2 I/II NCT02465060

PD-1 Pembrolizumab KRAS, BRAF & NRAS wild-type II NCT02318901

MSI status III NCT01876511, NCT02563002

Nivolumab MSI status II NCT02860546, NCT03104439

MEK Selumetinib KRAS mutant & PIK3CA wild-type II NCT02450656, NCT02586987

PD-0325901 RAS mutant & over-active MET I/II NCT02510001

Tyrosine Kinase Entrectinib NTRK1/2/3, ROS1, & ALK gene fusion II NCT02568267

PI3K BKM120 RAS wild-type I/II NCT01304602, NCT01591421

BRAF, B-Raf proto-oncogene; HER2, human epidermal growth factor receptor 2; NRAS, NRAS proto-oncogene.
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and deactivates antitumor activity in cytotoxic T-cells.91,92

Research has shown that CRC with MSI highly expresses

immune checkpoint molecules, including PD-L1.93 Thus, in a

phase II clinical trial, pembrolizumab, a U.S. FDA-approved PD-

1 targeted therapy, was utilized to treat both MSI-H and

microsatellite-stable (MSS) CRC patients. The response rate and

the 12-week PFS to pembrolizumab in MSI-H mCRC patients

(n = 10) were 40 and 78% compared to 0 and 11% in MSS

mCRC patients (n = 18), respectively.94 Combination treatment

with pembrolizumab and itacitinib, a JAK1 inhibitor, is also

under investigation for use in any patient with MSI instability

(NCT02646748). In addition to the clinical trials stratifying treat-

ment based on MSI status (NCT01876511 and NCT02563002),

treatment for different molecular subtypes such as pembrolizu-

mab plus trastuzumab treatment for mCRC patients with KRAS,

BRAF, and NRAS wild-types (NCT02318901) are under investi-

gation (Table 3).

Future directions and conclusions

Patients with the “same” cancer often respond differently to

treatment—this challenge has baffled medical oncologists for

decades. Pharmacodiagnostic testing is now becoming an essen-

tial tool for selecting the right medication for the right patient.

Since the U.S. FDA approved next-generation sequencing (NGS)

devices for clinical diagnosis in November 2013,95 the use of

NGS has become a popular tool for the investigation of diseases.

For example, NGS was used by Hagemann et al. in patients with

non-small cell lung cancer to match 11% of their patients with a

targeted therapy.96 NGS can also be applied to noninvasively

detect circulating tumor DNA (ctDNA) in CRC patients for real-

time monitoring of the disease, facilitating early identification of

disease progression.97 For instance, KRAS mutant alleles can be

detected in blood plasma from the acquired tumor-resistant

patients 10 months before cancer progression is otherwise

detected.98 This is because genetic aberrations coding treatment

resistance accumulate during tumor progression and are released

from tumor cells into the blood circulation.99 Another effective

method to improve treatment selection was demonstrated by

Pauli et al.,100 where tumor tissue collected from a patient was

subjected to four separate experiments: (i) NGS for molecular

subtype analysis, (ii) primary cell culture, (iii) patient-derived

xenograft (PDX) models, and (iv) patient-derived tumor orga-

noids. This cutting-edge screening strategy facilitated precision

treatment, but the process itself is costly and therefore may not

currently be affordable to the wider public.

In conclusion, the aim of precision medicine is to develop

a tailored treatment for each individual and his or her unique

condition to maximize potential treatment response and minimize

adverse drug reactions. The stratification of patients through the

use of biomarkers is thus key. As the use of newer therapeutic

agents connected with specific genetic sup-type(s) will increase,

ultimately increasing patients’ quality of life and life expectancy.

REFERENCES

1 Ferlay J, Steliarova-Foucher E, Lortet-Tieulent J et al. Cancer incidence

and mortality patterns in Europe: estimates for 40 countries in 2012.

Eur. J. Cancer. 2013; 49: 1374–403.

2 Wilkinson NW, Yothers G, Lopa S, Costantino JP, Petrelli NJ,

Wolmark N. Long-term survival results of surgery alone versus sur-

gery plus 5-fluorouracil and leucovorin for stage II and stage III

colon cancer: pooled analysis of NSABP C-01 through C-05. A

baseline from which to compare modern adjuvant trials. Ann. Surg.

Oncol. 2010; 17: 959–66.

3 Verma M. Personalized medicine and cancer. J. Pers. Med. 2012;

2: 1–14.

4 Amin MB, Greene FL, Edge SB et al. The eighth edition AJCC can-

cer staging manual: continuing to build a bridge from a population-

based to a more “personalized” approach to cancer staging. CA Can-

cer J. Clin. 2017; 67: 93–9.

5 McQuade RM, Stojanovska V, Bornstein JC, Nurgali K. Colorectal

cancer chemotherapy: the evolution of treatment and new

approaches. Curr. Med. Chem. 2017; 24: 1537–57.

6 Sohn DK, Chang HJ, Park JW et al. Histopathological risk factors

for lymph node metastasis in submucosal invasive colorectal carci-

noma of pedunculated or semipedunculated type. J. Clin. Pathol.

2007; 60: 912–5.

7 Glynne-Jones R, Wyrwicz L, Tiret E et al. Rectal cancer: ESMO

clinical practice guidelines for diagnosis, treatment and follow-up.

Ann. Oncol. 2017; 28(Suppl. 4): iv22–40.

8 Mori K, Toiyama Y, Otake K et al. Successful identification of a

predictive biomarker for lymph node metastasis in colorectal cancer

using a proteomic approach. Oncotarget. 2017; 8: 106935–47.

9 Molloy MP, Engel A. Precision medicine beyond medical oncology:

using molecular analysis to guide treatments of colorectal neoplasia.

Expert Rev. Gastroenterol. Hepatol. 2018; 12: 1179–81.

10 Kannarkatt J, Joseph J, Kurniali PC, Al-Janadi A, Hrinczenko B.

Adjuvant chemotherapy for stage II colon cancer: a clinical

dilemma. J. Oncol. Pract. 2017; 13: 233–41.

11 Kopetz S, Tabernero J, Rosenberg R et al. Genomic classifier Colo-

Print predicts recurrence in stage II colorectal cancer patients more

accurately than clinical factors. Oncologist. 2015; 20: 127–33.

12 You YN, Rustin RB, Sullivan JD. Oncotype DX® colon cancer assay

for prediction of recurrence risk in patients with stage II and III colon

cancer: a review of the evidence. Surg. Oncol. 2015; 24: 61–6.

13 Bailey H, Turner M, Stoppler MC, Chao C. The 12-gene oncotype

DX colon recurrence score (RS) test: experience with >20,000 stage

2 patients (pts). J. Clin. Oncol. 2018; 36(4 Suppl.: 618–18.

14 Dalerba P, Sahoo D, Paik S et al. CDX2 as a prognostic biomarker

in stage II and stage III colon cancer. N. Engl. J. Med. 2016; 374:

211–22.

15 Longley DB, Harkin DP, Johnston PG. 5-Fluorouracil: mechanisms

of action and clinical strategies. Nat. Rev. Cancer. 2003; 3: 330–8.

16 Bertagnolli MM, Niedzwiecki D, Compton CC et al. Microsatellite

instability predicts improved response to adjuvant therapy with iri-

notecan, fluorouracil, and leucovorin in stage III colon cancer: Can-

cer and Leukemia Group B Protocol 89803. J. Clin. Oncol. 2009;

27: 1814–21.

17 Des Guetz G, Schischmanoff O, Nicolas P, Perret G-Y, Morere J-F,

Uzzan B. Does microsatellite instability predict the efficacy of adju-

vant chemotherapy in colorectal cancer? A systematic review with

meta-analysis. Eur. J. Cancer. 2009; 45: 1890–6.

18 Sargent DJ, Shi Q, Yothers G et al. Prognostic impact of deficient

mismatch repair (dMMR) in 7,803 stage II/III colon cancer

(CC) patients (pts): a pooled individual pt data analysis of 17 adju-

vant trials in the ACCENT database. J. Clin. Oncol. 2014; 32

(15 suppl): 3507.

19 Webber EM, Kauffman TL, O’Connor E, Goddard KA. Systematic

review of the predictive effect of MSI status in colorectal cancer patients

undergoing 5FU-based chemotherapy.BMCCancer. 2015; 15: 156.

20 Sanoff HK, McLeod HL. Predictive factors for response and toxicity

in chemotherapy: pharmacogenomics. Semin. Colon Rectal. Surg.

2008; 19: 226–30.

Precision treatment in colorectal cancer TO Yau

366 JGH Open: An open access journal of gastroenterology and hepatology 3 (2019) 361–369

© 2019 The Author. JGH Open: An open access journal of gastroenterology and hepatology published by Journal of Gastroenterology and Hepatology Foundation and

John Wiley & Sons Australia, Ltd.

98 | Page



21 Meulendijks D, Henricks LM, Sonke GS et al. Clinical relevance of

DPYD variants c.1679T>G, c.1236G>A/HapB3, and c.1601G>A as

predictors of severe fluoropyrimidine-associated toxicity: a system-

atic review and meta-analysis of individual patient data. Lancet

Oncol. 2015; 16: 1639–50.

22 Deenen MJ, Meulendijks D, Cats A et al. Upfront genotyping of

DPYD*2A to individualize fluoropyrimidine therapy: a safety and

cost analysis. J. Clin. Oncol. 2016; 34: 227–34.

23 Van Cutsem E, Cervantes A, Adam R et al. ESMO consensus

guidelines for the management of patients with metastatic colorectal

cancer. Ann. Oncol. 2016; 27: 1386–422.

24 Deenen MJ, Meulendijks D. Recommendation on testing for dihy-

dropyrimidine dehydrogenase deficiency in the ESMO consensus

guidelines for the management of patients with metastatic colorectal

cancer. Ann. Oncol. 2017; 28: 184.

25 Ratain MJ. From bedside to bench to bedside to clinical practice: an

odyssey with irinotecan. Clin. Cancer Res. 2006; 12: 1658–60.

26 Iyer L, King CD, Whitington PF et al. Genetic predisposition to the

metabolism of irinotecan (CPT-11). Role of uridine diphosphate glu-

curonosyltransferase isoform 1A1 in the glucuronidation of its active

metabolite (SN-38) in human liver microsomes. J. Clin. Invest.

1998; 101: 847–54.

27 Innocenti F. Genetic variants in the UDP-glucuronosyltransferase

1A1 gene predict the risk of severe neutropenia of irinotecan.

J. Clin. Oncol. 2004; 22: 1382–8.

28 Campbell JM, Stephenson MD, Bateman E, Peters MDJ, Keefe DM,

Bowen JM. Irinotecan-induced toxicity pharmacogenetics: an

umbrella review of systematic reviews and meta-analyses.

Pharmacogenomics J. 2017; 17: 21–8.

29 CAMPTOSAR. CAMPTOSAR-irinotecan hydrochloride injection,

solution, 2016.

30 Meyerhardt JA, Mayer RJ. Systemic therapy for colorectal cancer.

New Engl. J. Med. 2005; 352: 476–87.

31 Martin LP, Hamilton TC, Schilder RJ. Platinum resistance: the role

of DNA repair pathways. Clin. Cancer Res. 2008; 14: 1291–5.

32 Shahnam A, Ridha Z, Wiese MD, Kichenadasse G, Sorich MJ. Phar-

macogenetic and ethnicity influence on oxaliplatin therapy for colorec-

tal cancer: a meta-analysis. Pharmacogenomics. 2016; 17: 1725–32.

33 Kassem AB, Salem SE, Abdelrahim ME et al. ERCC1 and ERCC2

as predictive biomarkers to oxaliplatin-based chemotherapy in colorec-

tal cancer patients from Egypt. Exp. Mol. Pathol. 2017; 102: 78–85.

34 Lenz H-J, Lee F-C, Yau L et al. MAVERICC, a phase 2 study of

mFOLFOX6-bevacizumab (BV) vs FOLFIRI-BV with biomarker

stratification as first-line (1L) chemotherapy (CT) in patients (pts)

with metastatic colorectal cancer (mCRC). J. Clin. Oncol. 2016; 34

(4 Suppl.: 493.

35 Burness CB, Duggan ST. Trifluridine/tipiracil: a review in metastatic

colorectal cancer. Drugs. 2016; 76: 1393–402.

36 Mayer RJ, Van Cutsem E, Falcone A et al. Randomized trial of

TAS-102 for refractory metastatic colorectal cancer. N. Engl.

J. Med. 2015; 372: 1909–19.

37 Kim S-Y, Jung JH, Lee HJ et al. [18F]fluorothymidine PET informs

the synergistic efficacy of capecitabine and trifluridine/tipiracil in

colon cancer. Cancer Res. 2017; 77: 7120–30.

38 Oda K, Matsuoka Y, Funahashi A, Kitano H. A comprehensive

pathway map of epidermal growth factor receptor signaling. Mol.

Syst. Biol. 2005; 1: E1–17.

39 Tveit KM, Guren T, Glimelius B et al. Phase III trial of cetuximab

with continuous or intermittent fluorouracil, leucovorin, and oxali-

platin (Nordic FLOX) versus FLOX alone in first-line treatment of

metastatic colorectal cancer: the NORDIC-VII study. J. Clin. Oncol.

2012; 30: 1755–62.

40 Peeters M, Price TJ, Cervantes A et al. Randomized phase III study

of panitumumab with fluorouracil, leucovorin, and irinotecan

(FOLFIRI) compared with FOLFIRI alone as second-line treatment

in patients with metastatic colorectal cancer. J. Clin. Oncol. 2010;

28: 4706–13.

41 Shitara K, Yokota T, Takahari D et al. Cetuximab plus FOLFOX

for patients with metastatic colorectal cancer with poor performance

status and/or severe tumor-related complications. Case Rep. Oncol.

2010; 3: 282–6.

42 Peeters M, Price TJ, Cervantes A et al. Final results from a random-

ized phase 3 study of FOLFIRI panitumumab for second-line treat-

ment of metastatic colorectal cancer. Ann. Oncol. 2014; 25: 107–16.

43 Abd El All HS, Mishriky AM, Mohamed FA. Epidermal growth fac-

tor receptor in colorectal carcinoma: correlation with clinico-

pathological prognostic factors. Color Dis. 2008; 10: 170–78.

070817144921004.

44 U.S. Food and Drug Administration. List of Cleared or Approved

Companion Diagnostic Devices (In Vitro and Imaging Tools) 2015.

45 Buckley AF, Kakar S. Comparison of the Dako EGFR pharmDx Kit

and Zymed EGFR antibody for assessment of EGFR status in colo-

rectal adenocarcinoma. Appl. Immunohistochem. Mol. Morphol.

2007; 15: 305–9.

46 Shiogama K, Wongsiri T, Mizutani Y, Inada K, Tsutsumi Y. High-

sensitivity epidermal growth factor receptor immunostaining for

colorectal carcinomas, compared with EGFR PharmDx™: a study of

diagnostic accuracy. Int. J. Clin. Exp. Pathol. 2013; 6: 24–30.

47 Hecht JR, Mitchell E, Neubauer MA et al. Lack of correlation

between epidermal growth factor receptor status and response to

panitumumab monotherapy in metastatic colorectal cancer. Clin.

Cancer Res. 2010; 16: 2205–13.

48 Tejpar S, Celik I, Schlichting M, Sartorius U, Bokemeyer C, Van

Cutsem E. Association of KRAS G13D tumor mutations with out-

come in patients with metastatic colorectal cancer treated with first-

line chemotherapy with or without cetuximab. J. Clin. Oncol. 2012;

30: 3570–7.

49 Allegra CJ, Jessup JM, Somerfield MR et al. American Society of

Clinical Oncology Provisional Clinical Opinion: testing for KRAS

gene mutations in patients with metastatic colorectal carcinoma to

predict response to anti-epidermal growth factor receptor monoclo-

nal antibody therapy. J. Clin. Oncol. 2009; 27: 2091–6.

50 Chung KY. Cetuximab shows activity in colorectal cancer patients

with tumors that do not express the epidermal growth factor receptor

by immunohistochemistry. J. Clin. Oncol. 2005; 23: 1803–10.

51 Ciardiello F, Lenz H-J, Kohne C-H et al. Effect of KRAS and

NRAS mutational status on first-line treatment with FOLFIRI plus

cetuximab in patients with metastatic colorectal cancer (mCRC):

new results from the CRYSTAL trial. J. Clin. Oncol. 2014; 32

(3 Suppl.: LBA443.

52 Peeters M, Oliner K, Price T et al. Updated analysis of KRAS/-

NRAS and BRAF mutations in study 20050181 of panitumumab

(pmab) plus FOLFIRI for second-line treatment (tx) of metastatic

colorectal cancer (mCRC). Ann. Oncol. 2014; 25(Suppl. 2): ii5–5.

53 Pentheroudakis G, Kotoula V, De Roock W et al. Biomarkers of

benefit from cetuximab-based therapy in metastatic colorectal can-

cer: interaction of EGFR ligand expression with RAS/RAF, PIK3CA

genotypes. BMC Cancer. 2013; 13: 49.

54 Van Cutsem E, Lenz H-J, Kohne C-H et al. Fluorouracil, leucov-

orin, and irinotecan plus cetuximab treatment and RAS mutations in

colorectal cancer. J. Clin. Oncol. 2015; 33: 692–700.

55 Peeters M, Oliner KS, Price TJ et al. Analysis of KRAS/NRAS

mutations in a phase III study of panitumumab with FOLFIRI com-

pared with FOLFIRI alone as second-line treatment for metastatic

colorectal cancer. Clin. Cancer Res. 2015; 21: 5469–79.

56 Van Cutsem E, Cervantes A, Nordlinger B, Arnold D. Metastatic

colorectal cancer: ESMO Clinical Practice Guidelines for diagnosis,

treatment and follow-up. Ann. Oncol. 2014; 25(Suppl. 3): iii1–9.

TO Yau Precision treatment in colorectal cancer

JGH Open: An open access journal of gastroenterology and hepatology 3 (2019) 361–369

© 2019 The Author. JGH Open: An open access journal of gastroenterology and hepatology published by Journal of Gastroenterology and Hepatology Foundation and

John Wiley & Sons Australia, Ltd.

367

99 | Page



57 Wong NA, Gonzalez D, Salto-Tellez M et al. RAS testing of colo-

rectal carcinoma—a guidance document from the Association of

Clinical Pathologists Molecular Pathology and Diagnostics Group.

J. Clin. Pathol. 2014; 67: 751–7.

58 Yang Z-Y, Wu X-Y, Huang Y-F et al. Promising biomarkers for

predicting the outcomes of patients with KRAS wild-type metastatic

colorectal cancer treated with anti-epidermal growth factor receptor

monoclonal antibodies: a systematic review with meta-analysis. Int.

J. Cancer. 2013; 133: 1914–25.

59 De Roock W, Claes B, Bernasconi D et al. Effects of KRAS,

BRAF, NRAS, and PIK3CA mutations on the efficacy of cetuximab

plus chemotherapy in chemotherapy-refractory metastatic colorectal

cancer: a retrospective consortium analysis. Lancet Oncol. 2010; 11:

753–62.

60 Baker JB, Dutta D, Watson D et al. Tumour gene expression pre-

dicts response to cetuximab in patients with KRAS wild-type meta-

static colorectal cancer. Br. J. Cancer. 2011; 104: 488–95.

61 Martin V, Landi L, Molinari F et al. HER2 gene copy number status

may influence clinical efficacy to anti-EGFR monoclonal antibodies in

metastatic colorectal cancer patients. Br. J. Cancer. 2013; 108: 668–75.

62 Palmer BF, Clegg DJ. Oxygen sensing and metabolic homeostasis.

Mol. Cell Endocrinol. 2014; 397: 51–8.

63 Hashim A, Al-Janabi A, Mahdi L, Al-Toriahi K, Yasseen A. Vascu-

lar endothelial growth factor ( VEGF ) receptor expression correlates

with histologic grade and stage of colorectal cancer. Libyan J. Med.

2010; 5: 5059.

64 Martins SF, Garcia EA, Luz MAM, Pardal F, Rodrigues M,

Filho AL. Clinicopathological correlation and prognostic significance

of VEGF-A, VEGF-C, VEGFR-2 and VEGFR-3 expression in colo-

rectal cancer. Cancer Genomics Proteomics. 2013; 10: 55–67.

65 Ferrara N, Adamis AP. Ten years of anti-vascular endothelial growth

factor therapy. Nat. Rev. Drug Discov. 2016; 15: 385–403.

66 Van Cutsem E, Tabernero J, Lakomy R et al. Addition of aflibercept

to fluorouracil, leucovorin, and irinotecan improves survival in a

phase III randomized trial in patients with metastatic colorectal can-

cer previously treated with an oxaliplatin-based regimen. J. Clin.

Oncol. 2012; 30: 3499–506.

67 Bennouna J, Sastre J, Arnold D et al. Continuation of bevacizumab

after first progression in metastatic colorectal cancer (ML18147): a

randomised phase 3 trial. Lancet Oncol. 2013; 14: 29–37.

68 Tabernero J, Yoshino T, Cohn AL et al. RAISE Study Investigators.

Ramucirumab versus placebo in combination with second-line FOL-

FIRI in patients with metastatic colorectal carcinoma that progressed

during or after first-line therapy with bevacizumab, oxaliplatin, and

a fluoropyrimidine (RAISE): a randomised, double-blin. Lancet

Oncol. 2015; 16: 499–508.

69 Goel G, Sun W. Ramucirumab, another anti-angiogenic agent for

metastatic colorectal cancer in second-line setting—its impact on

clinical practice. J. Hematol. Oncol. 2015; 8: 92.

70 Diaz-Serrano A, Riesco-Martinez MC, Garcia-Carbonero R. The

safety and efficacy of ramucirumab for the treatment of metastatic

colorectal cancer. Expert Rev. Anticancer Ther. 2016; 16: 585–95.

71 Chiron M, Bagley RG, Pollard J et al. Differential antitumor activity

of aflibercept and bevacizumab in patient-derived xenograft models

of colorectal cancer. Mol. Cancer Ther. 2014; 13: 1636–44.

72 Grothey A, Sugrue MM, Purdie DM et al. Bevacizumab beyond first

progression is associated with prolonged overall survival in meta-

static colorectal cancer: results from a large observational Cohort

study (BRiTE). J. Clin. Oncol. 2008; 26: 5326–34.

73 Griffioen AW, Mans LA, de Graaf AMA et al. Rapid angiogenesis

onset after discontinuation of sunitinib treatment of renal cell carci-

noma patients. Clin. Cancer Res. 2012; 18: 3961–71.

74 Desar I, Mulder S, Stillebroer A et al. The reverse side of the vic-

tory: flare up of symptoms after discontinuation of sunitinib or

sorafenib in renal cell cancer patients. A report of three cases. Acta

Oncol. (Madr). 2009; 48: 927–31.

75 Kubicka S, Greil R, Andre T et al. Bevacizumab plus chemotherapy con-

tinued beyond first progression in patients with metastatic colorectal can-

cer previously treated with bevacizumab plus chemotherapy: ML18147

study KRAS subgroup findings. Ann. Oncol. 2013; 24: 2342–9.

76 Bates DO, Catalano PJ, Symonds KE et al. Association between

VEGF splice isoforms and progression-free survival in metastatic

colorectal cancer patients treated with bevacizumab. Clin. Cancer

Res. 2012; 18: 6384–91.

77 Weickhardt AJ, Williams DS, Lee CK et al. Vascular endothelial

growth factor D expression is a potential biomarker of bevacizumab

benefit in colorectal cancer. Br. J. Cancer. 2015; 113: 37–45.

78 Hansen TF, Carlsen AL, Heegaard NHH, Sørensen FB, Jakobsen A.

Changes in circulating microRNA-126 during treatment with chemo-

therapy and bevacizumab predicts treatment response in patients

with metastatic colorectal cancer. Br. J. Cancer. 2015; 112: 624–9.

79 Hansen TF, Nielsen BS, Sorensen FB, Johnsson A, Jakobsen A.

Epidermal growth factor-like domain 7 predicts response to first-line

chemotherapy and bevacizumab in patients with metastatic colorec-

tal cancer. Mol. Cancer Ther. 2014; 13: 2238–45.

80 Goede V, Coutelle O, Neuneier J et al. Identification of serum

angiopoietin-2 as a biomarker for clinical outcome of colorectal can-

cer patients treated with bevacizumab-containing therapy. Br.

J. Cancer. 2010; 103: 1407–14.

81 Benson A, Krivoshik AK, Van Sant C, Gyuris J, Feng B. Abstract

A24: Neuropilin 1 (NRP1) as a potential biomarker for tivozanib +

mFOLFOX6 versus bevacizumab + mFOLFOX6 in metastatic colo-

rectal cancer (mCRC): post-hoc biomarker analysis of BATON-CRC

phase 2 trial. Mol. Cancer Ther. 2015; 14(12 Suppl. 1): A24–4.

82 Lambrechts D, Thienpont B, Thuillier V et al. Evaluation of efficacy

and safety markers in a phase II study of metastatic colorectal cancer

treated with aflibercept in the first-line setting. Br. J. Cancer. 2015;

113: 1027–34.

83 Fiala O, Buchler T, Mohelnikova-Duchonova B et al. G12V and

G12A KRAS mutations are associated with poor outcome in patients

with metastatic colorectal cancer treated with bevacizumab. Tumor

Biol. 2016; 37: 6823–30.

84 Wilhelm SM, Dumas J, Adnane L et al. Regorafenib (BAY

73-4506): a new oral multikinase inhibitor of angiogenic, stromal

and oncogenic receptor tyrosine kinases with potent preclinical anti-

tumor activity. Int. J. Cancer. 2011; 129: 245–55.

85 Grothey A, Van Cutsem E, Sobrero A et al. Regorafenib monother-

apy for previously treated metastatic colorectal cancer (CORRECT):

an international, multicentre, randomised, placebo-controlled, phase

3 trial. Lancet. 2013; 381: 303–12.

86 Li J, Qin S, Xu R et al. Regorafenib plus best supportive care versus

placebo plus best supportive care in Asian patients with previously

treated metastatic colorectal cancer (CONCUR): a randomised,

double-blind, placebo-controlled, phase 3 trial. Lancet Oncol. 2015;

16: 619–29.

87 Goldstein DA, Ahmad BB, Chen Q et al. Cost-effectiveness analysis

of regorafenib for metastatic colorectal cancer. J. Clin. Oncol. 2015;

33: 3727–32.

88 Yeh TC, Marsh V, Bernat BA et al. Biological characterization of

ARRY-142886 (AZD6244), a potent, highly selective mitogen-

activated protein kinase kinase 1/2 inhibitor. Clin. Cancer Res.

2007; 13: 1576–83.

89 Napolitano S, Martini G, Rinaldi B et al. Primary and acquired resis-

tance of colorectal cancer to anti-EGFR monoclonal antibody can be

overcome by combined treatment of regorafenib with cetuximab.

Clin. Cancer Res. 2015; 21: 2975–83.

90 Subbiah V, Khawaja MR, Hong DS et al. First-in-human trial of

multikinase VEGF inhibitor regorafenib and anti-EGFR antibody

Precision treatment in colorectal cancer TO Yau

368 JGH Open: An open access journal of gastroenterology and hepatology 3 (2019) 361–369

© 2019 The Author. JGH Open: An open access journal of gastroenterology and hepatology published by Journal of Gastroenterology and Hepatology Foundation and

John Wiley & Sons Australia, Ltd.

100 | Page



cetuximab in advanced cancer patients. JCI Insight. 2017; 2:

e90380.

91 Liu J, Yuan Y, Chen W et al. Immune-checkpoint proteins VISTA

and PD-1 nonredundantly regulate murine T-cell responses. Proc.

Natl. Acad. Sci. 2015; 112: 6682–7.

92 Francisco LM, Sage PT, Sharpe AH. The PD-1 pathway in tolerance

and autoimmunity. Immunol. Rev. 2010; 236: 219–42.

93 Kim JH, Park HE, Cho N-Y, Lee HS, Kang GH. Characterisation of

PD-L1-positive subsets of microsatellite-unstable colorectal cancers.

Br. J. Cancer. 2016; 115: 490–6.

94 Le DT, Uram JN, Wang H et al. PD-1 blockade in tumors with

mismatch-repair deficiency. N. Engl. J. Med. 2015; 372: 2509–20.

95 Sheridan C. Milestone approval lifts Illumina’s NGS from research

into clinic. Nat. Biotechnol. 2014; 32: 111–2.

96 Hagemann IS, Devarakonda S, Lockwood CM et al. Clinical next-

generation sequencing in patients with non-small cell lung cancer.

Cancer. 2015; 121: 631–9.

97 Diaz LA, Bardelli A. Liquid biopsies: genotyping circulating tumor

DNA. J. Clin. Oncol. 2014; 32: 579–86.

98 Misale S, Yaeger R, Hobor S et al. Emergence of KRAS mutations

and acquired resistance to anti-EGFR therapy in colorectal cancer.

Nature. 2012; 486: 532–6.

99 Murtaza M, Dawson S-J, Tsui DWY et al. Non-invasive analysis of

acquired resistance to cancer therapy by sequencing of plasma

DNA. Nature. 2013; 497: 108–12.

100 Pauli C, Hopkins BD, Prandi D et al. Personalized in vitro and

in vivo cancer models to guide precision medicine. Cancer Discov.

2017; 7: 462–77.

TO Yau Precision treatment in colorectal cancer

JGH Open: An open access journal of gastroenterology and hepatology 3 (2019) 361–369

© 2019 The Author. JGH Open: An open access journal of gastroenterology and hepatology published by Journal of Gastroenterology and Hepatology Foundation and

John Wiley & Sons Australia, Ltd.

369

101 | Page



The Role of microRNAs in Development of 
Colitis-Associated Colorectal Cancer 
 
Marco Bocchetti, Maria Grazia Ferraro, Filippo Ricciardiello, 
Alessandro Ottaiano, Amalia Luce, Alessia Maria Cossu, 
Marianna Scrima, Wing-Yan Leung, Marianna Abate, Paola 
Stiuso, Michele Caraglia, Silvia Zappavigna#, Tung On Yau# 

International Journal of Molecular Sciences. 2021; 22(8): 3967. 

 

 
Journal URL:  mdpi.com/1422-0067/22/8/3967  

DOI: 10.3390/ijms22083967 

PMID: 33921348  

PMCID: PMC8068787 

 

 

102 | Page



 

 

1st July, 2021 

To Whom It May Concern,  

Statement of Authorship 

 

Title of publication: The Role of microRNAs in Development of Colitis-Associated Colorectal 

Cancer 

Journal: International Journal of Molecular Sciences 

Publication date: 12th April, 2021 

Issue: Volume 22, Issue 8, 3967 

PubMed ID: 33921348 

Authors: Marco Bocchetti, Maria Grazia Ferraro, Filippo Ricciardiello, Alessandro Ottaiano, 

Amalia Luce, Alessia Maria Cossu, Marianna Scrima, Wing-Yan Leung, Marianna Abate, Paola 

Stiuso, Michele Caraglia, Silvia Zappavigna* and Tung On Yau* 

* co-corresponding authors 

 

I hereby confirm that Mr. Tung On YAU is one of the corresponding authors in the above 

publication. He was the key contributor to the concept of the topic, design searching strategy and 

responsible for screening literatures. He was also contributed to the schematic diagrams 

visualisation, writing of the manuscript, and revised the article.  

 

Yours sincerely, 

 

 

                                                  
 

Marco Bocchetti, MSc 

PhD Candidate 

Department of Precision Medicine, 

University of Campania  

“L. Vanvitelli” via L. De Crecchio 7 

80138 Naples, Italy  

Email: marco.bocchetti@unicampania.it 

Silvia Zappavigna, PhD 

Professor 

Department of Precision Medicine, 

University of Campania 

“L. Vanvitelli” via L. De Crecchio 7 

80138 Naples, Italy 

Email: silvia.zappavigna@unicampania.it 

 

103 | Page



 International Journal of 

Molecular Sciences

Review

The Role of microRNAs in Development of Colitis-Associated
Colorectal Cancer

Marco Bocchetti 1,2 , Maria Grazia Ferraro 3 , Filippo Ricciardiello 4, Alessandro Ottaiano 5 , Amalia Luce 1,6 ,

Alessia Maria Cossu 1,2, Marianna Scrima 2, Wing-Yan Leung 7, Marianna Abate 1, Paola Stiuso 1 ,

Michele Caraglia 1,2 , Silvia Zappavigna 1,* and Tung On Yau 8,*

����������
�������

Citation: Bocchetti, M.; Ferraro,

M.G.; Ricciardiello, F.; Ottaiano, A.;

Luce, A.; Cossu, A.M.; Scrima, M.;

Leung, W.-Y.; Abate, M.; Stiuso, P.;

et al. The Role of microRNAs in

Development of Colitis-Associated

Colorectal Cancer. Int. J. Mol. Sci.

2021, 22, 3967. https://doi.org/

10.3390/ijms22083967

Academic Editor: Daniela Taverna

Received: 10 March 2021

Accepted: 8 April 2021

Published: 12 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Precision Medicine, University of Campania “Luigi Vanvitelli”, 80131 Naples, Italy;

marco.bocchetti@unicampania.it (M.B.); amalia.luce@unicampania.it (A.L.);

alessiamaria.cossu@biogem.it (A.M.C.); marianna.abate@unicampania.it (M.A.);

paola.stiuso@unicampania.it (P.S.); michele.caraglia@unicampania.it (M.C.)
2 Biogem Scarl, Molecular Oncology and Precision Medicine Laboratory, via Camporeale,

83031 Ariano Irpino, Italy; marianna.scrima@biogem.it
3 Department of Pharmacy, School of Medicine and Surgery, University of Naples “Federico II”,

via D. Montesano 49, 80131 Naples, Italy; mariagrazia.ferraro@unina.it
4 Ear, Nose, and Throat Unit, AORN “Antonio Cardarelli”, 80131 Naples, Italy; filipporicciardiello@virgilio.it
5 SSD-Innovative Therapies for Abdominal Metastases, Istituto Nazionale Tumori di Napoli,

IRCCS “G. Pascale”, via M. Semmola, 80131 Naples, Italy; a.ottaiano@istitutotumori.na.it
6 School of Science and Technology, Nottingham Trent University, Nottingham NG11 8NS, UK
7 Division of Haematology, Department of Medicine, The University of Hong Kong, Hong Kong, China;

thomas83@hku.uk
8 John van Geest Cancer Research Centre, School of Science and Technology, Nottingham Trent University,

Nottingham NG11 8NS, UK

* Correspondence: silvia.zappavigna@unicampania.it (S.Z.); payton.yau@ntu.ac.uk (T.O.Y.)

Abstract: Colorectal cancer (CRC) is the third most deadly cancer worldwide, and inflammatory

bowel disease (IBD) is one of the critical factors in CRC carcinogenesis. IBD is responsible for

an unphysiological and sustained chronic inflammation environment favoring the transforma-

tion. MicroRNAs (miRNAs) belong to a class of highly conserved short single-stranded segments

(18–25 nucleotides) non-coding RNA and have been extensively discussed in both CRC and IBD.

However, the role of miRNAs in the development of colitis-associated CRC (CAC) is less clear. The

aim of this review is to summarize the major upregulated (miR-18a, miR-19a, miR-21, miR-31, miR-

155 and miR-214) and downregulated (miR-124, miR-193a-3p and miR-139-5p) miRNAs in CAC, and

their roles in genes’ expression modulation in chronic colonic-inflammation-induced carcinogenesis,

including programmed cell-death pathways. These miRNAs dysregulation could be applied for early

CAC diagnosis, to predict therapy efficacy and for precision treatment.

Keywords: colorectal cancer; colitis-associated colorectal cancer; inflammatory bowel disease; mi-

croRNA; biomarkers

1. Introduction

Inflammatory bowel disease (IBD) is a group of idiopathic and relapsing-remitting
chronic inflammatory disorders comprising the two major subtypes: Crohn’s disease (CD)
and ulcerative colitis (UC). IBDs are characterized by a susceptible genetic background,
underlying immunological deregulation and intestinal microbiome dysbiosis leading to
intestinal mucosa damage [1]. It is well recognized that the long-standing chronic in-
flammation in intestinal mucosa induces intestinal barrier injury: resulting in increased
permeability and destruction of the tight junctions [2], and eventually colorectal cancer
(CRC) onset [3,4]. The degree of colonic inflammation together with the disorder duration
is correlated with the development of colonic neoplasia [5,6]. The influence of UC on CRC
risk is approximately 2%, 8% and 18% after one, two and three decades of the disease,
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respectively [7]. The cumulative risk for CRC in CD is approximately 3% after 10 years,
6% after 20 years and 8% after 30 years of the disease duration [8]. Several studies have
reported that UC-associated CRC has an unfavorable survival compared to sporadic CRC
and is responsible for one-sixth of UC-related deaths [9–11].

Colitis-associated carcinogenesis is a multi-stage process starting with chronic inflam-
mation and affected by environmental, genetic and immunologic factors, as well [12,13],
eventually presenting differences when compared with sporadic CRC. In addition, drug
trials in prodromal phases of IBD and/or colitis-associated CRC (CAC) appeared not
completely adequate. Animal-based colitis models could improve the science capability
to address exact research questions, potentially giving better disease prevention, control,
and supervision. The most common CAC model is the use of dextran sulfate sodium
(DSS) plus azoxymethane (AOM), other viable options are summarized in Table 1. It is
important to take into account that mouse string may play a significant role in the severity
and variability of the disease model and response to the same treatment.

Table 1. The most commonly used animal models in colitis and colitis-associated colorectal tumorigenesis.

Type Method Prevalent of Response Limitations

Colitis Models

Chemically Induced

DSS Epithelial damage
Does not require T and/or B cell

responses [14], high severity variability [15]

TNBS/DNBS Epithelial damage, Immune-driven Aetiopathogenesis not clear [16]

Oxazolone Epithelial damage, Immune-driven International administration required [15]

Spontaneous Mutation
SAMP1/Yit Immune-driven

Affect small intestine only [17], low
breeding rate [15]

C3H/HeJBir Immune-driven Greatly influenced by caging conditions [15]

Adoptive T Cell Transfer CD4+CD45RBhi Immune-driven
Lack of a full overview of colitis

development [18], expensive

Genetically Engineered IL-10−/− Immune-driven
Lack of focal granulomatous inflammation

and Transmural inflammation [17]

Colitis-Associated Colorectal Tumorigenesis Models

Chemically Induced
DSS Epithelial damage Low cancer incidents [19].

AOM/DSS Epithelial damage The most common CAC model [20]

Genetically Engineered IL-10−/− Immune-driven ~60% of cancer Incidence [21]

AOM, Azoxymethane; DSS, dextran sulfate sodium; TNBS, 2,4,6-trinitrobenzene sulfonic acid; DNBS, dinitrobenzene sulfonic acid.

During the cancer development, sporadic CRC (or spontaneous, unrelated to the ge-
netics of family and CRC history) typically present a stepwise “normal mucosa-adenoma-
dysplasia-carcinoma” sequence, while CAC arises as an “inflamed mucosa-dysplasia-
carcinoma” sequence. Moreover, there are also unique histological and genetic alter-
ations [22]. In clinical histopathology, CAC tissues often have a background of chronic
inflammation, a higher number of signet ring cells, and a substantial portion of muci-
nous. Frequently, it invokes a cascade within the abnormal epithelial proliferative region,
progressing to invasive adenocarcinoma from flat and non-polypoid dysplasia [9,10,12].
The difference between sporadic and CAC can also be found at the molecular level [23].
This mainly involves pro-inflammatory signaling pathways and immune responses, pro-
moting tumorigenesis by inducing the production of inflammatory mediators, induce the
expression of the anti-apoptotic genes, and stimulating cells proliferation and angiogenesis.

These processes can be regulated by microRNA (miRNA). miRNA belongs to a class
of highly conserved short single-stranded segments (18–25 nucleotides) non-coding RNA,
which post-transcriptionally regulate protein expression inducing messenger RNA (mRNA)
degradation and/or inhibit translation of target genes binding to the 3′-untranslated regions
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(3′-UTR) to regulate gene expression [24,25]. During the occurrence of IBD, miRNAs
play important roles either inhibiting or enhancing immune and inflammation signals by
regulating the expression of the positive or negative components of immune signaling
pathways associated with IBD and CRC progression. Several miRNAs studies are focusing
on the CAC (Table 2); hence, the aim of this review is to discuss the major finding on this
topic, and the roles of miRNAs in the progression of IBD and the CAC development.

Table 2. Major microRNA studies in colitis-associated colorectal cancer.

miRNA Target Gene(s) Function Reference(s)

Upregulation
miR-18a PIAS3 Proliferation, cell apoptosis [26]
miR-19a TNFAIP3 Activate NF-κB signaling [27]
miR-21 PDCD4, PTEN Invasion, intravasation, metastasis, apoptosis [28–30]

miR-26b CCNDBP1 Tumorigenesis and development of digestive diseases [31]

miR-31 HIF1, WDR5, IL13RA1
Activate RAS signaling, stimulating tumorigenesis and correlates

with serrated CRC
[32–36]

miR-146b TRAF6, IRAK1 [34]
miR-155 IL13RA1 Negative feedback loop controlling IL-1β [34,37,38]

miR-181b-1 CYLD Cellular transformation [30,34]
miR-214 PDLIM2, PTEN Malignant transformation [39]
miR-221 PDLIM2 [34]
miR-223 RASA1 Cell proliferation [40]

miR-301a BTG1 Promote intestinal inflammation [41]
Downregulation

miR-34a IL6/EMT/EGR1 Suppresses migration and invasion [34,42]
miR-124 STAT3/ROCK1 Inhibits neoplastic transformation [43,44]

miR-139-5p IGF-1R Maintain intestinal homeostasis [45,46]
miR-185-3p MLCK Regulate via lncRNA CCAT1 [47]

miR-193a-3p SLC15A1 Suppress NF-κB signaling [48,49]

CRC, colorectal cancer; lncRNA, long non-coding RNA.

2. MicroRNAs Overexpression Induces Colitis-Associated Colorectal Carcinogenesis

2.1. MiR-17-92 Cluster

Both miR-19a and miR-18a belong to miRNA17-92 cluster. MiR-19a has been proven
to be an oncomiR, which regulate cell proliferation, differentiation, apoptosis and angiogen-
esis during the cancer development. In CRC, miR-19a enhances cells invasion, progression
and lymph node metastasis by mediating the inhibition of Transglutaminase-2 (TG-2) [50],
T-cell intracellular antigen 1 (TIA1) [51] and the inflammatory cytokine tumor necrosis
factor α (TNFα) [52]. Overexpression of miR-19a induces epithelial–mesenchymal transi-
tion (EMT) signaling in CRC cells, confirmed by N-cadherin, Vimentin, and Fibronectin
levels [52]. In DSS-induced colitis mice treated with miR-19a mimic, colon tumor num-
bers, sizes and tumor loads are higher compared to the control group; pro-inflammatory
cytokines, including IL-1β, IL-6, IL-17a, IFN-γ and TNF-α are also upregulated [27,53].
MiR-19a mimic was also administered in the AOM/DSS-induced CRC mice and induced
pro-inflammatory cytokines (IL-6, TNF-α, IL-1β and IL-17a), tumor proliferation marker
(Ki-67) and NF-κB signaling markers (p-P65 and COX-2) via targeting TNF-α-induced
protein 3 (TNFAIP3) [27]. The stimulation of TNF-α induces miR-19a expression in CAC
and its overexpression activates NF-κB signaling and increases TNFAIP3. The regulatory
effects of miR-19a on TNFAIP3 and NF-κB were also found in clinical tissue samples [27].

MiR-18a belongs to miRNA17-92 cluster, as well. Upregulation of miR-18a down-
regulates Protein Inhibitor Of Activated STAT 3 (PIAS3) expression and activates NF-κB
and STAT3 in both CAC/CRC patients and AOM/DSS-induced mice. To be more specific,
in vitro studies demonstrated that PIAS3 significantly repressed the activation of NF-κB
and STAT3, while the activation of NF-κB and STAT3 transcriptionally regulate miR-18a
expression level. The PIAS3/NF-κB and STAT3/miR-18a autoregulatory feedback loops
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are involved in cell proliferation regulation [26,54]. PIAS3 overexpression or miR-18a
knockdown significantly inhibited cell proliferation in the mouse CRC xenograft model.
Intracolonic administration of PIAS3 lentivirus or anti-miR-18a lentivirus in AOM/DSS-
induced mice led to dramatically reduced tumor sizes/numbers, whereas knockdown
of PIAS3 in CAC mice significantly promoted tumor growth [26]. Higher expression of
miR-18a can be detected in feces from CRC patients [55].

2.2. MiR-21

MiR-21 is one of the most overexpressed and well-studied miRNA in both cancers and
inflammatory-related diseases. miR-21 expression patterns can be distinguished in between
IBD, CRC, CAC and normal controls and appear related to CRC patients’ survival [56–59].
The upregulation of miR-21 in cancer correlates to cell migration, invasion and proliferation,
and promotes miR-21-mediated transformation in somatic cells [29,30]. In IBD, the deletion
of miR-21 in C57BL/6 mice results in the exacerbation in both T-cells transfer and TNBS-
induced colitis models, CD4+CD45Rhigh T-cells from miR-21−/− mice were disposed to Th1
polarization [60]. MiR-21 knockout mice which received AOM/DSS presented a reduction
of neoplasms size and numbers and induced inflammatory and carcinogenic cytokines
such as IL-6, IL-17A, IL-21, and IL-23 [29]. This process further reduces BCL2 and STAT3
activation, attenuated cancer cells proliferation, simultaneously increase E-cadherin and
decrease β-catenin, SOX9 and Ki-67 expressions [29]. Moreover, miR-21 expression in
IBD significantly upregulates CD3+ T-cells and negatively correlates to PDCD4 expression
in UC remission patients [59]. The abovementioned miR-21 and PDCD4 correlation can
be found in CAC, as well, increasing the apoptosis, and subsequently activating NF-
κB [29]. Using a non-transformed mammary epithelial cell MCF-10A overexpressing v-Src,
Iliopoulos et al. [30] indicated that the transient activation of v-Src is sufficient to induce
transformation. The activation of STAT3 via v-Src enhances the transcription of MIR21,
leading to increase NF-κB and IL-6 production and inhibit PTEN.

2.3. MiR-31-5p

MiR-31 has both oncogenic and suppressive roles in different types of cancers. The
phenotype caused by aberrant miR-31 expression seems to be strongly dependent on
the endogenous expression levels. In CRC, high level of miR-31 correlates with serrated
CRC [61], KRAS [62] and BRAF [61,63] mutations. MiR-31-5p activates RAS signaling
pathway via inhibition of RASA1 translation, increasing CRC cell growth, stimulating
tumorigenesis [64]. The expression of EZH2 reported as a prognostic biomarker candidate
for anti-EGFR treatment [65] correlates with miR-31 serrated pathway [66,67]. Thereby, in
addition to RAS signaling related genes [68], miR-31-5p could potentially be an additional
predictor for precision anti-EGFR therapy [61–63,69]. The transcription of MIR31 can also be
activated by NF-κB and STAT3 confirmed by using LoVo CRC cells and organoids derived
from mouse colon cells in response to TNF and IL-6 [36]. Moreover, miR-31 negatively
correlated with HIF1AN expression in CRC tissue samples and cell lines compared with
the corresponding adjacent normal tissue [70], and directly regulate HIF1AN expression
in CRC confirmed by luciferase reporter assay. The presents of HIF1AN inhibits hypoxia-
inducible factor 1α (HIF1α), and downregulation of HIF1AN promotes tumor angiogenesis,
cell invasion and proliferation.

The induced expression of miR-31 can be identified in both UC and CD patients [35,37].
Inflamed UC mucosae showed decreased IL13RA1 mRNA and protein expressions com-
pared to healthy controls. MiR-31 mimics transfection in HT-29 colon cancer cells reduces
both IL13RA1 protein and mRNA expression, blocks pSTAT6, SOCS1 and CCL26 expres-
sion. The use of miR-31 mimic also downregulate IL13RA1 in ex vivo human inflamed UC
biopsies [37].

MiR-31 expression also targets and inversely correlates IL-25, regulates IL-12/23-
mediated Th1/Th17 inflammatory responses during the chronic inflammation process in
TNBS-induced and IL-10 knockout colitis mice models [35]. IL-25 is a regulatory cytokine
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that has a key role in mucosal immune tolerance during inflammation response. MIR31-
knockout DSS and TNBS-treated mice established severe colitis, induced immune responses
with higher inflammatory cytokine receptors (IL7R and IL17RA) and signaling proteins
(GP130) compared to the control group [36]. IL7R, IL17RA and IL16ST are the targets of miR-
31-5p confirmed by 3′UTR-Luciferase reporter assays [36]. MiR-31 also regulates Hippo
and WNT signaling pathways to promote epithelial regeneration [36]. The expression of
miR-31 has been found dysregulated in IBD-related neoplasia compared to adjacent normal
tissue in human [32,49] and the AOM/DSS-induced CRC mice models [33]. Mice with
colon epithelium-specific deletion of miR-31 were utilized and presented a severe CAC
compared to the wild-type mice. WD Repeat Domain 5 (WDR5) [33] and HIF1 [32] could
be the targets of miR-31 for CAC development [71].

2.4. MiR-155

MiR-155 is a multi-functional miRNA with inflammation-related and oncogenic roles.
High-level of miR-155 can be detected in CRC, promoting cells proliferation, invasion,
migration, and closely related to tumor location, TNM staging, metastasis and progno-
sis [72–75]. MiR-155 reported as a part of a negative feedback loop controlling IL-1β and
inflammatory cytokines production during LPS-mediated dendritic cells (DC) activation.
This process is directly targeting TAB2, a signaling transduction adaptor of the TLR/IL-1
biochemical cascade in response to microbial stimuli [76]. miR-155 is also characterized
as a macrophage response factor and affects several immune-related mediators (TLR-3,
IFN-β and TNF-α) [77]. It increases IL-8 throughout the inflammatory process [78,79],
modulates the inflammatory phenotype of intestinal fibroblasts and myofibroblasts via
NF-κB [80]. A recent study showed that miR-155 mediates intestinal barrier dysfunction
in DSS-induced mice colitis through HIF1α/TFF-3 axis [81]. The knock-down of miR-155
protects the experimental colitis mice by decreasing IFNγ, TNFα, IL-6, IL-12 and IL-17
production, reducing Th1 response and suppressing the T-cells activation by DCs [82].

MiR-155 is significantly overexpressed in affected colonic mucosa and neoplastic
tissues from IBD patients compared with non-IBD controls and can be detected from the
distant non-neoplastic mucosa [57]. It is also highly expressed in the tumor region from
patients with CAC compared to the non-tumor colon tissues. The deletion of miR-155 in
AOM/DSS-induced CRC mouse models produced a higher grade of epithelial dysplasia,
number of polyps and symptom severity scores; the models also have an unfavorable
survival rate compared with the control group. The enhanced tumorigenic response in miR-
155 knockout mice is associated with increased neutrophils and decreased macrophages
activity and to the activation of the TGFβ/SMAD signaling activity [38]. MiR-155 also in
have the same effect as miR-31 [37]. The use of miR-155 mimics in both HT-29 CRC cells
and in ex vivo human inflamed UC biopsies reduced mRNA IL13RA1 expression, reduced
IL-13-dependent pSTAT6 via Janus kinases (JAK) and CCL26 and SOCS1 expression [37].

2.5. MiRNA-214

MiR-214 has been reported to be a tumor-suppressor miRNA in CRC, which reduce
tumor cell growth, migration, invasion [83], and modulates autophagy [84]. Downregula-
tion of miR-214 might happen due to promoter hypermethylation [85] and correlate with
liver [86–88], lymphatic [85], and lung metastasis in CRC patients [87]. For instance, several
studies have indicated that the increased level of FGFR1 may contribute to increasing CRC
liver metastasis regulated by miR-214 [86,88]. The expression of miR-214 may serve as a
potential marker to predict CRC patient survival [86].

In UC-associated CRC, it was reported that miR-214 was highly expressed in UC
cancer compared with CD cancer and its predicted targeting action on PTEN altered the
p53 signaling pathway and caused UC-induced CRC [89]. To further investigated this
phenomenon, Polytarchou et al. revealed that high level of miR-214 was detected in active
UC or CAC patients’ tissues, and correlated with the disease progression [39]. This correla-
tion cannot be found in CD, IBS or healthy controls. To be more specific, miR-214 targets
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PDLIM2 and PTEN in UC, and suppresses NF-κB expression and AKT phosphorylation.
Then, NF-κB modulates IL-6 expression which regulates STAT3 activity. STAT3-driven
transcriptional activation of miR-214 triggers the positive feedback loop circuit, and the
circuit is weakened in the inactive state UC. In long-standing UC, overexpression of miR-
214 and hyper-activation of the inflammatory feedback loop circuit further increases the
colitis-induced CRC development [39]. This feedback circuit can be blocked by a miR-214
chemical inhibitor, which reduced the size and the number of tumors and the colitis severity
in several in vivo and in vitro models. The upregulated miRNAs interactions described
above are summarized in Figure 1.

κ
κ

Figure 1. Upregulation of miRNAs in colitis-associated colorectal cancer. The schematic diagram

summarizes the major pathways in the upregulation of miRNAs. Red, blue and purple in the diagram

represent inhibition, regulation and enhancer, respectively. Inflam, inflammation.

3. MicroRNAs as Suppressors of Colitis-Associated Colorectal Carcinogenesis

3.1. MiR-124

MiR-124 has been reported to inhibit cell proliferation and metastasis, induce apopto-
sis and oxidative stress, and correlate with favorable overall CRC patient survival [90–92].
The tumor suppression mediated by miR-124 may contribute to the maintenance of the
Warburg effect [91,93], exhibiting a metabolic phenotype characterized by increased gly-
colysis, regardless of oxygen availability [94]. This effect is partly achieved via controlling
the alternative splicing of pyruvate kinase muscle (PKM) isoforms expressions - PKM1
and PKM2 in feedback loops [95]. The expression of miR-124 targets polypyrimidine
tract-binding protein 1 (PTB1) to activate the PKM1 and suppress the PKM2, which further
downregulates c-Myc, E2F1 as well as STAT3 [91,96,97]. MiR-124 also activates the mito-
chondrial apoptosis pathway through PKM1 to facilitate HNF4α binding to the miR-124
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promoter region [98] and activate oxidative stress HIF1α via PKM2 [91,99,100]. Thus,
miR-124, PTB1, PKM1 and PKM2 constitute a feedback cascade and regulate cancer cells
growth in human CRC [101]. MiR-124 also directly targets DDX6, which first regulates
c-Myc, and further regulate the PTB1 levels [93].

In IBD, IL-6/STAT3 signaling has been reported as an important regulator in colon in-
flammation [102,103] in UC development and CAC progression [104] and can be modulated
by miR-124. In particular, the expression of miR-124 was found inversely correlate with
STAT3 in both DSS-induced and IL-10 knockout colitis mice models [43] and CRC patients,
as well [105]. Downregulation of miR-124 in UC active paediatric patients resulted in upreg-
ulation of STAT3 and modulation of its related downstream targets—VEGF, BCL2, BCLXL
and MMP9 [43]. Suppression of miR-124 in tissues from UC active paediatric patients was
attributed to hypermethylation of STAT3 promoter region. This hypermethylation can
also be found in CRC [106,107] and restored by using 5-AZA—a DNA methyltransferases
inhibitor [43]. Applying nicotine as a treatment agent could ameliorate UC symptoms
through upregulation of miR-124 expression by blocking STAT3 activation in DSS-induced
colitis mice and epithelial cells. Therefore, targeting miR-124 and STAT3 by using nicotine
may present a novel approach for treating UC [44].

3.2. MiR-139-5p

The role of miR-139-5p has been well studied in CRC; it is related to apoptosis, cell
cycle arrest, cellular migration and invasion by targeting various coding genes [108–110].
Briefly, lower expression of miR-139-5p in CRC induces apoptosis, concomitantly with up-
regulation of apoptosis-related genes such as caspase-3, caspase-7, caspase-8 and PARP [108];
increases p27Kip1 and p21Cip1/Waf1, and also increases the G0/G1 phase regulators which
cause cell cycle arrest [108]; and suppresses cell migration and invasiveness through
IGF-IR/MEK/ERK signaling pathway by targeting IGF-IR, MMP-2, MMP-7 and MMP-
9 [108,110]. Moreover, miR-139-5p expression can be regulated by NOTCH1, the knock-
down of NOTCH1 phenocopied the inhibitory effect of miR-139-5p on CRC metasta-
sis [108,109], inhibited EMT and enhanced the chemotherapeutic sensitivity of CRC by
downregulating BCL2 [111,112]. Moreover, Bian et al. [113] reported that LINC00152—a
long non-coding RNA enables to regulate NOTCH1 expression via sponging miR-139-5p,
which may control CRC progression and development.

In miR-139-5p knockout mice models, worse clinical symptoms were observed for the
DSS-induced colitis compared with the wild-type mice [45,46]. The enhanced formation of
intestinal neoplasia was found for the AOM/DSS-induced CRC model. The miR-139-5p
knockout mice enhanced the colon inflammation and tumor development via targeting
both NF-κB and Rap1b, affect NF-κB, MAPK and STAT3 signaling activities [45]. The sup-
pression of miR-139-5p was also involving Wnt signaling, associated with cell proliferation
and differentiation and promoting β-catenin nuclear accumulation [46]. Overexpression
of miR-139-5p in CRC cell lines inhibited PI3K/AKT/Wnt signaling pathways through
IGF-1R [46]. These results pointed out that miR-139-5p act as a protective agent against
both colitis and CRC, maintaining intestinal homeostasis.

3.3. MiR-193a-3p

Low expression of miR-193a-3p in CRC is associated with an unfavorable progno-
sis [114,115]: This miRNA acts as a tumor suppressor miRNA targeting KRAS and cor-
relates with BRAF-mutated CRC [116]. The expression of miR-193-3p is significantly
downregulated in UC active, UC-induced neoplasia and UC-driven CRC compared to
adjacent normal tissues [48,49]. Studies revealed that miR-193-3p expression inversely
correlates with SLC15A1, which is a positive TLR4-mediated inflammatory response reg-
ulator, and subsequently suppress NF-κB signaling. The use of miR-193a-3p mimic in
CRC tissue significantly relief the colitis symptoms in DSS-induced colitis mice model.
Overexpression of SLC15A1 by using SLC15A1 3′-UTR mutant lentiviral vector neutralized
the anti-inflammatory effect of miR-193a-3p [48]. IL17RD in UC-associated CRC directly
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targets and inversely correlates with miR-193a-3p. MiR-193a-3p transfection reduced cells
proliferation acting on EGFR signaling by targeting IL17RD; moreover, it regulates pAKT,
pERK and pERBB2 expression [49]. The downregulated miRNAs interactions described
above are summarized in Figure 2.

β

κ

′

Figure 2. Downregulation of miRNAs in colitis-associated colorectal cancer. The schematic diagram

summarizes the major pathways in the downregulation of miRNAs. Red, blue and purple in the

diagram represent inhibition, regulation and enhancer, respectively. Inflam, inflammation.

4. MicroRNAs as a Treatment Tool for Inflammatory Bowel Disease

The advantage of miRNA-based therapy is to differentially modulate target genes at
post-transcriptional levels in multi-pathological pathways and appeared to be more flexible
over siRNAs, negatively regulating target genes [117]. MiRNA-based therapies comprise
two fundamental strategies: miRNA mimicry and antagonism [118]. Using miRNA mimics
to restore miRNA expression have been extensively applied in miRNA research, including
miR19a [27], miR-193a-3p [48], miR-31 [37] and miR-155 [37] studies mentioned above.
Mimic particles can also be encapsulated into oxidized konjac glucomannan (OKGM)
microspheres [36]. For example, the administration of peptosome-MIR31 via enema into
the large intestines of mice with DSS-induced colitis demonstrated a reduction of inflam-
matory response, gain in body weight and increased colon length, promoting epithelial
cell proliferation [36]. On the other hand, it is possible to reduce miRNA overexpression
aberrantly acting on its target genes by the use of miRNA antagonists [119]; for example,
Lu et al. [120] reported that the antagomir miR-155 alleviated DSS-induced colitis in mice
by targeting SHIP-1 and noted that individual mRNA may be regulated by more than one
miRNA, and each miRNA may regulate numerous mRNAs [121]. Moreover, the existence
of long non-coding RNAs giving another layer of complexity, forming a complex biolog-
ical regulation, leading to unexpected outcomes [122]. Thus, miRNA delivery is a vital
challenge. Since miRNAs might act on different mRNA targets, with different abundance
from tissue to tissue, possibly leading to undesired effects, the targeted delivery strategy is
crucial for two reasons: first to prioritize target tissue and avoid unspecific and random
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tissue distribution and also to stabilize and preserve miRNAs structure and properties in
physiological fluids [123].

5. MicroRNAs as Predictive Inflammatory Bowel Disease Biomarker(s)

The IBD treatment goal is to obtain remission and recovery of the altered mucosa, in
order to avoid or sizing surgical intervention. It is important to mention that the latest
therapies target inflammatory processes, for example, pro-inflammatory cytokine TNF
inhibitors. However, approximately 30% of the patients are not responding to the treatment
from the beginning (primary non-responders), while 50% of the primary responders start to
lose the initial therapeutic benefit over time (secondary non-responders) [124–126]. Morilla
et al. [127] reported that the neural-network-developed algorithms utilized a total of nine
miRNAs with five clinical features in IBD patients associated with anti-TNF monoclonal
antibody therapy treatment response. Moreover, fecal-based miRNA screening has been
investigated to find the pattern to detect colon diseases, including CRC [55,56,128–130]
and IBD [131,132], in the early phases with non-invasive procedures. For example, stool
miR-16, miR-21, miR-223 and miR-1246 expression resulted in being upregulated in active
CD and UC patients compared to healthy controls and circulating miRNAs detection may
further prevent the chance of Clostridioides difficile infection [133] in IBD patients. Thus,
miRNAs are the potential biomarkers to further investigate for an early non-invasive IBD
screening [134].

6. Conclusions

MiRNAs play a variety of biological roles in cancer and (chronic) inflammation devel-
opment, which induces an unphysiological condition favoring the malignant transforma-
tion. MiRNAs nowadays are becoming more and more important because of their role in
biochemical pathways regulation, and some of them are showing promising therapeutic
effects. There are a wide variety of genes finely regulated by miRNAs; the strategy, as we
mentioned, could be utilized to restore their physiological levels to maintain the homeosta-
sis. It is also important to take into account that miRNAs may have different binding sites
on different targets, and their deregulation is not easy to control, which is also facing the
similar challenge to the conventional pharmacological drugs development. To build a real
translational therapeutic approach, it is important to study the physiological levels, first in
silico and then in vitro and in vivo to compare with healthy and cancerous tissues. The next
step will be to clarify and assess the putative mechanism of action and the corresponding
target genes involved in miRNA regulation and the effectiveness of the pathology. More-
over, miRNAs may be exploited as biomarkers; their differential expression is important
for early diagnosis and even to predict CRC conventional chemotherapy response. We
hope this manuscript will help future speculation and discussion on CRC diagnosis and
precision treatments, with the involvement of those promising small non-coding RNAs.
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Abbreviations

BTG1 BTG Anti-Proliferation Factor 1

CCNDBP1 Cyclin D1 Binding Protein 1

CYLD CYLD Lysine 63 Deubiquitinase

EGR1 Early growth response protein 1

EMT Epithelial–mesenchymal transition

HIF1 Hypoxia-inducible factor 1

IGF-1R Insulin-like growth factor 1

IL13RA1 Interleukin 13 Receptor Subunit Alpha 1

IL6 Interleukin-6

IRAK1 Interleukin-1 receptor-associated kinase 1

MLCK Myosin light chain kinase

PDCD4 Programmed Cell Death 4

PDLIM2 PDZ And LIM Domain 2

PIAS3 Protein Inhibitor Of Activated STAT 3

PTEN Phosphatase and tensin homolog

RASA1 RAS p21 protein activator 1

ROCK1 Rho Associated Coiled-Coil Containing Protein Kinase 1

SLC15A1 Solute Carrier Family 15 Member 1

STAT3 Signal transducer and activator of transcription 3

TNFAIP3 TNF alpha induced protein 3

TRAF6 TNF Receptor Associated Factor 6

WDR5 WD Repeat Domain 5
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Abstract

Epstein-Barr virus (EBV)-associated gastric carcinoma 

(EBVaGC) comprises nearly 10% of gastric carcinoma 

cases worldwide. Recently, it was recognised to have 

unique clinicopathologic characteristics, including male 

predominance, lower rates of lymph node involvement, 

and better prognosis. EBVaGC is further characterised 

by abnormal hypermethylation of tumour suppressor 

gene promoter regions, causing down-regulation of 

their expression. In the present review, we critically 

discuss the role of EBV in gastric carcinogenesis, sum-

marising the role of viral proteins and microRNAs with 

respect to aberrant methylation in EBVaGC. Given the 

role of epigenetic dysregulation in tumourigenesis, epi-

genetic modifiers may represent a novel therapeutic 

strategy.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Epstein-Barr virus; Gastric carcinoma; Epi-
genetic dysregulation; Aberrant DNA methylation; Epi-
genetic therapies

Core tip: Epstein-Barr virus (EBV)-associated gastric 
carcinoma (EBVaGC) comprises nearly 10% of gastric 
carcinoma cases worldwide. In the present review, we 
critically discuss the role of EBV in gastric carcinogen-
esis, summarising the role of viral proteins and microR-
NAs) with respect to aberrant methylation in EBVaGC. 
Given the role of epigenetic dysregulation in tumou-
rigenesis, epigenetic modifiers may represent a novel 
therapeutic strategy.
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INTRODUCTION

Epstein-Barr virus (EBV) infection is ubiquitous, and is 
accepted as a causative microorganism for various ma-
lignancies including nasopharyngeal carcinoma (NPC), 
Burkitt’s lymphoma, and gastric carcinoma (GC). EBV-
associated GC (EBVaGC) accounts for approximately 
10% of  cases worldwide

[1,2]
, and is characterised by unique 

clinicopathologic features including a relatively favour-
able prognosis (Table 1)

[1-4]
. In recent years, the molecular 

mechanisms underlying EBV-related carcinogenesis have 
become increasingly understood. EBV may contribute to 
tumourigenesis through the expression of  viral proteins 
and microRNAs (miRNAs). Previous studies have also 
reported that promoter methylation was observed more 
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frequently in EBVaGC. Hence another method by which 
EBV contributes to gastric carcinogenesis is through ab-
errant DNA methylation and histone modification. Thus 
EBVaGC is characterised by distinct variations on ge-
nomic, epigenomic, and transcriptomic levels

[5]
. Here, we 

review the mechanism by which EBV infection causes ab-
errant methylation, transformation, cancer development, 
and its associated therapeutic implications.

MECHANISM OF EBV INFECTION

EBV may infect host gastric epithelial cells directly or 
indirectly (Figure 1). In direct infection, the viral enve-
lope glycoprotein BMRF-2 interacts with cellular β1 
integrins. Subsequently, viral protein gH/gL attaches 
to cellular αvβ6/8 integrins, and triggers fusion of  the 
viral envelope with the epithelial cell membrane

[6]
. EBV 

preferentially infects B lymphocytes, which then mediates 
subsequent infection to epithelial cells

[7]
. In B cell inva-

sion, EBV envelope glycoproteins gp350/220 bind to 
B cell receptors CD21 and/or CD35

[8,9]
. Simultaneously, 

viral glycoprotein gp42 interacts with Human Leukocyte 
Antigen (HLA) class Ⅱ molecules on the B cell mem-
brane to trigger the core fusion complex, enabling EBV 
entry into the B cell (Figure 2)

[8,10]
. Through direct cell-

to-cell contact, EBV-infected B cells may subsequently 
infect epithelial cells

[11]
. The exact mechanism of  epithe-

lial cell invasion is unclear, but involves CD21-mediated 
co-capping of  EBV and integrins on B cells, as well as 
conjugate formation between EBV-infected B cells and 
epithelial cells via the capped adhesion molecules

[11]
. Once 

EBV enters epithelial cells, the viral capsid dissolves and 
the viral genome is transported to the cell nucleus.

LATENCY, VIRAL PROTEINS, AND 

CARCINOGENESIS

Following infection, EBV typically persists in a latent 

stage. During latency, the viral genome is largely silenced 
by host-driven methylation of  CpG island motifs. Based 
on the subset of  viral genes which are expressed, tu-
mours may be classified into four types; latency Ⅰa, Ⅰb, 
Ⅱ, and Ⅲ (Table 2). EBVaGC belongs to latency type Ⅰ, 
where the viral genes EBV nuclear antigen 1 (EBNA1), 
EBV-encoded small RNA (EBER1/2), BamHI-A right-
ward transcripts (BARTs), and latent membrane protein 
2A (LMP2A) may be expressed

[12,13]
. Notably, the expres-

sion of  latency genes is associated with malignancy. For 
example, EBER1 up-regulates the expression of  insulin-
growth factor-1, an autocrine growth factor which accel-
erates cell proliferation in EBVaGC

[14]
. 

Half  of  all EBVaGCs also express LMP2A. LMP2A 
plays a critical role in the oncogenic processes in EB-
VaGC, and thus EBV latency patterns should be further 
subdivided into Ia or Ib based on the absence or pres-
ence of  LMP2A

[12,15]
. LMP2A not only inhibits apoptosis 

through up-regulation of  the cellular survivin gene via the 
NF-kB pathway

[16]
, but induces expression of  phosphor-

ylated signal transducer and activator of  transcription 3 
(pSTAT3), which causes up-regulation of  DNA methyl-
transferase DNMT1

[16]
 and DNMT3B

[17]
 in EBV-infected 

GC cells. DNA methyltransferases play important roles in 
controlling DNA methylation. The subsequent overdrive 
of  CpG methylation and silencing of  tumour suppressor 
genes such as PTEN, p16, and p73 leads to the transfor-
mation of  EBV-infected cells. Hence epigenetic dysregu-
lation plays an important role in gastric carcinogenesis.

EBVaGC AND EPIGENETIC ALTERATIONS

Epigenetics refer to functionally relevant and heritable 
changes in gene expression that occur without altera-
tion of  the underlying DNA sequence. The two primary 
mechanisms which may produce this change are DNA 
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  Clinical and pathological features

  Age Younger1

  Gender Male predominance

  Associations Smoking

  Prevalence 10% of gastric carcinoma cases

  Location Gastric body/cardia

Remnant stomach

  Clinical Multiple carcinomas1

Thickening of gastric wall

Ulcerated (saucer-like) neoplasm

Lower rate of lymph node involvement1

  Histology Lymphoepithelioma-like

Lymphocytic infiltration in various degrees
Atrophic gastritis

Lace pattern within the mucosa

Moderate to poorly differentiated adenocarcinoma

  Prognosis Longer survival1

Table 1  Clinical and pathological features of Epstein-Barr 

virus-associated gastric carcinoma

1Items are controversial and subject to on-going research.

  Genes Latency Ⅰa Latency Ⅰb Latency Ⅱ  Latency Ⅲ

  EBNA1 + + + +

  EBNA2 – – – +

  EBNA3a – – – +

  EBNA3b – – – +

  EBNA3c – – – +

  EBNA-LP – – + +

  LMP1 – – + +

  LMP2A – + + +

  LMP2B – – + +

  EBER1 + + + +

  EBER2 + + + +

  BARTs + + + +

  Disease EBVaGC, 

Burkitt’s 

lymphoma

EBVaGC NPC, 

Hodgkin’s 

lymphoma, 

NK/T-cell 

lymphoma

AIDS-

associated B-cell 

lymphomas, 

Pyothorax-

associated 

lymphoma

Table 2  Latent gene expression patterns in Epstein-Barr virus 

infected malignancies

EBVaGC: Epstein-Barr virus-associated gastric carcinoma; NPC: 

Nasopharyngeal carcinoma; AIDS: Acquired-immunodeficiency-syndrome.
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methylation, and histone modification. According to the 
epigenetic progenitor model, tumour-progenitor genes 
promote the polyclonal epigenetic disruption of  stem 

cells as a first step in the development of  cancer[18]
. This 

epigenetic plasticity causes genomic instability, and col-
lectively drives tumour progression

[19]
.

The CpG island methylator phenotype was first 
observed in EBVaGC in 1999

[20]
. EBV infection was 

shown to induce extensive methylation and repression 
of  tumour suppressor genes over 18 wk in MKN7, a low 
methylation GC cell line

[21]. Subsequent studies confirmed 
that EBVaGC has higher rates of  aberrant DNA meth-
ylation than EBV non-associated GC (EBVnGC)

[21,22]
. 

Nevertheless, the mechanisms by which EBV induces 
aberrant DNA methylation and histone modification re-
main poorly understood.

EBV AND microRNA

Viral encoded miRNAs play a pivotal role in alterations 
to DNA methylation status in host cells. The expression 
of  EBV miRNAs vary under different latency programs 
(Table 3)

[23]
. For example, miR-BART1-5p, 6, and 17-5p 

suppresses LMP1 expression
[24]

, whilst miR-BART-22 
regulates expression of  LMP2A

[25]
. EBV miRNAs further 

repress cellular proteins, including PUMA, DICER1, and 
BIM. EBV infection may also affect host cell miRNA 
expression. Specifically, miR-200a and miR-200b are 
down-regulated in EBVaGC compared to EBVnGC and 
adjacent mucosa. This down-regulation may be mediated 
by viral proteins such as BRAF0, EBER, and LMP2A, as 
well as by aberrant DNA methylation following EBV in-
fection

[26]
. More recently, miRNA sequencing studies have 

revealed that EBV-infection mediates down-regulation of  
tumour suppressor miRNAs including the Let-7 family. 
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development
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2 CpG Island 

methylator phenotype

Epigenetic modifications by DNMT1, 
DNMT3a and EBV miRNAs

1 Latency expression EBNA1, 

EBERs, LMP2A and BARTs

EBV

EBV

EBV

Figure 1  Epstein-Barr virus infects host gastric epithelial cells through direct and indirect mechanisms. Epstein-Barr virus (EBV) preferentially infects B 

lymphocytes, which subsequently infects gastric epithelial cells through direct cell-to-cell contact. EBV infection causes expression of latency 1a and/or 1b proteins in 

gastric epithelial cells. EBV infection also up-regulates genes including EBNA1, EBER, LMP2A, and BART, altering expression of DNMTs and miRNAs. Collectively, 

the abnormal intracellular signals lead to carcinogenesis and tumour development.

EBV

B cell

B cell

B cell

EBV

EBV

HLA Ⅱ

CD21

CD35
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Figure 2  Mechanism of Epstein-Barr virus infection in B lymphocytes. Ep-

stein-Barr virus (EBV) envelope glycoproteins gp350/220 bind to B lymphocyte 

receptors CD21 and/or CD35. Simultaneously, viral glycoprotein gp42 interacts 

with HLA II on the B cell membrane to trigger the core fusion complex, enabling 

EBV entry into the B cell.
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It may be caused by hypermethylation of  SSTR1 and 
GSTP1; both genes are frequently hypermethylated in 
NPC and GC infected EBV tissues, and regulate cell 
migration, proliferation, and apoptosis

[30,31,39-42]
. Notably, 

EBV infection also up-regulates expression of  FAM3B 
and IHH

[5]
. FAM3B is associated with invasion

[43]
, and 

Indian Hedgehog (IHH) with increased metastatic 
potential through angiogenesis and Snail protein ex-
pression, as well as a decrease in e-cadherin and tight 
junctions

[44,45]
. Table 4 shows a comprehensive list of  

hypermethylated genes and their role in carcinogenesis. 
Hence aberrant DNA methylation plays an important 
role in gastric carcinogenesis.

IMPLICATIONS FOR TREATMENT

Current treatment guidelines from the National Institute 
for Health and Clinical Excellence (NICE) for the man-
agement of  GC depends on the stage of  disease. Broadly, 
the mainstay for cure is surgical excision with clearance 
of  adjacent lymph nodes. Radiotherapy, and chemothera-
peutic agents including cisplatin, docetaxel, epirubicin, 
and 5-fluorouracil (5-FU) may be used as adjuvants or in 
the palliative setting. Notably, no differentiation is made 
between the distinct subtypes of  GC in the treatment 
guidelines.

Research has established that EBVaGC represents a 
distinct entity of  GC, characterised not only by unique 
genomic aberrations, but also by clinicopathologic fea-
tures such as less lymph node involvement, and signifi-
cantly better prognosis

[2]
. Naturally, there are associated 

therapeutic implications, as evidenced by resistance to 
docetaxel and 5-FU in EBV-positive, but not EBVnGC 
cell lines

[46,47]
. The chemoresistance is mediated by EBV-

lytic gene expression, which induces expression of  Bcl-2 

Further research is required to elucidate their role in tu-
mourigenesis

[27]
. 

ABERRANT DNA METHYLATION IN 

EBVaGC

Currently, GC is subdivided into three subtypes based on 
CpG-island methylator phenotype (CIMP). Defined as 
high (CIMP-H), low (CIMP-L), or none (CIMP-N), the 
classification is based on the number of  methylated loci 
(≥ 4, 1-3, and 0 respectively) in the promoter regions 
of  five genes (LOX, HRASLS, FLNC, HAND1, and 
THBD)

[28]
. It was previously shown that promoter meth-

ylation of  cancer-related genes was seen more frequently 
in EBVaGC than EBVnGC. EBVaGC is thus classified 
as CIMP-H

[29]
.

In a genome-wide study comparing promoter meth-
ylation between EBV-infected and EBV non-infected GC 
cell lines, hundreds of  genes involved in cancer pathways 
such as cell adhesion molecules, wnt signalling pathway, 
and mitogen-activated protein kinase signalling were 
observed to be hypermethylated following EBV infec-
tion

[17]
. Further investigation through epigenomic and 

transcriptomic sequencing revealed that 216 genes were 
down-regulated by promoter hypermethylation. Signifi-
cantly, hypermethylation of  tumour suppressor genes, 
including p14, p15, p16, APC, E-cadherin, and PTEN 
were noted in EBVaGC, but not EBVnGC

[30,31]
. All stud-

ies unanimously agreed that p16 was significantly more 
hypermethylated in EBVaGC

[29-35]
. P16 is a tumour sup-

pressor gene which acts in the G1 phase of  the cell cycle 
to phosphorylate the retinoblastoma gene product (pRb). 
Loss of  p16 leads to uncontrolled cell growth

[36]
, and is 

thus commonly found in tumours
[37,38]

.
Another important cellular abnormality in EBVaGC 

is its resistance to apoptosis. The frequency of  apoptosis 
is significantly lower in EBVaGC than in EBVnGC

[38]
. 

  Gene name Gene targets 

in EBV

Gene targets in host cell

  miR-BHRF1-1 - GUF1[58], SCRN1[58]

  miR-BART1-5p LMP1[24] CLEC2D[58,59], LY75[58,59], SP100[58,59], 

DICER1[58,59], MICB[58,59]

  miR-BART1-3 - CXCL11[60]

  miR-BART2-5p BALF5[61] MICB[62]

  miR-BART3 - DICER1[58], MICB[58]

  miR-BART3-3p - IPO7[63]

  miR-BART5 LMP1[59] PUMA[66]

  miR-BART6 LMP1[24] DICER1[65]

  miR-BART10 BHRF1[59] -

  miR-BART13 - CAPRIN2[59]

  miR-BART16 LMP1[24] TOMM22[63]

  miR-BART17-p LMP1[24] -

  miR-BART19 LMP1[59] -

  miR-BART22 LMP2A[25] -

  miR-BARTs - BIM[66]

Table 3  Epstein-Barr virus-driven miRNAs and their target 

genes

EBV: Epstein-Barr virus.

  Function Hypermethylated genes

  Apoptosis DAPK[30], BNIP3[29], FAM3B[5], HRK[29], IL15RA[17], 

MINT31[32], p16[29-35], p73[30,32-34], PTEN[31,67], RASS-

F1A[31]

  Cell adhesion EPHB6[17], FLNc[30], FSD1[34], REC8[17], CSPG2[29]

  Cell-cell interactions MDGA2[17], THBS1[31]

  Cell cycle regulation APC[31], p15[30], p16[29-35], p57[29], p73[30,32-34]

  Cell invasion E-Cadherin[30,68,69]

  Cell migration EPHB6[17]

  Cell proliferation E-Cadherin[30,68,69], HRASLS[30], IL15RA[17], 

MINT31[32], NKX3.1[34], RUNX3[32], TIMP2[21], 

TIMP3[30]

  Cell signalling 14-3-3Sigma[31], CSPG2[29], MINT1[31], MINT2[31,32], 

PLXND1[21]

  Differentiation HAND1[30]

  Dna repair hMLH1[32,43,53], MGMT[31]

  Exocytosis SCRN1[34]

  Metastasis E-Cadherin[30,68,69], LOX[30]

  Other BCL7A[34], BLU[34], CHFR[29], CXXC4[21], 

GSTP1[30,31,40], HLTF[29], HOXA10[70], IHH[5], 

MARK1[34], MINT25[31], PAX5-β [29], SCARF2[17], 

SSTR1[17,39], THBD[30], WNT5A[71]

Table 4  Hypermethylated genes verified in Epstein-Barr 

virus-associated gastric carcinoma tissue
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and survivin whilst simultaneously suppressing p21 to 
inhibit apoptosis

[48]
. In support of  this hypothesis, si-

lencing of  EBV-lytic gene LMP1 through specific small 
interfering RNA (siRNA) enhanced chemosensitivity of  
cancer cells to bleomycin and cisplatin

[49]
. Since epigenetic 

dysregulation is implicated in the expression of  EBV-lytic 
genes and consequent tumour progression, we believe 
that epigenetic processes are a rational therapeutic target 
in EBVaGC.

Crucially, aberrant DNA methylation in cancer is 
reversible. Thus the enzymes which regulate epigenetic 
modifications are attractive targets for pharmacological 
intervention. Current epigenetic therapies may be classi-
fied into histone acetyltransferase (HAT), histone deacet-
ylase (HDAC), and DNA methyltransferase (DNMT) 
inhibitors (Table 5). Broadly, they facilitate demethylation 
and re-expression of  epigenetically silenced tumour sup-
pressor genes, lowering the apoptotic threshold to sensi-
tise tumour cells to chemotherapy and radiotherapy. Con-
sequently, there has been an emphasis on investigating 
the clinical value of  epigenetic therapies in combination 
with conventional cytotoxic agents and radiation. 

It was previously reported that the combination of  
irradiation and 5-aza-CdR significantly decreased growth 
activity compared with irradiation alone in OCUM-2M, 
OCUM-12, and MKN-45 GC cell lines (P < 0.05). The 
cell cycle arrest and increased apoptotic rate may be part-
ly mediated by enhanced expression of  p53, RASSF1, 
and DAPK gene families by 5-aza-CdR

[50]
. The use of  

epigenetic therapies in conjunction with targeted thera-
pies such as geftinib in lung cancer, imatinib in chronic 
myeloid leukemia, and trastuzumab in breast cancer cell 
lines and in vivo tumour models also had synergistic ef-
fects on the induction of  apoptosis

[51,52]
. More recently, 

epigenetic modifiers and ZEB1 inhibitors have been used 
to induce lytic transformation of  EBV-infected gastric 
cancer cells. Expressed only in the lytic form of  infec-
tion, virally encoded kinases convert ganciclovir into its 
active form, potentiating its cytotoxic effects

[53,54]
. Hence 

epigenetic modifiers may be a useful therapeutic strategy 
in EBVaGC.

However, several problems must be considered. 
Firstly, methylation is reversible, so re-methylation and 
re-silencing after cessation of  drug therapy may occur

[55]
. 

Moreover, there have been numerous concerns raised 
regarding the systemic effects of  non-specific gene ac-
tivation in non-cancerous cells by epigenetic therapies. 
Conflicting evidence exists in the literature regarding 
the effect of  epigenetic therapies on normal cells. Some 
studies have demonstrated that 5-Aza and decitabine 
increases mutation frequency, causes chromosomal re-
arrangements, and decreases fertility in mice. Conversely, 
no increase in chromosomal integrity was observed fol-
lowing administration of  low dose 5-aza-CdR in patients 
with myelodysplastic syndrome

[56]
. Additionally, treatment 

of  41 leukemia patients with 5-aza-CdR showed only 
mild effects on global genomic de-methylation, as mea-
sured by changes in Alu methylation

[57]
. Few adverse ef-

fects were observed, and original methylation levels were 
regained within two weeks after therapy. No development 
of  secondary malignancies were recorded. Consequently, 
further studies are needed to investigate the long term ef-
fects of  epigenetic therapies.

CONCLUSION

EBVaGC is a unique type of  GC. The characteristic 
global hypermethylation of  the promoter region in 
tumour-suppressor genes may be due to overexpression 
of  DNMTs by viral latent proteins, miRNAs, and vari-
ous epigenomic changes. However, the precise role of  
EBV in the multifactorial etiology of  GC is still not fully 
understood. Further studies are needed to elucidate the 
intricate relationship between EBV infection, environ-
mental factors, genetic backgrounds, and aberrant DNA 
methylation in GC. A better understanding of  the role 
of  EBV in gastric carcinogenesis will enable discovery of  
novel therapeutic targets and strategies.
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Abstract

Background and Aim: Anti-tumor necrosis factor-α (anti-TNF-α) agents have been used

for inflammatory bowel disease; however, it has up to 30% nonresponse rate. Identifying

molecular pathways and finding reliable diagnostic biomarkers for patient response to

anti-TNF-α treatment are needed.

Methods: Publicly available transcriptomic data from inflammatory bowel disease

patients receiving anti-TNF-α therapy were systemically collected and integrated. In silico

flow cytometry approaches and Metascape were applied to evaluate immune cell

populations and to perform gene enrichment analysis, respectively. Genes identified

within enrichment pathways validated in neutrophils were tracked in an anti-TNF-

α-treated animal model (with lipopolysaccharide-induced inflammation). The receiver

operating characteristic curve was applied to all genes to identify the best prediction

biomarkers.

Results: A total of 449 samples were retrieved from control, baseline, and after primary

anti-TNF-α therapy or placebo. No statistically significant differences were observed

between anti-TNF-α treatment responders and nonresponders at baseline in immune mi-

croenvironment scores. Neutrophil, endothelial cell, and B-cell populations were higher

in baseline nonresponders, and chemotaxis pathways may contribute to the treatment

resistance. Genes related to chemotaxis pathways were significantly upregulated in

lipopolysaccharide-induced neutrophils, but no statistically significant changes were

observed in neutrophils treated with anti-TNF-α. Interleukin 13 receptor subunit alpha

2 (IL13RA2) is the best predictor (receiver operating characteristic curve: 80.7%, 95%

confidence interval: 73.8–87.5%), with a sensitivity of 68.13% and specificity of

84.93%, and significantly higher in nonresponders compared with responders

(P < 0.0001).

Conclusions: Hyperactive neutrophil chemotaxis influences responses to anti-TNF-α

treatment, and IL13RA2 is a potential biomarker to predict anti-TNF-α treatment re-

sponse.

doi:10.1111/jgh.15764
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Introduction

Inflammatory bowel disease (IBD) is an idiopathic and

relapsing–remitting chronic inflammatory disorder characterized

by a susceptible genetic background, causing immunological dys-

function and intestinal microbiome dysbiosis.
1
The long-standing

mucosa inflammation destructs tight junctions, induces intestinal

barrier injury and permeability, and increases the incidence of co-

lonic neoplasia.
1
It is estimated that the prevalence of IBD exceeds

0.3% in North America, Oceania, and many countries in Europe.
2

With the incidence rising in the newly industrialized countries, in-

cluding Brazil and Taiwan,
3
thus, IBD places a large burden on

public health services and healthcare economies.

Tumor necrosis factor-α (TNF-α) is a pleiotropic cytokine that

participates in several pathological processes in IBD and is recog-

nized as a pro-inflammatory cytokine. A soluble, biologically ac-

tive homotrimer TNF-α originally from the monomeric TNF-α

claved by TNF-α-converting enzyme (TACE) via proteolysis.4

TNF-α activity is mediated through binding to the TNF receptors

I and II (TNFRI and TNFRII).5 This binding activates immune

cells response and pro-inflammatory cytokine and chemokine pro-

ductions, such as IL-1, IL-6, IL-8, and RANTES. It also increases

the expression of adhesion molecules, production of matrix metal-

loproteinase, and induction of apoptosis.6 The use of anti-TNF-α

compounds such as full monoclonal IgG1 antibodies (infliximab

and adalimumab), pegylated anti-TNF-α F[ab0]2 fragment

(certolizumab), and IgG1κ monoclonal antibody derived from im-

munizing genetically engineered mice with human TNF-α

(golimumab) has been approved for IBD patients,7 including

Crohn’s disease (CD) and ulcerative colitis (UC) and IBD unclas-

sified (IBD-U).8

Although CD and UC are the distinct subtypes of IBD, these

diseases present a certain level of similarities, including symp-

toms, pathological features, immune response, risk factors, and

the biological pathways producing TNF-α.9 In addition, studies

found that up to 3% of CD patients will be reclassified as UC

and vice versa after their primary diagnosis, 5–15% of IBD pa-

tients classified as IBD-U, and a small portion of UC patients are

later changed to CD or IBD-U.
10

More importantly, up to 30%

of patients do not respond to anti-TNF-α blockers,
1,11

and the

use of vedolizumab (anti-IL-12/23) and ustekinumab (anti-

integrin) may be efficacious in many patients that failed anti-

TNF-α therapy.
12

Thus, there is a clear need to identify potential

anti-TNF-α treatment pathways in overall IBD patients with a

view to better targeting anti-TNF-α treatment to more responsive

cohorts and to minimize the adverse anti-TNF-α treatment effects.

Methods

Search strategy and data collection and integra-

tion. A searching strategy for publicly available datasets related

to IBD patients who received anti-TNF-α therapy was designed for

the NCBI Gene Expression Omnibus database dated December 31,

2020, using the keywords, “TNF,” “Tumor Necrosis Factor,”

“anti-TNF,” “anti-Tumor Necrosis Factor,” “Infliximab,”

“Adalimumab,” “Golimumab,” “inflammatory bowel disease,”

“IBD,” “ulcerative colitis,” “UC,” “Crohn Disease,” and “CD.”

The included datasets have to meet the following inclusion

criteria: (i) colonic sample from IBD patients, (ii) transcriptomic

data, (iii) raw data are available, (iv) anti-TNF-α treatment re-

sponse status, (v) publicly accessible, and (vi) each of the original

studies obtained approval from their local ethics committee and

had written informed patient consent. Sample exclusion criteria

were as follows: (i) subjects receive therapy other than anti-TNF-

α, (ii) overlapped subjects, (iii) colonic samples other than large

intestine, (iv) transcriptomic data other than Affymetrix, and (v)

the posttreatment time point being over 3 months.

The eligible raw microarray datasets were collected and sub-

jected to background correction, normalization, and summariza-

tion using the Robust Multichip Average (RMA) algorithm using

Affy package version 1.66.0 individually.
13

Mean value of multi-

ple probe sets representing the same gene was calculated. Next,

the ComBat function from sva package version 3.36.0 was imple-

mented on the datasets to eliminate the study-specific batch

effects.14,15

Composition of immune cells and immune-related

score evaluation. The evaluation of immune microenviron-

ment scores and immune–stroma cell population are calculated

using xCELL16 and ESTIMATE (Estimation of Stromal and Im-

mune cells in MAlignant Tumor tissues using Expression data)17

algorithms. The immune cell types were evaluated from gene ex-

pression profile using five different algorithms, including

CIBERSORT,18 EPIC,19 MCP-counter,20 xCELL, and

Deconvolution-To-Estimate-Immune-Cells (DTEIC).21 Each of

the algorithms was developed using their in-house or publicly im-

mune cells expression data and different statistical learning ap-

proaches. For instance, DTEIC utilized ε-support vector

regression and CIBERSORT applied linear support vector

regression18,21; MCP-counter is a single-sample scoring system,

while xCELL requires heterogeneous dataset16,20; ESTIMATE uti-

lizes single-sample Gene Set Enrichment Analysis (ssGSEA) to

rank samples on the expression of two different 141 gene sets,

and xCELL is based on the sets of cells values calculated from

its algorithm.
16,17

Value for each of the immune cell type estimated from EPIC

version 1.1, MCP-counter version 1.2.0, and ESTIMATE version

1.0.13 were performed in R programming version 4.0.0, DTEIC

was operated in Python 3.7 and CIBERSORT and xCELL were

calculated by using their corresponding online tools. The source

code can be found on the corresponding authors’ GitHub page.

Functional enrichment analysis. Identification of differ-

entially expressed genes (DEGs) between responders and nonre-

sponders was calculated using limma package version 3.22.3,22

and the threshold for the DEGs has a Benjamini–Hochberg ad-

justed P-value < 0.05 with absolute log2 fold change ≥ 0.75.

EnhancedVolcano package version 1.6.0 was applied for volcano

plot.23 Heatmap was generated by using pheatmap package ver-

sion 1.0.12.24 All the packages are applied within the R program-

ming environment. The differentially overexpressed genes were

utilized for the pathway enrichment analysis using Metascape

(http://metascape.org),25 a gene enrichment tool for understanding

from previously pre-defined gene sets in different enriched biolog-

ical themes, including GO terms, Kyoto Encyclopedia of Genes

and Genomes (KEGG), Reactome, BioCarta, and MSigDB. For

each gene inputted into the server, the enrichment score was
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calculated and clustered to match biological signaling pathways.

Visualization of the selected pathways utilized Cytoscape version

3.8.0.

Lipopolysaccharide-induced inflammation in neu-

trophils. To further confirm the outcomes from the functional

enrichment analysis, experimental neutrophil data from Macaca

mulatta were applied. Briefly, neutrophils were collected from

the target site (at approximately 130 days of gestation). Inflamma-

tion was subsequently induced at this site via lipopolysaccharide

(LPS) treatment. Subjects were either treated or not treated with

adalimumab at 3 and 1 h before LPS, with samples taken at 16 h

after LPS.26 The original study obtained approval from their local

ethics committees. The pre-processed raw RNA-sequencing count

data were retrieved from GSE145918. Then, the normalized log2 +

1 values were calculated using per million reads mapped (CPM)

from the count matrix using edgeR version 3.32.0 under R pro-

gramming environment.

Statistics. Statistical analysis was performed using R version

4.0.0. The pROC package version 1.16.2 in R programming envi-

ronment was applied to conduct receiver operating characteristic

curve analysis to evaluate diagnostic accuracy. The statistical sig-

nificance was evaluated using a Mann–Whitney U-test, and

Benjamini and Hochberg adjustment was applied for the IBD

treatment data. Differences were considered statistically significant

at a P-value of< 0.05, and< 0.05,< 0.01,< 0.001, and< 0.0001

are indicated with one, two, three, and four asterisks, respectively.

Results

Characteristics of studies included in the analy-

sis. After the keyword searching, removal of ineligible and over-

lapped datasets from the total of 182 records, 5 transcriptomic

data, including GSE16879: from the University Hospital of

Gasthuisberg, Belgium, with ClinicalTrials.gov number

NCT0063982127; GSE23597: the multicenter, randomized,

double-blind, placebo-controlled ACT-1 study between March

2002 and March 2005 with ClinicalTrials.gov number

NCT0003643928; GSE52746: the colonic samples collected be-

tween November 2010 and November 2013 from the Department

of Gastroenterology, Hospital Clinic of Barcelona, Spain
29
;

GSE73661, UC samples collected from two phase III clinical trials

of Vedolizumab (VDZ)—GEMINI I and GEMINI LTS at Leuven

University Hospitals, Belgium (the dataset included patients re-

ceived anti-TNF-α blockers)
30
; and GSE92415: the PURSUIT

golimumab study conducted in multicenters, with ClinicalTrials.

gov number NCT01988961.
31

The five eligible microarray

datasets were normalized and combined, and batch effects were

corrected (Fig. S1). Eventually, a total of 449 samples, with

17 771 common gene symbols, were included in this study

(Table 1).

Immune microenvironment cell population is sig-

nificantly higher in nonresponders. The immune mi-

croenvironment scores from both ESTIMATE and xCELL

identified that the baseline anti-TNF-α treatment nonresponders

are significantly higher than the responders (ESTIMATE:

P < 0.0001; xCELL: P = 0.0003) (Fig. 1a,b). The TNF-α treat-

ment responders showed a significant drop after their treatments

(ESTIMATE: P < 0.0001; xCELL: P = 0.0004) while no signifi-

cant changes in the nonresponders (ESTIMATE: P = 0.0650;

xCELL: P = 0.11) (Fig. 1a,b). The immune and stroma scores

(the two calculation factors for the immune microenvironment)

are also significantly higher in baseline anti-TNF-α treatment non-

responders compared with the responders (Fig. S2A–D).

Neutrophils, endothelial cells, and B cells are sig-

nificantly higher in nonresponders. To further our un-

derstanding of the immune cell-type composition between the

treatment responders and nonresponders, five different in silico

flow cytometry approaches, including CIBERSORT, xCELL,

EPIC, MCP-counter, and DTEIC, were applied (Data S1). Across

the algorithms, neutrophils (MCP-counter: P < 0.0001; xCELL:

P = 0.0084; and CIBERSORT: P = 0.0021) (Fig. 2a–c), endothe-

lial cells (MCP-counter: P = 0.0009; xCELL: P = 0.0183; and

EPIC: P = 0.0337) (Fig. 2d–f), and B cells/B linage

Table 1 Summary of the included transcriptomic studies from large intestinal tissues in IBD patients

GSE no.

(ref)

Affymetrix platform Anti‐TNF‐α drug Study

location

IBD Pretreatment Posttreatment Control Time

point

(weeks)
R NR Placebo R NR Placebo

R NR R NR

16879
32

Human Genome U133 Plus 2.0 Infliximab Belgium UC 8 16 — — 8 16 — — 6 4–6

CD 12 7 — — 11 7 — —

23597
33

Human Genome U133 Plus 2.0 Infliximab USA UC 25 7 5 8 20 7 3 6 — 8

52746
34

Human Genome U133 Plus 2.0 Infliximab/adalimumab Spain CD 6 1 — — 7 5 — — 17 12

73661
35

Human Gene 1.0 ST Infliximab Belgium UC 8 15 — — 8 15 — — 12 6/12

92415
36

HT HG‐U133+ PM Golimumab USA UC 32 27 11 17 29 21 10 15 21 8

Summary

Overall = 449

UC 73 65 16 25 65 59 13 21

CD 18 8 — — 18 12 — —

Total 91 73 16 25 83 71 13 21 56

CD, Crohn's disease; GSE, Gene Set Enrichment; IBD, inflammatory bowel disease; NR, nonresponder; R, responder; TNF‐α, tumor necrosis factor‐α;

UC, ulcerative colitis.
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(MCP-counter: P = 0.0042; xCELL: P = 0.0251; and EPIC:

P = 0.0042) (Fig. 2g–i) are significantly higher in baseline treatment

nonresponders comparedwith the responders. The three-dimensional

plots illustrated that neutrophils, endothelial cells, and B cells from

both MCP-counter and xCELL have positive Pearson correlations

with each other using all the eligible data (Figs 2j,k and S3A,B).

Hyperactive chemotaxis contributes to anti-tumor

necrosis factor-α treatment resistance in inflam-

matory bowel disease. The pretreatment anti-TNF-α

subjects (responder: n = 91 and nonresponder: n = 73) were

utilized for DEGs analysis and identified a total of 77 DEGs (up-

regulated genes = 64 and downregulated genes = 13) (Fig. 3a,b

and Data S2). Principal component analysis does not have a

clear separation between responder and nonresponder subjects

in the DEGs (Fig. 3c). The differently upregulated genes com-

pose of several gene families, including cytokines (CCL2,

CCL3, CCL4, CXCL13, CXCL5, CXCL6, and CXCL8),

chemokines (IL1B, IL6, IL11, and IL24), S100 protein family

(S100A8, S100A9, and S100A12), selectin (SELE and SELL),

matrix metalloproteinases (MMP1, MMP3, and MMP10), and

formyl peptide receptors (FPR1 and FPR2). Metascape pathway

enrichment analysis on the 64 highly expressed genes revealed

that GO terms with chemotaxis are commonly found from the

outcomes and may have a critical role affecting anti-TNF-α treat-

ment (GO:0030595: leukocyte chemotaxis, GO:0002688: regula-

tion of leukocyte chemotaxis, GO:1901623: regulation of

lymphocyte chemotaxis, and GO:0050918: positive chemotaxis)

(Fig. 3d,e and Data S3).

Figure 1 Microenvironment scores are significantly higher on baseline nonresponders compared with the responders. Immune microenvironment

scores evaluated via (a) ESTIMATE and (b) xCELL algorithms. NR, nonresponder; R, responder. The y-axes are the relative immune microenvironment

scores from the corresponding algorithms. P-value determined by Mann–Whitney U-test with Benjamini and Hochberg adjustment. Asterisks denote

statistically significant differences (
***

P < 0.001 and
****

P < 0.0001).
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Figure 2 Neutrophils, endothelial cells, and B cells are significantly higher on the baseline anti-TNF-α treatment nonresponders compared with re-

sponders. Immune cell population evaluated in five in silico flow cytometry, and (a–c) neutrophils, (d–f) endothelial cells, and (g–i) B cells can be rec-

ognized in three out of five algorithms. B-cell, endothelial cell, and neutrophil populations are higher on baseline anti-TNF-α nonresponders

compared with responders. The three-dimensional plots illustrated that (j, k) neutrophil, endothelial cell, and B-cell populations from MCP-counter

and xCELL algorithms have positive correlations with each other. The y-axes are the relative immune cell population abundance from the corresponding

algorithms. P-value determined by Mann–Whitney U-test. Asterisks denote statistically significant differences (
*
P < 0.05,

**
P< 0.01,

***
P< 0.001, and

****
P < 0.0001).
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Figure 3 Hyperactive chemotaxis may be involved in anti-TNF-α treatment resistance in inflammatory bowel disease. To identify the molecular mech-

anisms between anti-TNF-α blocker responders (n = 91) and nonresponders (n = 73), global gene expression analysis was applied from five combined

and normalized microarray datasets. The differentially expressed genes were identified and presented using (a) heatmap (the relative expression values

were z-score transformed) (response: , nonresponder; , responder; IBD: , CD; , UC; dataset: , GSE16879; , GSE23957; , GSE52746; ,

GSE73661; , GSE92415), (b) volcano plot, and (c) principal component analysis from a total of 64 upregulated and 13 downregulated genes based

on the adjusted P-value < 0.05 with absolute log2 fold change ≥ 0.75. TNF-α treatment: , nonresponder; , responder. (d) The significantly upreg-

ulated genes were utilized for Metascape pathway enrichment analysis from the previously pre-defined gene set. Enriched terms related to the

chemotaxis-related pathways are underlined. The y-axis represents the top 20 gene set category, the x-axis represents �log10 P-value, and the color

intensity of the bar represents the number of genes identified in each hallmark category. (e) The four subsets of enriched terms under the

chemotaxis-related pathways were selected and visualized using Cytoscape.
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Tumor necrosis factor-α blocker does not reduce

chemotaxis in lipopolysaccharide-induced inflam-

mation in neutrophils. To demonstrate our finding in che-

motaxis, we used the RNA-sequencing data from an animal

study.
26
Briefly, neutrophils isolated from choriodecidua cells with

LPS-induced inflammation were treated with or without

adalimumab.
26

The list of genes from the four chemotaxis enrich-

ment terms was matched with the neutrophil data to obtain the

mean expression values of each sample (GO:0030595: leukocyte

chemotaxis [31 out of 44 genes], GO:0002688: regulation of leu-

kocyte chemotaxis [18 out of 22 genes], GO:1901623: regulation

of lymphocyte chemotaxis [13 out of 16 genes], and

GO:0050918: positive chemotaxis [18 out of 21 genes]) (Data

S4). The data process workflow is in Figure S4. All the enrichment

terms related to chemotaxis were significantly higher in the

LPS-exposed neutrophils; three out of the four enrichment terms

do not have significant reduction in the anti-TNF-α-treated group

(Fig. 4).

Interleukin 13 receptor subunit alpha 2 is a diag-

nostic biomarker to predict tumor necrosis

factor-α treatment response. In order to find the best po-

tential biomarker to predict anti-TNF-α respond IBD patients, re-

ceiver operating characteristic curve analysis was applied to all

the genes using a for-loop with pROC package under the R pro-

gramming environment. Among them, IL13RA2 has the area under

the curve of 80.7% (95% confidence interval: 73.8–87.5%) with

the best sensitivity of 68.13% and specificity of 84.93% (Table 2,

Fig. 5b, and Data S5). IL13RA2 was stand-alone from the volcano

plot (log2FC:1.678, adjusted P < 0.0001) (Fig. 2b), and the ex-

pression of IL13RA2 is significantly higher in pretreatment nonre-

sponders compared with the pretreatment responders

(P < 0.0001). The responders showed a bigger drop after the treat-

ment compared with the nonresponders (responder: P < 0.0001;

nonresponder: P = 0.0037), and the responders restored the ex-

pression level to normal control after the treatment

(mean ± standard deviation: control: 4.721 ± 1.039; posttreatment,

responder: 4.868 ± 1.364; P = 0.4969) (Fig. 5a).

Discussion

Treatment resistance of anti-TNF-α is a critical issue in IBD pa-

tients. By integrating the existing raw data and increasing the sta-

tistical power, we revealed that immune microenvironment scores

are higher in treatment resistance patients on baseline level

(Fig. 1a,b), indicating a higher inflammatory burden in anti-

TNF-α treatment nonresponders. Further in-depth analysis uncov-

ered that neutrophils, endothelial cells, and B cells contribute to

the change in inflammatory burden (Fig. 3). Next, a total of 64 up-

regulated genes were identified (Fig. 4a,b), and neutrophil chemo-

taxis (four out of the top 12 enrichment terms) may contribute to

anti-TNF-α treatment resistance in IBD patients (Fig. 4d,e). Utiliz-

ing an animal study model, mean expression level (across sam-

ples) of genes matching the four chemotaxis GO terms is

upregulated in LPS-induced neutrophils but no statistical changes

in the three out of the four enrichment terms in the

adalimumab-treated group (Fig. 4).

In a typical inflammatory response, immune cells such as mac-

rophages, dendritic cells, natural killer cells, and T lymphocytes

release TNF-α pro-inflammatory cytokines, leading to the activa-

tion of endothelial cells and neutrophils.32 The activation of endo-

thelial cells in colonic mucosa enhances vascular permeability and

induces the recruitment of immune cells, leading to the activation

of chemotaxis. The activation of neutrophils follows the tethering,

rolling, crawling, and transmigration process from the blood vessel

Figure 4 Anti-tumor necrosis factor-α (anti-TNF-α)

blocker does not reduce chemotaxis in lipopolysac-

charide (LPS)-induced inflammation in neutrophils.

Mean expression level (across samples) of genes

matching indicated GO term. P-value determined

by Mann–Whitney U-test. Asterisks denote statisti-

cally significant differences (
*
P < 0.05).
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into the inflamed colonic tissues.33 When neutrophils engulf inva-

sive gut microbiome, they release granule proteins and chromatin

to form neutrophil extracellular traps and secrete antimicrobial

peptides to mediate extracellular killing of microbial pathogens.34

However, hyperactive neutrophils trigger an unrestrained activity

of the positive feedback amplification loops, leading to endothelial

cells and the surrounding tissues damage, inducing resolution de-

lay (IL-6, TNF-α, and IFN-γ) and chemokines (IL-8, CCL3, and

CCL4), which further the recruitment of neutrophils, monocytes,

and macrophages to the inflamed sites.35 The use of anti-TNF-α

blockers significantly suppresses the infiltration of neutrophil and

B-cell population in the inflamed mucosa, and suppresses

pro-inflammatory mediators, such as calprotectin (S100A8/A9),

IL-8, IL-6, and TNF-α production,36,37 and matched with our

finding only in responders (Fig. 2a–c,g–i). The unwanted immu-

nogenicity, however, has a high level of B cells due to the presence

of antidrug antibodies.38 The presence of antidrug antibodies neu-

tralizes, interferes, and/or alters the binding efficacy, as well as

pharmacodynamic/pharmacokinetic properties of anti-TNF-α

monotonical antibodies.39

Several S100 calcium-binding protein family genes are highly

expressed and previously studied in anti-TNF-α treatment

(Fig. 3a,b). Calprotectin is a calcium-binding protein from the

S100A8 and S100A9 monomers, representing up to 40% of neu-

trophil cytosolic proteins and constantly released from the in-

flamed region(s).40 S100A12, also known as calgranulin C, is

released from neutrophils40 and participates in pro-inflammatory

process via the activation of the NF-κB.41 A small-scale study

Table 2 The top 15 genes to predict TNF-α treatment response

Rank Gene name AUC (95% CI) Threshold Best specificity Best sensitivity LR+ LR�

1 IL13RA2 0.807 (0.738–0.875) 6.263 0.849 0.681 4.510 0.222

2 ADGRE2 0.786 (0.716–0.857) 6.079 0.795 0.703 3.429 0.292

3 ADGRL2 0.771 (0.698–0.843) 6.013 0.753 0.736 2.980 0.336

4 HGF 0.768 (0.695–0.841) 5.598 0.753 0.725 2.935 0.341

5 TLR1 0.764 (0.69–0.838) 5.95 0.836 0.637 3.884 0.257

6 NCF2 0.757 (0.683–0.831) 7.696 0.671 0.769 2.337 0.428

7 RGS5 0.757 (0.682–0.832) 7.105 0.767 0.681 2.923 0.342

8 FPR1 0.756 (0.682–0.83) 6.947 0.836 0.626 3.817 0.262

9 TMTC1 0.754 (0.68–0.828) 6.085 0.849 0.593 3.927 0.255

10 CCL4 0.754 (0.679–0.829) 7.955 0.781 0.659 2.304 0.434

11 PDE4B 0.754 (0.679–0.829) 7.681 0.671 0.758 3.009 0.332

12 IGFBP5 0.754 (0.678–0.829) 7.185 0.712 0.725 2.517 0.397

13 SRGN 0.753 (0.678–0.828) 9.849 0.808 0.615 3.203 0.312

14 PAPPA 0.751 (0.675–0.827) 5.946 0.603 0.835 2.103 0.475

15 TMEM71 0.749 (0.674–0.824) 5.672 0.849 0.615 4.073 0.246

AUC, area under the curve; CI, confidence interval; LR+, positive likelihood ratio; LR�, negative likelihood ratio; TNF-α, tumor necrosis factor-α.

Figure 5 Interleukin 13 receptor subunit alpha 2 (IL13RA2) can be a diagnostic biomarker to predict TNF-α treatment response. (a) The expression of

IL13RA2 is significantly higher in the pre-TNF-α nonresponders compared with the pre-TNF-α responders. (b) The expression of IL13RA2 has an area

under the curve (AUC) of 80.7% (73.8–87.5%) with a sensitivity (Se) of 68.13% and specificity (Sp) of 84.93%. NR, nonresponder; R, responder. As-

terisks denote statistically significant differences (
**
P < 0.01,

***
P < 0.001, and

****
P < 0.0001). Statistical significance was determined by two-tailed

Student’s t-test.
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reported that the fecal calprotectin test (commonly used to

distinguish between irritable bowel syndrome and IBD) and

S100A12 may predict relapse after 1 year of infliximab

treatment,
42

while another fecal calprotectin study did not find

the difference.
43

IL13RA2 is stand-alone in the volcano plot with the highest fold

change and the lowest P-value (Fig. 3b and Data S4) and has the

best area under the curve (80.7%, 95% confidence interval:

73.8–87.5%) outcome (Table 2, Fig. 5b, and Data S5). Early stud-

ies uncovered that IL13RA2 is active in mucosal biopsies on the

UC or CD anti-TNF-α treatment nonresponders compared with

the responders.
44,45

A small-scale study demonstrated that soluble

IL13RA2 protein cannot be detected in serum, and tissue expres-

sion of IL13RA2 could predict anti-TNF-α treatment in CD

patients.46 IL13RA2 is a decoy receptor enable to bind IL-13 cyto-

kine, diminishes its JAK1/STAT6-mediated effector functions, and

activates activator protein 1 (AP-1) to induce the secretion of TGF-

β.47,48 The IL-13 pathway is also dependent on the production of

TNF-α. Several IL-13 targeting drugs have been tested to inhibit

hyperactive immune response on Th2-driven inflammatory

diseases.48 However, insufficient protection was demonstrated by

the phase IIa anrukinzumab (an IL-13 monoclonal antibody) clin-

ical trial on UC patients.49 Thus, blocking the IL-13 pathway via

IL13RA2 could be a new approach for treating IBD patients.

IL13RA2 knockout mice in DSS-induced acute colitis model

showed a better recovery rate compared with the wild-type mice

and negatively regulate epithelial/mucosal healing.50 By neutraliz-

ing IL13RA2 in DSS-induced IBD murine model using a mono-

clonal antibody, it presented a speedy recovery compared with

the control group.47

The study here identified many strengths but should be consid-

ered in the context of shortcomings. Firstly, we only focused on

data from large intestine and eliminated ileum data from the Arijs

et al. study due to the low number of ileum samples that can be

integrated,27 and also reduce the gene expression variation be-

tween two different organ sites for downstream analysis. Secondly,

our comparison does not include studies from vedolizumab and

ustekinumab as it has limited datasets available online. Thirdly,

the anti-TNF-α response criteria and the determination time points

are slightly different between studies. As we can only rely on the

information provided by the authors, and thus, our study has to ac-

cept the potential bias. Fourthly, anti-TNF-α is broadly used in

colitis-based diseases with a high percentage of treatment failure,

and the diagnosis criteria of UC/CD/IBD-U on each of the in-

cluded studies may be slightly different with a certain percentage

of misclassification.
10

Therefore, our priority is to find the com-

mon patterns to minimize the treatment resistance rate in this

study. Last but not least, the animal study in neutrophils is not

from the colonic tissue sites, and some of the chemotactic factor

markers such as IL-8/CXCL8 and CSF3 have a significant reduc-

tion after the adalimumab treatment.26 We believed that some sin-

gle markers may not represent a whole picture of chemotaxis.

Thus, in the early future, IBD subtype analysis and more

in-depth study in the relation to hyperactive chemotaxis are

needed.

In conclusion, nonresponders presented higher populations of

neutrophils, endothelial cells, and B cells compared to responders

at baseline level. IL13RA2 is a potential biomarker to predict anti-

TNF-α treatment response.

Availability of data and materials

All the transcriptomics data were retrieved from publicly available

datasets from the NCBI Gene Expression Omnibus (GEO) data-

base. All the in silico cell sorting algorithms used in this study were

based on the default settings recommended by the corresponding

authors, either from web-based or retrieved from the corresponding

authors’ GitHub page for academic research purposes.
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Identification of microRNA-135b in Stool as a Potential

Noninvasive Biomarker for Colorectal Cancer and

Adenoma

Chung Wah Wu1,4, Siew Chien Ng1, Yujuan Dong1,2, Linwei Tian3, Simon Siu Man Ng2, Wing Wa Leung2,

Wai Tak Law1, Tung On Yau1,4, Francis Ka Leung Chan1, Joseph Jao Yiu Sung1, and Jun Yu1,4

Abstract

Purpose: Detecting microRNA (miRNA) in stool is a novel approach for colorectal cancer (CRC)

screening. This study aimed to identify stool-basedmiRNA as noninvasive biomarkers for detection of CRC

and adenoma.

Experimental Design: A miRNA expression array covering 667 human miRNAs was performed on five

pairs of CRC and two pairs of advanced adenoma tissues. The most upregulated miRNAs were validated in

40 pairs of CRC tissues, 16 pairs of advanced adenoma tissues, and 424 stool samples, including 104 CRCs,

169 adenomas, 42 inflammatory bowel diseases (IBD), and 109 healthy controls. miRNA levels were

followed-up after removal of lesions.

Results: In an array analysis, miR-31 and miR-135b were the most upregulated miRNAs in CRC and

advanced adenoma as compared with their adjacent normal tissues (>13-fold increase). In stool samples,

level ofmiR-135bwas significantly higher in subjects with CRC (P < 0.0001) or adenomas (P < 0.0001), but

not in patients with IBD comparedwith controls.miR-135b showed a significant increasing trend across the

adenoma to cancer sequence (P < 0.0001). Levels of miR-31 were not significantly different among groups.

The sensitivity of stoolmR-135bwas 78% for CRC, 73% for advanced adenoma, and 65% for any adenoma,

respectively, with a specificity of 68%. No significant difference in the miR-135b level was found between

proximal and distal colorectal lesions. Stool miR-135b dropped significantly upon removal of CRC or

advanced adenoma (P < 0.0001).

Conclusion: Stool-basedmiR-135b can be used as a noninvasive biomarker for the detection of CRC and

advanced adenoma. Clin Cancer Res; 20(11); 2994–3002. �2014 AACR.

Introduction

Colorectal cancer (CRC) is the third most common

cancer worldwide (1). Although the incidence of CRC is
declining in the West, it remains the second most common
overall cause of cancer death. Both the incidence and death

rates fromCRCare increasing rapidly in Asian countries (2).
CRC screening allows the detection and removal of early-

stage lesions, and has been demonstrated to reduce both
CRCmorbidity andmortality (3, 4). However, mass screen-

ing efforts havebeenhinderedby variable public acceptance
and the limitations of existing tools. Colonoscopy, alth-
ough considered a gold-standard test for CRC screening, is
associated with high cost and relatively low patient accep-

tance rate. The fecal occult blood test (FOBT) is the most
widely adopted screeningmethod, but is compromised by a
low sensitivity and specificity and poor patient adherence.

The newer fecal immunochemical tests (FIT) have demon-
strated a higher sensitivity for CRC, but sensitivity remains
low for premalignant precursor lesions (5). CT colonogra-

phy is less invasive and accurate for the detection of CRC
and advanced adenomas but is associated with high cost
(6–9). Therefore, there is a need to develop better screening
tools to avoid nontherapeutic colonoscopies for adenomas

or colonoscopies to confirm CRC.
Testing for molecular aberrations in the stool has

emerged as a promising noninvasive approach for CRC

screening. Among stool-based molecular tests, DNA testing
is the most established test (10–12). A DNA panel which
combined four methylationmarkers, seven referencemuta-

tions,b-actin, and ahemoglobin assay, achieved a sensitivity
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of 85% for CRC and 54% for adenoma �1 cm. Each gene
typically yielded an area under the curve (AUC) value
ranging from 0.61 to 0.75 toward CRC.

microRNAs (miRNA) are short noncoding RNAs that
regulate gene translation (13). Most tumor types, including
CRC, are found to have altered miRNA expression profiles

(14–17). As tumor cells shed from CRC tumor surface into
the lumen, aberrantly expressedmiRNA levels canbe detect-
ing the stool. We have previously demonstrated that stool
miRNAs (miR-21 andmiR-92a) are stable and reproducible

in a small number of the samples using an optimized RNA
extraction and quantitative reverse transcription PCR (qRT-
PCR) protocol (18). This provides a rationale of utilizing

stoolmiRNA for thedetectionofCRCandadenomas. So far,
four other studies have reported the use of stool-based
miRNA as a screening tool for CRC (19–22). Most of these

studies involved small cohorts and were limited to the
investigation of CRC.
In this study, we aimed to identify miRNA markers with

higher sensitivity, particularly for the diagnosis of precan-
cerous colorectal lesions in additional consecutive stool
samples particularly from subjects with advanced adeno-
mas.We investigated themiRNA expression profile in CRCs

and in advanced adenomas to identify themost upregulated
miRNAs. Candidate miRNA markers were validated in 40
paired primary CRC tumors and 16 paired advanced ade-

noma tissues, and then in a large cohort of 424 stool
samples of 104 CRC, 169 adenomas, 42 inflammatory
bowel disease (IBD) as disease control, and 109 healthy

subjects as normal control. We identified and characterized
that stool-based miR-135b accurately detects CRC and
adenoma in this large case–control study.

Materials and Methods

Subjects and stool sample collection
Stool sampleswere collected from424 subjects, including

104 patients with CRC (mean age, 66.8 � 11.9 years), 59

patients with advanced adenomas (62.1 � 9.5 years), 110

subjects with adenomas of less than 1 cm in size (58.9� 6.9

years), 42 subjects with IBD (48.2 � 11.6 years), and 109
individuals who had a normal colonoscopy (60.4 � 7.0
years; Table 1). We have included patients with IBD as a

control group todemonstrate that themarkers are specific to
CRC and precancerous adenoma but not to common
inflammatory intestinal diseases. The mean age of the CRC
group was significantly older than the control group (P <

0.0001), whereas subjects with IBDwere significantly youn-
ger than the control group (P < 0.0001). There were more
males in the CRC than control group (58% vs. 46%; P <

0.0001; Table 1). Exclusion criteria included subjects with a
family history of familial adenomatous polyposis or hered-
itary nonpolyposis CRC, previous colonic surgery, or adju-

vant therapy for CRC before surgery. Patients who were
passing liquid stoolwere also excluded (Supplementary Fig.
S1). All patients were recruited from Prince of Wales Hos-
pital and Alice Ho Miu Ling Nethersole Hospital (Hong

Kong, China). All participants had signed informed consent
for obtaining stool or tissue samples. The study protocol
was approved by the Institutional Review Board of the

Chinese University of Hong Kong and the Hong Kong
Hospital Authority (Hong Kong, China).

All cancer stool samples were collected 7 days after

colonoscopy. All normal and adenoma stool samples were
collected before colonoscopy. Fresh human stool samples
were collected from patients using a 30-mL universal sam-

ple container (height, 93mm; cap diameter, 30.1mm)with
spoon cap. The container was aseptically manufactured
under clean room condition to exclude microbiological
contamination. All samples were stored at 4�C immediately

and transferred to �80�C within 24 hours. Stools were
collected before bowel purgation and colonoscopy or 1
week after colonoscopy (but before resection of CRC or

removal of advanced adenoma).
To investigate the changes in stool miRNA levels after

removal of CRC or advanced adenomas, repeat stool col-

lection was performed at least one month after surgical
removal of CRC or at least 7 days after removal of the
advanced adenoma. Advanced adenomas were defined as

adenomas � 1 cm in diameter, adenomas with villous or
tubullovillous features, or high-grade dysplasia. Proximal
lesions included lesions at or proximal to the splenic flexure,
and distal lesions were lesions distal to the splenic flexure.

Tissue collection
Forty pairs of CRC tissues and 16 pairs of advanced

adenoma tissues were collected (Supplementary Table S1).
CRC and advanced adenoma tissues and their respective
adjacent normal tissues (at least 4 cm apart from the lesion)

were biopsied during the initial colonoscopy or during
surgical resection. "Paired lesions" refers to a lesion paired
with adjacent normal mucosal sample. Tissue samples were
snap frozen upon collection and stored in �80�C freezer.

miRNA extraction in tissue and stool samples
Frozen tissue of 10 to 20 mgwas added into 0.5mL TRIzol

reagent (Invitrogen) in a 1.5-mL tube. The tissue was

Translational Relevance

Colorectal cancer (CRC) screening allows the detec-
tion and removal of early-stage lesions, and has been
demonstrated to reduce both CRC morbidity and mor-

tality. Compared with DNA, microRNA (miRNA) repre-
sents an emerging class of biomolecule being utilized as
stool-based marker for CRC screening. In the current

study, we demonstrated for the first time, in a large
cohort of patients with CRC or advanced adenoma that
miRNA (miR-135b), elevated in tumor tissue and stool

samples, can be used as stool-based biomarker for CRC
as well as adenomas. We revealed that the detection of
miR-135b in stool has a sensitivity of 78% for CRC and
73% for advanced adenoma, thus stool-basedmiR-135b

can be used as a potential noninvasive biomarker for the
diagnosis of CRC and adenoma.
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homogenized by RNase-free pestles. Chloroform of 200 mL
was added to the 1.5 mL tube.

Fresh human stool sample (20–30 g) was collected with
a 50-mL specimen cup and stored in �80�C. Four cate-
gories of stool consistency were defined: "firm" (the stool

has clear-cut edges, maintains its own shape during han-
dling but deforms with pressure), "soft" (the stool has a
uniform consistency but few or less apparent natural

edges, it maintains its own shape but deforms with
minimal handling), "loose" (the stool has a semisolid
consistency and can take over the shape of the container),
"watery" (no solid pieces, completely liquid). Only

"firm," "soft," and "loose" stool samples were analyzed.
More than 90% stool samples in each group belong to
soft or loose. Stool sample of 200 to 300 mg (wet weight)

was added to 1 mL TRIzol LS reagent in a 2-mL tube
(Invitrogen), and homogenized mechanically by RNase-
free pestles (USA Scientific) to deform it completely.

Chloroform of 300 mL was added to the 2 mL tube.
Total RNA was extracted from the TRIzol-chloroform

mixture using the miRNeasy Mini Kit (Qiagen). Total RNA

was eluted in 50 mL nuclease-free water. RNA concentration
wasmeasuredbyNanodrop2000 (ThermoFisher Scientific;
the range of the initial RNA concentration RNA concentra-
tion was 300 to 500 ng/mL).

Reverse transcription and miRNA microarray in CRC
and advanced adenoma tissues

RT formiRNAmicroarray was carried out usingMegaplex
Primer pools, Human Pools A and B v2.1 Kit (Applied
Biosystems). Briefly, 2 ng total RNA was used in one RT

reaction with a total volume of 3 mL. The RT product was
diluted 4-fold by adding 9 mL nuclease-free water (18).

Initial miRNA profiling was performed on 14 tissue
samples from five pairs of CRC and two pairs of advanced
adenoma. The characteristics of these patients are shown in

Supplementary Table S2. Quantitation of 667 miRNAs in
eachof these sampleswas carried out using TaqManHuman
MicroRNA Array Set version 2.0 (Applied Biosystems). In

the array, miRNAs were normalized to mammalian U6
small RNA expression as based on themanufacturer’s guide
(Applied Biosystems). qRT-PCR was performed using
Applied Biosystems 7900HTReal-TimePCRSystem.Results

were analyzed by the SDS RQ Manager 1.2 software
(Applied Biosystems; Supplementary Table S3).

miRNA quantitation by qRT-PCR
qRT-PCR of individual miRNA was performed using

TaqMan miRNA Reverse Transcription Kit (Applied Biosys-

tems) and TaqMan Human MiRNA Assay (Assay ID:
RNU6B, 001093;miR-31,002279;miR-135b, 002261). The
quantitation ofmiRNAwas based on standard curve plotted

by known amount of synthetic miRNA, and normalized
to per nanogram (ng) of input RNA (18). Assays were
performed in a blinded fashion. On the basis of standard
curves plotted from known amount of synthetic miR-135b,

a technical detection limit of three copies of miR-135b
would approximately give aCt of 42. Therefore, we assigned
all Ct larger than 42 as "0." For samples with no amplifi-

cation of miR-135b at all, as long as that sample could be
amplified with at least another miRNA tested (such as miR-
18a, miR-20a, and miR-221), the sample was regarded to

Table 1. Clinicopathological characteristics of subjects

Category Normal Adenoma < 1 cm Advanced adenomaa CRC IBD

No. of cases 109 110 59 104 42

Age at enrollment, y

Mean � SD 60.4 � 7.0 58.9 � 6.9 62.1 � 9.5 66.8 � 11.9 48.2 � 11.6

Gender, number (%)

Female 59 (54.1) 51 (46.4) 29 (49.2) 44 (42.3) 16 (38.1)

Locationb, number (%)

Proximal — 32 (29.1) 26 (44.1) 29 (27.9) —

Distal — 65 (59.1) 31 (52.5) 75 (72.1) —

Both — 13 (11.8) 2 (3.4) 0 (0.0) —

Tumor histology, number (%)

Adenocarcinoma — — — 97 (93.3) —

Mucinous adenocarcinoma — — — 6 (5.8) —

Signet ring cell and mucinous — — — 1 (0.9) —

TNM stagec, number (%)

I and II — — — 24 (23.1) —

III and IV — — — 76 (73.1) —

aAdvancedadenoma is definedasadenoma1cmor greater in diameter, adenomawithmore than25%villous feature, or adenomawith

high-grade dysplasia.
bProximal lesions include tumors at or proximal to the splenic flexure, and distal lesions are those distal to the splenic flexure.
cTNM stage data of four patients were unavailable.
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have legitimate quality for qRT-PCR. Therefore, instead of

excludingunamplifiable samples,we assigned the sample as
"0" in the analysis of miR-135b.

Sample size and statistics
Given the exploratory aspect of this initial miRNA pro-

filing and limitations of resources, we did not use a formal
statistical test to choose a sample size, and we analyzed five

pairs of CRC samples and two pairs of advanced adenoma
sample for initial miRNA profiling. In our validation study,
we analyzed 40 pairs of CRCs and 16 pairs of advanced

adenoma tissue samples. Differences in miRNA expression
between paired lesion tissues and adjacent normal tissues
were evaluated by the Wilcoxon matched pair test. Differ-

ences in stool miRNA levels between groups were analyzed
by the Mann–Whitney U test. Receiver operating character-
istics (ROC) curves were generated on the basis of the
comparison with the control group. Differences in miRNA

levels before and after removal of the CRC or advanced
adenoma were determined by the Wilcoxon matched pair
test. Significance in trend was tested by the Jonckheere–

Terpstra test. Two cutoff values were selected using ROC
curves for reference, based on a high sensitivity or a high
specificity. P < 0.05 was taken as statistically significant. The

Jonckheere–Terpstra test was done by SPSS 13.0 (SPSS Inc.).

All other statistical tests were performed using GraphPad
Prism 5.0 (GraphPad Software Inc.).

Results

miRNAprofiling inCRCand advanced adenoma tissues
miRNAexpressionprofileswere performed infive pairs of

CRC samples and two pairs of advanced adenoma samples.
The miRNA expression levels were compared between the
tumor and their adjacent nontumorous tissues in each case

(Table 2). Amongst 667 miRNAs detected in each sample,
miR-31 and miR-135b were identified to be the most
upregulated miRNAs in both CRC (miR-31, 42.28-fold

increase; miR-135b,13.00-fold increase) and advanced ade-
nomas (miR-31, 106.36-fold; miR-135b, 13.32-fold; Table
2). We have therefore focused on these two miRNA in
subsequent experiments.

Validation of miRNA candidates in CRC and advanced
adenoma tissues

In a validation set of 40 pairs of CRCs and 16 pairs of
advanced adenoma tissue samples, miR-135b was demon-
strated to be 555.4-fold higher in CRCs (P < 0.0001) and

Table 2. Top 10 most upregulated miRNAs identified by profiling of 667 miRNAs in five patients with CRC

and two patients with advanced adenoma

Rank miRNA

Accession

number

Chromosomal

location

Average fold

increasea

miRNAs with highest expression in colorectal tumor

1 miR-31 MI0000089 9p21.3 42.28

2 miR-135b MI0000810 1q32.1 13.00

3 miR-224 MI0000301 Xq28 5.48

4 miR-409-3p MIMAT0001639 14q32.31 4.67

5 miR-18a MI0000072 13q31.3 4.46

6 miR-452 MI0001733 Xq28 4.16

7 miR-221 MI0000298 Xp11.3 3.95

8 miR-21 MI0000077 17q23.1 3.39

9 miR-223 MI0000300 Xq12 3.18

10 miR-20a MI0000076 13q31.3 3.02

miRNAs with highest expression in advanced adenoma

1 miR-31 MI0000089 9p21.3 106.36

2 miR-135b MI0000810 1q32.1 13.32

3 miR-20a-3p MIMAT0004493 13q31.3 4.30

4 miR-182 MI0000272 7q32.2 3.99

5 miR-649 MI0003664 22q11.21 3.93

6 miR-26a-1-3p MIMAT0004499 3p22.2 3.33

7 miR-625 MI0003639 14q23.3 3.13

8 miR-18a MI0000072 13q31.3 2.78

9 miR-20a MI0000076 13q31.3 2.75

10 miR-552 MI0003557 1p34.3 2.17

aAverage fold change in colorectal tumor was expressed as ratio of the miRNA expression in tumor to adjacent nontumorous tissue.

Average fold change in advanced adenoma was expressed as ratio of miRNA expression in advanced adenoma to adjacent

nonadenomatous tissue.
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33.1-fold higher in advanced adenoma tissues (P ¼

0.0003), whereas miR-31 was 105.1-fold higher in CRCs
(P < 0.0001) and 86.1-fold higher in advanced adenoma
(P ¼ 0.0003) compared with their corresponding normal

tissues (Table 3).

miR-135b is a potential noninvasive stool marker for

CRC and adenoma
We then examined the levels of miR-135b andmiR-31 in

424 stool samples, which included 104 CRC, 169 adeno-

mas, 42 IBD, and 109 controls. The stool-based miR-135b
level measured in a number of copies/ng stool extracted
RNAwas significantly higher in subjects with CRC [median,

67.9, interquartile range (IQR), 16.1–182.7; P < 0.0001]

and adenomas (median, 28.4; IQR, 0.2–79.7; P < 0.0001)
compared with controls (median, 0; IQR, 0–30.8; Fig. 1A).
In contrast, there was no significant difference in the level

of stool miR-135b in subjects with IBD (median, 7.57; IQR,
0–60) comparedwith controls.TheAUCvalues formiR-135b
were 0.79 and 0.71 for the detection of CRC and adenomas,
respectively (Fig. 1B). As shown in Table 4, two cutoff values

demonstrated the performance of this marker: a cutoff of 14
copies/ng of stool RNA provided the maximum sum of
sensitivity and specificity; miR-135b has a sensitivity of

78%forCRC,73%for advancedadenoma,61%for adenoma
< 1 cm indiameter, 65% for any adenoma, and a specificity of
68%. A cutoff of 38 copies/ng of stool RNA reflects its

performance at a relatively high specificity (80%) level for
reference, and the sensitivity was 44%, 46%, and 64% for
adenoma < 1 cm, advanced adenoma, and CRC, respectively
(Table 4). However, there were no significant differences in

the levels of stool miR-31 among CRC (median, 1,583; IQR,
574.5–3,364), adenomas (median, 1,647; IQR, 661.9–
3,148), IBD (median, 1,642; IQR, 1,066–3,345), and con-

trols (median, 1,293; IQR, 721–2,612; Fig. 1C and 1D).

Stool miR-135b level is significantly reduced after

removal of neoplasm
We repeated miRNA measurement in a subgroup of 28

patients (8 CRC, 20 advanced adenomas) after the removal

of CRC or advanced adenomas. Upon removal of the
primary lesions, levels of stool miR-135b dropped signifi-
cantly compared with their initial levels (P < 0.0001; Fig.

2A). These findings suggested that the initial high levels of
stool miR-135b were derived from the primary neoplasms.

Table 3. Expression of miR-135b andmiR-31 in

colorectal tumor or advanced adenoma

miRNA

Percentage of samples

with elevated expression

in tumor or advanced

adenoma

Average

fold

increase Pa

CRC (n ¼ 40)

miR-135b 92.5% (37/40) 555.4 <0.0001

miR-31 87.5% (35/40) 105.1 <0.0001

Advanced adenoma (n ¼ 16)

miR-135b 93.8% (15/16) 33.1 0.0003

miR-31 87.5% (14/16) 86.1 0.0003

a
P valueswere estimated by theWilcoxonmatched pair test.

Figure 1. Levels of miRNA markers

in stool samples. A, miR-135b and

(B) its ROC curve, (C) miR-31 and

(D) its ROC curve. Subjects were

categorized into four groups:

individuals of normal colonoscopy

results (n ¼ 109), adenoma

(n ¼ 169), CRC (n ¼ 104), and IBD

(n ¼ 42), respectively. The miRNA

levels were expressed in the

number of copies per nanogram

of extracted RNA. Open circles

represent samples with

undetectable miRNA level. The

lines denote the medians.

P denotes significance measured

by the Mann–Whitney test. NS

denotes no statistical significance.

ROC curves were plotted to

discriminate CRC, adenoma, or

IBD patients from individuals with

normal colonoscopy findings.
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Stool miR-135 level increases across the adenoma to
cancer sequence
As shown in Fig. 2B, expression of stool miR-135

showed a significantly increasing trend across the disease
transition from adenoma with diameter < 1 cm (n¼ 110),
advanced adenoma (n ¼ 59), tumor-node-metastasis

(TNM) stage I and II cancer (n ¼ 24) to TNM stage III

and IV cancer (n ¼ 76) sequence (P < 0.0001). In keeping

with this, an increasing sensitivity for stool-based miR-
135 detection was demonstrated with 61% for adenomas
with diameter < 1 cm, 73% for advanced adenoma, 67%

for TNM stage I and II cancer, and 80% for TNM stage III
and IV cancer, and a specificity of 58.4%. On the basis
of Table 3, the increase fold change of miR-135b in CRC
tissue samples is approximately 17-fold higher than in

advanced adenoma tissue samples.

Stool miR-135 level is not associated with the location

of CRC or advanced adenoma
We compared the level of stool miR-135 between distal

andproximal lesions.No significant differencewas found in

miR-135b levels for CRC or advanced adenomas located in
proximal or distal colon (Fig. 2C), although at a specific
cutoff value (14 copies/ng RNA), miR-135b showed better
sensitivity in detecting distal advanced adenoma (81%)

compared with proximal ones (65%), with specificity of
68% for both distal and proximal advanced adenoma
(Table 4).

Discussion

As CRC demonstrates high homogeneity in miRNA

alteration, stool miRNA could represent a useful nonin-
vasive tool for screening CRC and its precancerous
lesions (18, 22, 23). For maximum benefit, a CRC screen-

ing tool should be effective in detecting CRC in its early
stage and premalignant precursors throughout the entire
colorectum. In this study, we performed systematical
examinations with the aim to identify the best miRNA

biomarker for the screening of CRC and advanced
adenomas.

We first identified that miR-135b and miR-31 were the

twomost upregulatedmiRNAsboth inCRCs and adenomas
by miRNA expression arrays. In subsequent validation,

Table 4. Stool-based miR-135b sensitivities

and specificities

Cutoff valuea
14 (high

sensitivity)

38 (high

specificity)

Sensitivities, % (95% CI)

Adenoma 65 (57–72) 45 (37–53)

Adenoma <1 cm 61 (51–70) 44 (34–53)

Advanced adenoma 73 (60–84) 46 (33–60)

Size

1–1.9 cm 76 (55–91) 40 (21–61)

�2 cm 83 (52–98) 75 (43–95)

Location

Proximal 65 (44–83) 38 (20–59)

Distal 81 (63–93) 52 (33–70)

CRC 78 (69–85) 64 (54–74)

Stage

TNM I, II 67 (45–84) 50 (29–71)

TNM III, IV 80 (70–89) 67 (55–77)

Location

Proximal 79 (60–92) 59 (39–76)

Distal 77 (66–86) 67 (55–77)

Specificity, % (95% CI) 68 (58–77) 80 (71–87)

aCutoff value was expressed as copies of the miRNA per

nanogram of extract stool RNA. Two cutoff values were

selected using ROC curves for reference.

Figure 2. Associations between stool miR-135b and clinical features. A, changes of the stool miR-135b level after removal of tumors (squares) or

advanced adenomas (triangles). Samples aligned on the x-axis represent those with undetectable miRNA level. P values indicate significant difference

determined by the Wilcoxon matched pairs test. The stool miR-135b level in subjects categorized by lesion stage (B) and lesion location (C). On the basis

of lesion stage, subjects were categorized into five groups: individuals of normal colonoscopy (normal, n ¼ 109), patients with adenoma of diameter

smaller than1cm (A<1cm,n¼110), patientswith advancedadenoma (AA,n¼59), patients of tumor-node-metastasis (TNM) stages I and II (T 12,n¼24), and

patients of TNM stages III and IV (T 3 4, n ¼ 76), respectively. P value for test for trend denotes significance measured by the Jonckheere–Terpstra

nonparametric test for trend. On the basis of lesion location, CRC, and advanced adenoma (AA) patients were categorized into proximal CRC (n ¼ 29) and

distal CRC (n ¼ 75), proximal AA (n ¼ 26) and distal AA (n ¼ 31). NS denotes no statistical significance. miRNA levels were expressed in number of

copies per nanogram of extracted RNA. Open circles represent samples with undetectable miRNA level. The lines denote the medians.
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miR-135b and miR-31 were also found to be significantly

upregulated in CRC and advanced adenoma as compared
with their adjacent normal tissues (Table 3). This is
consistent with previous studies showing that miR-

135b (24, 25) and miR-31 (14, 25–28) are upregulated
miRNAs in CRC. The levels of miR-135b and miR-31
were therefore tested in a large cohort of stool samples.
Significantly higher level of miR-135b, but not miR-31,

was detected in the stool samples of CRC (P < 0.0001)
and advanced adenoma (P < 0.0001) compared with
healthy controls (Fig. 1A). In addition, the miR-135b

level correlated positively with stages of lesions, with
more advanced lesions having the highest miRNA level.
A significant increasing trend across the histologic

sequence was observed from small adenoma, advanced
adenomas, TNM stage I and II, to TNM stage III and IV (P
< 0.0001; Fig. 2B). Areas under the ROC curve were 0.79
for the detection CRC and 0.71 for adenoma (Fig. 1B). At

a cutoff of 14 copies/ng RNA, miR-135b had a sensitivity
of 73% and 78% for the detection of advanced adenomas
and CRC, respectively, with a specificity of 68%. We

have included patients with IBD as a control group to
demonstrate that the markers are specific to CRC and
precancerous adenoma but not to common inflammatory

intestinal diseases. The significant drop in the stool miR-
135b level upon removal of advanced adenoma and CRC,
and the relatively low level of miR-135b detected in stool

of patients with IBD indicated that the upregulation of
miR-135b is a specific biomarker for CRC and its precan-
cerous lesion. In this study, we did not use RNU6B as
internal control for stool miRNA detection. The choice

and rationale of normalizing stool-based miRNA have
been discussed in our previous study (18), which is
mainly because RNU6B could only be detected in

83.3% (25/30) of stool samples, whereas the candidate
miRNAs could be detected in 100% samples (18). In
addition, under equal amount of input RNA and detec-

tion threshold, RNU6B was detected with a much lower
abundance compared with candidate miRNAs (18). Thus,
RNU6B may not be an ideal internal control for stool-

based miRNA. In this regard, absolute quantitation with
standard curve calibration was adopted for miRNA quan-
titation in the current study. Other upregulated miRNA
candidates, including miR-18a, miR-20a, and miR-221

from, our miRNA array assay were also upregulated in
CRC tissues compared with adjacent normal controls. As
these miRNA candidates were not able to discriminate

patients with adenoma from healthy individuals in stool
samples (Supplementary Table S4), and the sensitivities
and specificities of these miRNAs were lower compared

with miR-135b for the stool detection, we did not include
these miRNAs in this study. miR-135b was demonstrated
to be the most discriminating marker for the detection of
both advanced adenoma and CRC.

miR-135b originates from 1q32.1, a region of frequent
copy number gain in CRC tumorigenesis. miR-135b targets
the 30untranslated region of the adenomatous polyposis

coli (APC) gene, a well-known tumor suppressor, and

suppresses its expression (24). APC downregulation acti-

vates the Wnt signaling pathway, an important oncogenic
pathway in regulating cell proliferation and apoptosis in
CRC.Upregulation ofmiR-135b is consistentwith its role in

regulating APC gene, whose loss-of-function is well estab-
lished to be an early event of the adenoma-cancer sequence
in colorectum.

Results from this study have several clinical implica-

tions. First, effective detection of proximal colon neo-
plasms is an important criterion for an effective screening
tool (29). Current screening modalities seem less sensi-

tive for proximal than distal colonic neoplasms, and
interval CRC is more likely to be found in the proximal
colon (11, 30). In this study, the miR-135b level has

comparable efficacy for the detection of both proximal
and distal CRC and advanced adenoma. Second, miR-
135b represents a stool-based test that is noninvasive,
avoids the unpleasant bowel preparation, and allows the

possibility of off-site sample collection. Therefore, miR-
135b may act as a potential noninvasive diagnostic bio-
marker for CRC and its precancerous lesion (advanced

adenoma), but more studies in different populations to
validate miR-135b as a biomarker for CRC screening are
required before it can be applied clinically. Ultimately,

test adoption will depend on test performance in the
screening setting, availability, affordability, and user
appeal in a large population-based program. For instance,

screening using fecal DNAmarkers demonstrated a higher
sensitivity than the FOBT, although the two tests yielded
similar specificities (10). There has been no direct com-
parison of stool DNA versus RNA tests in the screening

setting. The evidence for the effectiveness of gFOBTs in
reducing CRC incidence and mortality is strong, and is
based on randomized controlled trials in large number of

average risk populations. FIT is a more sensitive test for
screen-relevant neoplasia than FOBT; FITs processing and
interpretation are automated and objective. Compared

with gFOBT and FIT, miRNA lacks a large-scale validation.
Only if this validation is conducted, the possible advan-
tage of miRNA in detecting more proximal neoplasms

than fecal blood tests will be known.
Stool miR-31 levels did not differ significantly among

controls, adenoma, and CRC (Fig. 1C and 1D), and it did
not correlatewith the stoolmiR-135b level.We excluded the

possibility that the aberrant upregulation of miR-31 was
restricted to the submucosal regions given that the upregu-
lation was also present in CRC epithelial cells (14). The

reasonwhy stoolmiR-31 is not discriminating remains to be
elucidated; however, this demonstrates the practical fact
that abnormalities at the tissue level do not necessarily

translate into a clinically useful marker in the stool. As a
noninvasive marker, empirical testing in large number of
stool samples is required to establish its usefulness.

This study has several limitations. Most patients were

recruited from only two centers and some patients were
symptomatic, results might not be representative of the
screening setting, although we did not detect significant

difference inmiRNA resultswhenpatientswere divided into
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asymptomatic screening or symptomatic surgical cohorts.

More late-stage CRC patients were identified in the study
(n¼ 24 for TNM I and II vs. n¼ 76 for TNM III and IV) and
the stool samples from CRC used in the study might be

biased to late stage. Prompted by these findings, larger scale
validation acrossmultiple centers anddifferent populations
will be conducted. In addition, there were more male
subjects in the CRC group and they were significantly older

than the control group. Nonetheless, when we took into
account age and gender in the data analysis for the stool
miR-135b level, our results remained valid and were inde-

pendent of age and gender. We have not assessed the effect
of time point of sampling (before vs. after colonoscopy) on
miRNA results. In all patients with advanced adenomas,

stool was collected one week before colonoscopy, whereas
in subjectswithCRC, stool sampleswere collected oneweek
after colonoscopy but before surgery. Finally, there are no
head to head comparisons of miRNA and FOBTs.

In conclusion, this study demonstrates that stool-based
miR-135b seems to be a potential noninvasive biomarker
for the detection of CRC and advanced adenoma. Further

validation in multiple cohorts of patients and comparison
with the established tests are needed before it can be used as
a biomarker in routine clinical practice.
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microRNA-221 and microRNA-18a
identification in stool as potential biomarkers
for the non-invasive diagnosis of colorectal
carcinoma
T O Yau1,2, C W Wu1,2, Y Dong1,3, C-M Tang1,4, S S M Ng3, F K L Chan1, J J Y Sung1 and J Yu*,1,2

1Institute of Digestive Disease and Department of Medicine and Therapeutics, State Key Laboratory of Digestive Disease, Li Ka

Shing Institute of Health Sciences, The Chinese University of Hong Kong, Hong Kong, China; 2Gastrointestinal Cancer Biology &

Therapeutics Laboratory, Shenzhen Research Institute, The Chinese University of Hong Kong, Shenzhen, China; 3Department of

Surgery, The Chinese University of Hong Kong, Hong Kong, China and 4Department of Pharmacology, University of Oxford,

Oxford OX1 3QT, UK

Background: The detection of microRNA (miRNA) dysregulation in stool is a novel approach for the diagnosis of colorectal

carcinoma (CRC). The aim of this study is to investigate the use of miR-221 and miR-18a in stool samples as non-invasive

biomarkers for CRC diagnosis.

Methods: A miRNA expression array containing 667 miRNAs was performed to identify miRNA dysregulation in CRC tissues. We

focused on miR-221 and miR-18a, two significantly upregulated miRNAs which were subsequently verified in 40 pairs of CRC

tissues and 595 stool samples (198 CRCs, 199 polyps and 198 normal controls).

Results:miR-221 and miR-18a were upregulated in the miRNA expression array. miR-221 and miR-18a levels were also significantly

higher in 40 CRC tumours compared with their respective adjacent normal tissues. In stool samples, miR-221 and miR-18a showed

a significant increasing trend from normal controls to late stages of CRC (Po0.0001). The levels of stool miR-221 and miR-18a were

both significantly higher in subjects with stages Iþ II (miR-221: Po0.0001, miR-18a: Po0.0001) and stages IIIþ IV of CRC (miR-221:

P¼ 0.0004, miR-18a: Po0.0001) compared with normal controls. The AUC of stool miR-221 and miR-18a were 0.73 and 0.67 for

CRC patients as compared with normal controls, respectively. No significant differences in stool miR-221 and miR-18a levels were

found between patients with proximal and distal CRCs. The use of antibiotics did not influence stool miRNA-221 and miRNA-18a

levels.

Conclusions: Stool-based miR-221 can be used as a non-invasive biomarker for the detection of CRC.

Colorectal carcinoma (CRC) is the third most common cancer, and
the fourth highest cause of cancer-related mortality worldwide,
with an estimated incidence of one million cases annually (Jemal
et al, 2011). More significantly, the latest report from the Hong
Kong Cancer Registry in 2011 identified CRC as the leading cause
of cancer-related morbidity in Hong Kong. The pathogenesis of

CRC follows a stepwise progression from benign adenomas to
malignant adenocarcinomas and distant metastasis. Survival is thus
inversely related to cancer stages, with up to 90% of deaths
preventable if detected early. Colorectal carcinoma, however, is
often asymptomatic in its early stages and remains undiagnosed
until advanced stages, where prognosis becomes poor. Thus, there

*Correspondence: Professor J Yu; Email: junyu@cuhk.edu.hk

Received 21 April 2014; revised 6 August 2014; accepted 8 August 2014; published online 18 September 2014

& 2014 Cancer Research UK. All rights reserved 0007 – 0920/14

FULL PAPER

Keywords: microRNA; stool biomarker; colorectal cancer; diagnosis

British Journal of Cancer (2014) 111, 1765–1771 | doi: 10.1038/bjc.2014.484

www.bjcancer.com |DOI:10.1038/bjc.2014.484 1765

153 | Page

mailto:junyu@cuhk.edu.hk
http://www.bjcancer.com


is a compelling need to identify molecular biomarkers for mass
screening and early diagnosis of CRC (Wu et al, 2012, 2014).

The advent of microRNA (miRNA) detection techniques has
created a new focus in cancer biomarker research. MicroRNAs
belong to a class of highly conserved short single-stranded
segments (18–25 nucleotides) of non-coding ribonucleic acid,
which induce messenger RNA degradation and/or inhibit transla-
tion of target genes via binding to the 30-untranslated regions to
regulate gene expression. Due to the unique clinicopathological
features of cancer cells, miRNA expression profiles also vary from
normal cell types (Ahmed et al, 2009; Chang et al, 2011). The two
miRNA biomarkers (miR-221 and miR-18a) identified in this
study have a well-established link with colon tumorigenesis. miR-
221 belongs to the miR-221/222 family located on Xp11.3. It is a
known suppressor of the p27 protein—a key regulator of the cell
cycle. In support of its role in tumorigenesis, downregulation of
p27 by miR-221 has been shown to induce cell proliferation and
reduce apoptosis in multiple cancers including prostate (Galardi
et al, 2007), glioblastoma (Gillies and Lorimer, 2007), hepatic
(Pineau et al, 2010) and gastric carcinoma (Chun-Zhi et al, 2010).
The oncogenic KRAS also induces increased expression of miR-221
in CRC cell lines (Tsunoda et al, 2011). miR-18a belongs to the
miR-17-92 cluster located in the 13q31.1 region, an area partly
regulated by the oncogenic transcription factor c-Myc (O’Donnell
et al, 2005). The oncogenic role of the miR-17-92 cluster has also
been well-documented, with its overexpression linked to acceler-
ated tumour growth, cell proliferation and progression from
benign adenomas to CRC (Hayashita et al, 2005; He et al, 2005;
Diosdado et al, 2009).

The aim of this study was to evaluate two upregulated stool
miRNAs (miR-221 and miR-18a) as non-invasive CRC diagnostic
biomarkers. These two candidate miRNA biomarkers were
validated in 40 pairs of primary CRC tumours, and then in a
large cohort of 595 stool samples containing 198 CRCs, 199

adenomas and 198 healthy subjects. Through this large case-
controlled study, we identified and characterised stool-based
miR-221 as a potential biological marker for the diagnosis of CRC.

MATERIALS AND METHODS

Patients and sample collection. Forty pairs of CRC and adjacent
normal tissue specimens (at least 4 cm away from the
tumour margin) were biopsied during the initial colonoscopy or
during the surgical resection. Tissue specimens were snap frozen
immediately in a liquid nitrogen filled vacuum flask and stored at
� 80 1C.
Stool samples were collected from 595 subjects (198 CRCs,

199 adenomas and 198 healthy subjects; Table 1) using a 30ml
disposable stool sample container with screw cap. The containers
were manufactured under aseptic conditions to eliminate any
biological contamination. Stool samples from CRC patients were
collected 7 days after colonoscopy, whereas stool samples from
healthy controls and adenoma patients were collected before bowel
purgation and colonoscopy. Following collection, all stool samples
were immediately stored at 4 1C, and transferred to a � 80 1C
freezer within 24 h.

Advanced adenoma was defined as an adenoma X10mm in
diameter with villous, tubullovillous features or high-grade
dysplasia (Winawer et al, 1993; Zarchy and Ershoff, 1994).
Colorectal neoplasms were classified by three locations as follows:
the proximal colon (caecum, ascending, hepatic flexure and
transverse), distal colon (splenic flexure, descending, sigmoid and
recto-sigmoid junction) and rectum. Exclusion criteria included
subjects with a family history of familial adenomatous polyposis or
hereditary non-polyposis CRC, previous colonic surgery or
adjuvant therapy for CRC before surgery. Patients who were

Table 1. Clinicopathological characteristics of recruited subjects

Category Normal Adenoma AA CRC

No. of cases 198 151 48 198

Age at enrolment, years (mean±s.d.) 58.65±6.87 60.39±5.65 58.73±6.78 66.53±11.05

Gender, no. (%)

Male 84 (42%) 83 (55%) 31 (65%) 116 (59%)

Female 114 (58%) 68 (45%) 17 (35%) 82 (41%)

Locationa, no. (%)

Proximal 20 (41.7%) 50 (25.3%)

Distal (excluding rectum) 18 (37.5%) 82 (41.4%)

Rectum 8 (16.6%) 66 (33.3%)

Othersb 2 (4.2%) 0

CRC staging

Iþ II 106 (53.5%)

IIIþ IV 88 (44.5%)

Unknown 4 (2.0%)

Antibiotic intake, no. (%)

Yes 26 (13%)

No 172 (87%)

Abbreviations: AA¼ advanced adenoma; CRC¼ colorectal carcinoma.
a
Colorectal neoplasms were classified by three locations: proximal colon (caecum, ascending, hepatic flexure, and transverse), distal colon (splenic flexure, descending, sigmoid, and recto-

sigmoid junction) and rectum.
b
The carcinomas or advance adenomas were found in more than one location.
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passing type 7 stool on the Bristol Stool Chart (Lewis and Heaton,
1997) were also excluded. All participants had signed informed
consent for obtaining stool and tissue specimens, and were
recruited from Alice Ho Miu Ling Nethersole Hospital, Tai Po,
Hong Kong and Prince of Wales Hospital, The Chinese University
of Hong Kong, Hong Kong. The study protocol was approved by
the institutional review board of the Hong Kong Hospital
Authority and The Chinese University of Hong Kong.

MicroRNA extraction in tissue and stool specimens. Frozen
colon tissue (10–20 mg) was added into 500 ml of Trizol reagent
(Invitrogen, Carlsbad, CA, USA) in a 1.5ml RNase-free Microfuge
tube. The tissue was homogenised by RNase-free pestles
and vortexed for 30 s to allow for complete homogenisation.
Chloroform (100 ml) was subsequently added to the 1.5ml tube.
Fresh human stool samples (10–20 g) were collected using 30ml
specimen containers and stored at � 80 1C. The stool sample
(200–300mg (wet weight)) was scooped from the container and
added into 1ml of Trizol LS reagent (Invitrogen) in a 2ml
RNase-free microcentrifuge tube (Invitrogen). The stool sample
was subsequently deformed by a RNase-free pestle (USA Scientific,
Woodland, CA, USA) and homogenised by a vortex mixer in the
Trizol LS reagent. After completing the homogenisation, 200ml of
chloroform was added into the 2ml tube. Total stool RNA,
including miRNA, was extracted from the Trizol LS–chloroform
mixture using the miRNeasy Mini Kit (Qiagen, Valencia, CA,
USA) as per the protocol provided. Total RNA was eluted in 50ml
of nuclease free water. RNA concentration was measured by
Nanodrop 2000 (Thermo Fisher Scientific, Wilmington, DE, USA).
Each total RNA sample was normalised to 2 ngml� 1 based on the
Nanodrop 2000 reading.

Reverse transcription (RT) for microRNA microarray. Reverse
transcription for the miRNA microarray was carried out using
Megaplex Primer pools, Human Pools A and B v2.1 (Applied
Biosystems, Foster City, CA, USA). The cDNA product was
subsequently used to perform the miRNA array. In the array, the
miRNA profile of 667 human miRNAs in the tumour tissues and
their adjacent normal tissues of five patients was obtained using
TaqMan Human MicroRNA Array Set v2.0 (Applied Biosystems).
Briefly, 6ml of Megaplex RT product was added to 444 ml nuclease-
free water and 450 ml TaqMan Universal PCR Master Mix with no
AmpErase UNG (Applied Biosystems). Reaction mix (100ml) was
loaded into each of the eight fill reservoirs of the array. The array
was then centrifuged to distribute the cDNA samples to the
reaction wells. Real-time quantitative PCR was performed using
Applied Biosystems 7900HT Real-Time PCR System. PCR profile
was as follows: 95 1C for 10min, and then 50 cycles of 95 1C for
15 s and 60 1C for 1min. Data collection was carried out at the
60 1C step. Results were analysed by the SDS RQ Manager 1.2
software (Applied Biosystems).

MicroRNA quantitation by quantitative real-time PCR. Quan-
titative real-time PCR of each miRNA was performed using the
TaqMan miRNA reverse transcription Kit (Applied Biosystems)
and TaqMan Human miRNA Assay (miR-18a: 002422 and miR-
221: 002279). In brief, 0.3 ml TaqMan miRNA reverse transcription
primer, 3 nM dNTP (with dTTP), 10 units reverse transcriptase, 0.6
units RNase inhibitor, 0.3 ml 10� RT buffer, and 2 ng total RNA
were used in one RT reaction with a total volume of 3ml. The
thermal cycling conditions were as follows: 16 1C for 30min, 42 1C
for 30min, 85 1C for 5min, and hold at 4 1C. The reverse
transcription product was subsequently diluted four-fold by adding
9ml of nuclease free water.

The PCR reaction mix contains 10 ml TaqMan Universal PCR
Master Mix with no AmpErase UNG, 0.5ml miRNA TaqMan
primers, 4 ml diluted RT product and 5.5 ml nuclease free water.
Real-time PCR was carried out using the 7500 real-time PCR

system (Applied Biosystems). The PCR profile was as follows:
95 1C for 10min, followed by 50 cycles of 95 1C for 15 s and 60 1C
for 1min. Data collection was carried out at each 60 1C step. The
quantitation of the two target miRNAs (miR-221 and miR-18a)
were based on standard curves plotted by known input among all
of the miRNAs, and normalised to per nanogram of the total input
RNA. Based on standard curves plotted from known amounts of
synthetic miR-221 and miR-18a individually, a technical detection
limit of two copies for miR-221 would give a Ct value of 42, and a
technical detection limit of five copies for miR-18a would give a Ct
value of 47. Consequently, we assigned ‘0’ to all Ct values 442 for
miR-221, and 47 for miR-18a. Samples with no amplification of
miR-221 or miR-18a were included and also assigned a value of ‘0’
in the analysis, provided the sample could be amplified by another
miRNA such as miR-135b or miR-20a (Wu, et al, 2014). All assays
were performed in a blinded manner.

Statistics. The difference between miRNA expression in paired
CRC and adjacent normal tissue specimens was evaluated by the
Wilcoxon matched-pairs test. Receiver operating characteristic
(ROC) curves were generated based on the stool miRNA levels of
CRC and control groups. Significance in trend was tested by the
Jonckheere trend test. Differences in stool miRNA levels between
groups were analysed by the unpaired Student’s t-test. Two cutoff
values were selected using ROC curves for reference, based on
either a high sensitivity or a high specificity. Combination analysis
was calculated by binary logistic regression. Po0.05 was taken as
statistically significant. The Jonckheere trend test and ROC analysis
were done by SPSS 16.0 (SPSS Inc., Chicago, IL, USA). All other
statistical tests were done by Graphpad Prism 5.01 (Graphpad
Software Inc., San Diego, CA, USA).

RESULTS

miR-221 and miR-18a are significantly upregulated in primary
CRC compared with their adjacent normal tissues. In addition
to miR-135b and miR-31 (Wu et al, 2014), miR-221 and miR-18a
were found to be two of the most upregulated miRNAs in the
miRNA expression array. Thus miR-221 and miR-18a were
selected for validation in 40 paired tumour and adjacent normal
tissues from CRC patients. We found that miR-221 (1.96-fold,
Po0.0001) and miR-18a (2.65-fold, P¼ 0.0003) expression were
significantly upregulated in tumours compared with their respec-
tive adjacent normal tissues (Table 2).

Stool miR-221 and miR-18a are potential non-invasive biomar-
kers for CRC. miR-221 and miR-18a were examined in stool
samples from CRC and adenoma patients. Patients were stratified
based on their histological stages, with individuals assigned to the
groups normal colonoscopy (n¼ 198), adenoma (n¼ 151),
advanced adenoma (n¼ 48), CRC stages Iþ II (n¼ 106) and
CRC stages IIIþ IV (n¼ 88) (Table 1). As shown in Figure 1, levels
of stool miR-221 (Figure 1A) as well as miR-18a (Figure 1B)

Table 2. miRNAs are differentially expressed in colorectal carcinoma
tissues compared with adjacent normal tissues

miRNA

Percentage of
samples with

elevated expression

Fold change
(interquartile

range) P-valuea

miR-221 77.5% (31/40) 1.96 (1.025–3.319) o0.0001

miR-18a 77.5% (31/40) 2.65 (1.078–6.828) 0.0003

Abbreviation: miRNA, microRNA.
a
P-values were analysed by Wilcoxon matched-pairs test.
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displayed a significant trend of increase with lesion stages
(Po0.0001). The two miRNAs were able to discriminate patients
with CRC from healthy individuals. Stool miR-221 was
significantly higher in CRC stages Iþ II (mean: 187.8, 95% CI:
105.6–270.0, Po0.0001) and in CRC stages IIIþ IV (mean: 360.6,
95% CI: 100.6–620.6, P¼ 0.0004) compared with healthy controls
(mean: 47.0, 95% CI: 36.3–57.8) (Figure 1A). Stool miR-18a was
also significantly increased in CRC stages Iþ II (mean: 4504, 95%
CI: 2919–6088, Po0.0001) and CRC stages IIIþ IV (mean: 5131,
95% CI: 2749–7513, Po0.0001) as compared with controls (mean:
872, 95% CI: 633–1111) (Figure 1B).

The area under the curve (AUC) values were 0.73 (95% CI:
0.68–0.78) and 0.67 (95% CI: 0.62–0.72) for miR-221 (Figure 1C)
and miR-18a (Figure 1D) in the detection of CRC, respectively.
The cutoff values for stool miR-221 and miR-18a were selected to
maximise the sum of the sensitivity and specificity, and were 48
copies per ng and 446 copies per ng of extracted stool RNA,
respectively. miR-221 has a sensitivity of 62% and specificity of
74%, whereas miR-18a has a sensitivity of 61% and specificity of
69%. The levels of miR-221 and miR-18a were correlated. Sixty-
eight per cent of samples with upregulated miR-221 (cutoff: 48)
also had upregulated miR-18a (cutoff: 446). Combining miR-221
and miR-18a produced an AUC of 0.75, with a sensitivity of 66%
and specificity of 75% for CRC. Two relatively high specificity
levels (80% and 90%) were chosen to reflect its performance for
reference, with the cutoff values of 68 and 128 copies per ng for
miR-221, demonstrating a sensitivity of 52% and 35%, respectively.
The cutoff values of 1845 and 2886 copies per ng for miR-18a had
a sensitivity of 46% and 35%, respectively (Table 3).

Stool miR-221 and miR-18a are not associated with the location
of CRC. We evaluated the sensitivities of stool miR-221 and miR-
18a based on the location of CRC. No significant differences were
observed in sensitivities for these two miRNAs in detecting CRCs
from the proximal colon, distal colon and the rectum. miR-221

showed a higher sensitivity in detecting rectal lesions than
carcinomas situated in the proximal or distal colon, but not at a
statistically significant level (P¼ 0.058) (Figure 2).

Stool miR-221 and miR-18a expressions are not associated with
antibiotic intake. We investigated the effects of antibiotic intake
on stool miR-221 and miR-18a. Twenty-six CRC patients had
taken antibiotics within 1 month of stool collection, whereas the
remaining 162 CRC patients had not. There were no significant
differences in stool miR-221 and miR-18a expression between the
groups with or without antibiotic intake (Figure 3).

DISCUSSION

Detecting aberrantly expressed miRNA in stool has emerged as a
promising non-invasive approach to CRC screening (Ahmed et al,
2009; Koga et al, 2010; Link et al, 2010; Wu et al, 2012). Stool
miRNAs demonstrate high stability and can be detected with high
reproducibility by real-time PCR (Wu et al, 2012). Since CRC
exhibits recognisable early stages and has high homogeneity in
miRNA alterations (Luo et al, 2011), stool miRNA may be a useful
non-invasive tool for CRC screening. We have previously
investigated the expression profile of 667 miRNAs in a microarray,
and reported miR-135b and miR-31 as potential biomarkers (Wu
et al, 2014). In this study, miR-221 and miR-18a were verified in 40
paired tumour and adjacent normal tissues from CRC patients.
Both miRNAs were confirmed to be more highly expressed in
tumours than in the adjacent normal tissue (Table 2). We then
investigated the expression of miR-221 and miR-18a in stool
samples from 595 subjects, including 198 patients with CRC, 199
patients with polyps and 198 individuals with normal colonoscopy
(Table 1). The two biomarkers were significantly upregulated in
CRC stages Iþ II (miR-221: Po0.0001 and miR-18a: Po0.0001)
and CRC stages IIIþ IV (miR-221: P¼ 0.0004 and miR-18a:
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Figure 1. Levels of candidate markers in stool (A) miR-221 and (B) miR-18a, and their respective receiver operating characteristic (ROC) curves
(C) miR-221 and (D) miR-18a. Patients were categorised into four groups: individuals with a normal colonoscopy (normal) (n¼124), adenoma
(n¼72), advanced adenoma (AN) (n¼48), CRC stages Iþ II (T1, 2) (n¼24) and CRC stages IIIþ IV (T3, 4) (n¼ 76). The miRNA levels were
expressed as the number of copies per nanogram of extracted RNA. Open circles represent samples with an undetectable miRNA level. The lines
denote the medians. Po0.05 denotes statistical significance. ROC curves were plotted to discriminate all CRC patients from individuals with
normal colonoscopy findings.
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Po0.0001, Figure 1) compared with controls. There was no
significant upregulation in adenoma or advanced adenoma for
both miR-221 and miR-18a. This may be because miR-221 and
miR-18a are not upregulated until more advanced stages of CRC.
Collectively, these results suggest that the candidate miRNAs
regulate key signalling pathways in colorectal tumorigenesis. Thus
there is a strong rationale for using them as CRC biomarkers.

Our results revealed that stool miR-221 is a potential diagnostic
biomarker. Plasma miR-221 was also previously investigated as a
biomarker in CRC diagnosis. While it had a high sensitivity of
86%, it had a poor specificity of 41% and an AUC of only 0.61
(95% CI: 0.49–0.72) (Pu et al, 2010). By contrast, stool miR-221
had an AUC of 0.73, a sensitivity of 62% and a specificity of 74%.
Hence the detection of miR-221 in stool is more specific to CRC
than in plasma. This is because plasma miR-221 levels are

influenced by other factors such as digestive disease malignancies
(Komatsu et al, 2011; Song et al, 2012; Cai et al, 2013; Kawaguchi
et al, 2013), reproductive malignancies (Yaman Agaoglu et al,
2011; Hong et al, 2013) and haematological malignancies (Huang
et al, 2012; Gimenes-Teixeira et al, 2013), as well as systemic
diseases such as atherosclerosis, stroke (Tsai et al, 2013) and
obesity (Ortega et al, 2013). In this study, levels of miR-221 have
comparable efficacy for the detection of both proximal and distal
CRC. Moreover, this stool-based detection method avoids the need
for bowel preparation and invasive practice. Therefore, miR-221 is
a potential non-invasive diagnostic biomarker for CRC.

Levels of stool miR-18a were also increased in CRC. However,
the relatively low AUC value of 0.67 in detection of CRC suggested
that miR-18a alone may not be a good biomarker for CRC. Instead,
miR-18a may be used in combination with miR-221 to produce an
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Figure 2. Based on lesion location, colorectal carcinoma (CRC) patients (A) miR-221 and (B) miR-18a were categorised into proximal (n¼50),

distal (n¼ 82) and rectum (n¼66). Colorectal neoplasms were classified by three locations as follows: the proximal colon (caecum, ascending,
hepatic flexure and transverse), distal colon (splenic flexure, descending and sigmoid and recto-sigmoid junction) and rectum. NS denotes no
statistical significance. miRNA levels were expressed in number of copies per nanogram of extracted RNA. Open circles represent samples with an
undetectable miRNA level. The lines denote the medians.

Table 3. The sensitivity and specificity of stool-based miR-18a and miR-221

Stool-based microRNA microRNA-221 microRNA-18a

Cutoff valuea 48 (best) 68 (80% specificity) 128 (90% specificity) 446 (best) 1845 (80% specificity) 2886 (90% specificity)

Sensitivities, % (95% CI)

CRC 62 (55–68) 52 (45–59) 35 (28–42) 61 (53–68) 46 (39–54) 35 (29–42)

Stage

Iþ II 44 (33–53) 29 (20–40) 15 (8–26) 61 (54–71) 49 (39–59) 37 (28–27)

IIIþ IV 63 (52–74) 54 (42–65) 28 (19–39) 58 (47–68) 40 (30–51) 31 (21–41)

Location

Proximal 49 (35–63) 41 (28–58) 29 (18–44) 62 (47–75) 46 (32–61) 36 (23–51)

Distal 63 (52–74) 57 (46–69) 35 (25–47) 59 (47–69) 46 (35–58) 37 (26–48)

Rectum 70 (57–84) 55 (42–67) 38 (26–51) 62 (49–74) 48 (36–61) 33 (22–46)

Antibiotic intake

Yes 65 (44–83) 58 (37–77) 33 (26–41) 62 (55–70) 48 (40–55) 35 (17–56)

No 61 (53–68) 51 (43–59) 46 (27–67) 50 (30–70) 38 (20–59) 35 (28–43)

Specificity, % (95% CI) 74 (67–80) 80 (74–86) 90 (85–94) 69 (62–75) 80 (74–86) 90 (85–94)

Abbreviations: CI¼ confidence interval; CRC¼ colorectal carcinoma; ROC¼ receiver operating characteristic.
a
Cutoff values were expressed as copies of two microRNAs per nanogram of extracted stool total RNA. The cutoff values were selected using ROC curves for reference.
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AUC of 0.75 (95% CI: 0.70–0.80) (Supplementary Figure 1), with a
sensitivity and specificity of 66% and 75% for CRC, respectively
(Supplementary Table 1). This is better than either marker when
considered alone. Therefore, combining miR-18a and/or miR-221
with other stool miRNA biomarkers, such as miR-135b (Wu et al,
2014), may also increase the sensitivity and specificity of CRC
detection in screening programs (Supplementary Figure 1)
(Supplementary Table 1).

Recent studies have also revealed that the gut microbiome
influences miRNA levels (Yang et al, 2013) within host cells.
Therefore, we investigated the effects of antibiotics on stool miRNA
levels by comparing patients who took antibiotics within 30 days of
the stool collection and those who had not. There were no significant
differences in stool miR-221 and miR-18a expressions between the
groups. To our knowledge, we are the first to report that antibiotic
intake by patients does not affect or inhibit microRNA detection in
stool (Figure 3). However, further studies are needed to determine
the effects of antibiotics on the stool-based miRNAs reported by
other groups. Nevertheless, this evidence is significant since antibiotic
use is common. Thus restrictions to antibiotic use prior to testing are
not required to optimise test performance.

Previously, stool miR-144* was reported as a potential
biomarker for CRC detection, with an AUC of 0.83, sensitivity of
74% and specificity of 85% (Kalimutho et al, 2011). The small
sample size (35 CRCs and 40 healthy controls) on stool-based
miR-144* detection, however, undermines its use as a biomarker in
CRC. More recently, stool miR-106a was identified as a molecular
marker for identifying CRC patients from those with negative
immunochemical faecal occult blood test results (Koga et al, 2013).
However, their study was compromised by the use of miR-24 as an
internal control. miR-24 belongs to the miR-17-92 cluster, which is
known to be upregulated in CRC tissues. It is unclear why such
abnormality at tissue level did not translate into a measureable
difference in stool in their study, and this requires further
investigation (Koga et al, 2013). From a more practical perspective,
miR-221 also had greater amplification efficiency than miR-92a
(Wu et al, 2012) and miR-135b (Wu et al, 2014), making it highly
applicable to CRC screening. To our knowledge, this study tested
the largest number of samples to date. Our findings add to an
increasingly vast amount of knowledge about the use of stool
miRNAs as tools in the non-invasive diagnosis of CRC.

Nevertheless, there are some limitations to this study. All
patients were recruited from only two centres and some patients
were symptomatic. While we did not detect any significant
difference in stool miRNA expression when patients were divided
into asymptomatic or symptomatic surgical cohorts, results may
not accurately reflect the screening setting in the community.

The small sample sizes of advanced adenoma (n¼ 48) and antibiotic
intake groups (n¼ 26) may have also caused bias in our study.
Prompted by these findings, larger scale validation across multiple
centres and different populations will be conducted.

In conclusion, our study demonstrated that stool-based miR-
221 can be utilised as a potential biological marker. Its use in
combination with other reported miRNA biomarkers can be an
effective way of increasing the diagnostic accuracy of CRC
screening.
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Figure 3. Evaluation of the effects of antibiotics on stool biomarkers (A) miR-221 and (B) miR-18a. Patients who took antibiotics within 30 days of
specimen collection (n¼ 26) were compared with patients without any antibiotic intake (n¼ 162). miRNA levels were expressed in number of
copies per nanogram of extracted RNA. Open circles represent samples with an undetectable miRNA level. The lines denote the medians.
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AbstrAct

Objective: Detection of microRNA (miRNA) aberrations in human faeces is a 

new approach for colorectal cancer (CRC) screening. The aim of this study was to 

characterise miR-20a in faeces as a non-invasive biomarker for diagnosis of CRC.

Design: miR-20a was selected from an expression microarray containing 667 

miRNAs. Further verification of miR-20a was performed in 40 pairs of primary CRC 
tissues, as well as 595 faecal samples (198 CRCs, 199 adenomas, and 198 healthy 

controls) using TaqMan probe based quantitative Real-Time PCR (qRT-PCR). 

Results: miR-20a expression was significantly higher in the 40 CRC tumours 
compared to their respective adjacent normal tissues (P = 0.0065). Levels of miR-20a 

were also significantly higher in faecal samples from CRC patients (P < 0.0001). The 

area under receiver operating characteristic (AUROC) curve for miR-20a was 0.73, 

with a sensitivity of 55% and specificity of 82% for CRC patients compared with 
controls. No significant difference in the level of miR-20a was found between patients 
with proximal, distal, and rectal cancer. The use of antibiotics did not influence faecal 
miR-20a levels.

Conclusions: Faecal-based miR-20a can be utilised as a potential non-invasive 

biomarker for CRC screening.

IntroductIon

Colorectal cancer (CRC) is the third most common 

cancer worldwide, with incidence rates increasing by 6% 

over the past decade [1]. CRC typically develops from 

benign adenomas to malignant adenocarcinomas through 

a long and protracted stepwise process. Patient survival 

is inversely related to the cancer stage at diagnosis, with 

up to 90% of deaths preventable if diagnosed early [2]. 

However, colorectal cancer is frequently asymptomatic in 

its early stages. Hence, the development of non-invasive 

biomarkers for screening the populations at risk is urgently 

needed [3].

miRNAs belong to a class of highly conserved 

short single-stranded non-coding RNAs, which regulates 

messenger RNA (mRNA) degradation, and inhibits 

translation of target genes via binding to the 3′-untranslated 
regions (3′UTR). Since miRNA expression profiles 
between normal and tumour cells, as well as between 

different subtypes of cancers vary due to their unique 

clinical histopathologic features, miRNAs are ideal cancer 

biomarkers [4]. miR-20a belongs to the miR-17/92 cluster 

located in the 13q31.1 region, and is up-regulated in 

numerous cancers, including anaplastic thyroid [5], ovarian 

[6], and prostate cancer [7, 8]. Notably, this area is partly 

regulated by the oncogenic transcription factor Myc [9] 

and TGF-β [10]. Over-expression of the miR-17/92 cluster 
is thus associated with accelerated cell proliferation [11], 

tumour development [12], and transformation from benign 

adenomas to CRC [13].
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Data from our miRNA microarray, which was 

previously reported [14], demonstrated that miR-20a was 

the one of most up-regulated miRNA in tumours compared 

to adjacent normal tissues. Thus, the purpose of this study 
was to evaluate the expression of miR-20a in faeces as 
a non-invasive CRC diagnostic biomarker. We began by 

using 40 paired clinical CRC tissues to validate miR-

20a expression. Next, miR-20a expression was validated 
in faecal samples from a large cohort of 595 patients, 

including 198 with CRC, 199 with adenomas, and 198 

healthy controls. Through this large case-controlled study, 
we identified and characterised faecal-based miR-20a as a 
potential non-invasive biomarker for CRC diagnosis.

results

miR-20a is significantly up-regulated in primary 
CRC compared to their adjacent normal tissues

Amongst the 667 miRNAs we screened using a 

microarray reported previously [14], miR-20a was the 

most up-regulated miRNA in tumour specimens compared 

to its adjacent normal. Thus, miR-20a was selected for 
further validation in 40 paired tumour and corresponding 

adjacent normal tissues from CRC patients. We found 

that miR-20a expression was significantly up-regulated 

(fold change: 2.063 (0.910–5.418), P = 0.0065) in tumours 

compared to adjacent normal tissues (Table 1).

Faecal-based miR-20a is a potential non-invasive 
marker for colorectal cancer

miR-20a was evaluated in three groups of 

participants, that is groups with normal colonoscopy 

(n = 198), adenoma (n = 199), and CRC (n = 198) 

(Table 2). As shown in Figure 1A, miR-20a was able 
to discriminate between patients with CRC and healthy 

individuals. Statistically, faecal-based miR-20a levels 
were significantly higher in CRC (mean: 100,827 copies/
ng, 95% confidence interval (CI): 114,870–86,783 copies/
ng; median: 30,005 copies/ng; P < 0.0001), but also 

significantly lower in adenoma (mean: 13,199 copies/ng, 
95% CI: 15,033–11,365 copies/ng; median: 7,088 copies/
ng; P = 0.0201) compared to controls (mean: 18,051 

copies/ng, 95% CI: 20,566–15,537 copies/ng; median: 
10,776 copies/ng) (Figure 1A). 

The AUROC values of faecal-based miR-20a were 
0.73 (95% CI: 0.68–0.78) in CRC, and 0.41 (95% CI: 
0.35–0.47) in adenoma (Figure 1B). The cut-off value 
of 27,493 copies/ng of extracted total faecal RNA for 
miR-20a was selected to maximise the sum of the sensitivity 
and specificity for CRC diagnosis (Table 3). miR-20a 
had a sensitivity of 55% and specificity of 82% for CRC 
detection. The second cut-off value of 43,312 copies/ng for 
miR-20a (Table 3) was chosen for its high specificity of 
90% enabling assessment of its performance for reference.

Faecal-based miR-20a in combination with our 
previously reported faecal miRNA biomarkers miR-92a 

[15] or miR-135b [14] did not show a big improvement in 

sensitivity. When miR-20a is combined with miR-92a, the 

AUROC is 0.77 (95% CI: 0.72–0.82), with a sensitivity 
and specificity of 57% and 84% for CRC, respectively. If 
combined with miR-135b, it generates an AUROC of 0.79 
(95% CI: 0.74–0.83), with a sensitivity and specificity 
of 79% and 65% for CRC, respectively (Supplementary 
Figure S1).

Faecal-based miR-20a is not associated with the 
location of CRC

We evaluated the expression levels of faecal-
based miR-20a in the context of tumour location in CRC 
patients. No significant differences were observed with 
regards to sensitivity for the detection of CRCs from the 

proximal colon, distal colon, and rectum (Figure 2).

Faecal-based miR-20a expression is not 
associated with antibiotic intake

We investigated the effects of antibiotic intake 

on faecal miR-20a. Twenty-six CRC patients had taken 
antibiotics within one month of faecal collection, whereas 

the remaining 162 CRC patients had not. There were no 
significant differences in faecal-based miR-20a expression 
between the groups with or without antibiotic intake 

(Figure 3).

dIscussIon

CRC is associated with a highly recognisable,  

and homogenous pattern of miRNA alterations in human 

faeces [16]. miRNA in faeces is also stable in room 

temperature and in a 4°C refrigerator for up to 72 hours, 

with the results from faecal samples being highly repeatable 

[15, 17, 18]. Unlike the faecal occult blood test (FOBT), 
which is currently used for CRC screening, faecal-based 

miRNA tests do not require troublesome drug and dietary 

restrictions. Therefore, the uptake of faecal-based miRNA 
tests may be higher than that of the FOBT, which currently 
stands at 35% [19]. As a result, quantitation of miRNA 

biomarkers in human faeces by qRT-PCR is a promising 
non-invasive approach for screening CRC patients  

[14, 15, 20, 21]. We have previously investigated the 

expression profile of 667 mRNAs in a microarray, and 
reported miR-20a as a potential biomarker [14, 21].

Its potential as a biomarker is supported by various 
functional studies implicating miR-20a in tumourigenesis. 

miR-20a has been found to induce epithelial-mesenchymal 

transition (EMT) – a key step in cell migration and tumour 
metastasis-via down-regulation of E-cadherin, and up-

regulation of matrix metalloproteinases [22, 23]. miR-20a 
has also been shown to diminish cellular response to the 
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TGF-β signalling pathway by preventing its delay of G1/S 
transition and promoting progression into the cell cycle 

[10, 22]. Mutational inactivation of the TGF-β signalling 
pathway is critical in CRC progression, with restoration 

of the TGF-β pathway in human CRC cells abrogating 
proliferation and tumourigenicity [24]. Collectively, these 

functional studies suggested a role for miR-20a in the 

pathogenesis of CRC, and supported the use of miR-20a 

as a non-invasive biomarker.

In this study, we began by verifying miR-20a 
expression levels in 40 paired tissues from CRC patients. 
miR-20a was confirmed to be more highly expressed 
in tumours than in their adjacent normal tissues (Table 
2). Next, we quantitated miR-20a in human faecal 
samples from 595 subjects, including 198 patients with 

CRC, 199 patients with adenoma, and 198 individuals 

with a normal colonoscopy (Table 1). miR-20a was 
significantly increased in CRC patients (p < 0.0001, 

AUROC = 0.73) compared with the control group (Figure 

1). No difference was found between different genders 

(Supplementary Figure S2A), and early stage (stages 
I + II) versus late stage (stages III + IV) CRC patients 
(Supplementary Figure S2B). Studies by other groups 
have also demonstrated that faecal miR-20a expression 
was significantly lower after curative CRC surgery, 
highlighting a potential role for miR-20a in surveillance of 

CRC recurrence [25]. Collectively, this data demonstrates 

the ability of miR-20a to differentiate patients with CRC 

from those without, supporting its use in CRC diagnostics.

Rather unexpectedly, miR-20a expression levels 
were lower in adenoma than in healthy controls 

(p = 0.0201, AUROC = 0.41) (Figure 1). A review of 
the literature revealed no published studies on faecal  

miR-20a expression in patients with colorectal adenomas. 
One study reported tissue miR-20a expression in 
colorectal adenomas, and found that expression was 
higher in paraffin-embedded colorectal adenoma samples 
(n = 7) than healthy controls (n = 9). The difference, 

Table 1: miR-20a expression is elevated in colorectal carcinoma tissues compared with adjacent 
normal tissues

microRNA Percentage of samples with elevated 
expression in tumours

Fold change
(Interquartile range) P value

miR-20a 70.0% (28/40) 2.063 (0.910–5.418) 0.0065

Figure 1: Levels of (A) faecal-based miR-20a, and (B) the respective area under receiver operating characteristic 
(AUROC) curves for CRC and adenoma. Patients were categorised into three subgroups: individuals with a normal colonoscopy 

(normal) (n = 198), adenoma (n = 199), and CRC (n = 198). The miR-20a level was expressed as the number of copies per nanogram 
of extracted total RNA. Each open circle represents a sample with an undetectable miRNA level. The lines denote the median. P < 0.05 

denotes statistical significance. AUROC curves were plotted to discriminate all CRC and adenoma patients from individuals with normal 
colonoscopy findings.
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however, was not significant, and the small sample size 
made the findings unreliable [26]. We hypothesise that the 
lower expression levels are instead due to the influence 
of the gut microbiome on miRNA within host cells  

[27, 28]. This hypothesis is supported by recent studies 
which revealed the different, and unique microbiota 

profiles of healthy patients, patients with colorectal 
adenomas, and patients with CRC [29]. The dominant 
strains of bacteria in colorectal adenomas may degrade 

miR-20a in the bowel lumen, thus reducing miRNA 

expression in faecal samples. It is also known that over 
time, gut flora may alter gene expression in colonocytes 
[30, 31]. This may also result in lower expression levels 
of faecal miR-20a in colorectal adenoma patients. Further 

research is needed to evaluate the relationship between 

the gut flora and expression of miR-20a in patients with 
colorectal adenomas. 

We also investigated external factors which may 
affect the use of miR-20a as a faecal-based biomarker. 

We found that miR-20a levels have comparable efficacy 
for the detection of proximal colon, distal colon and 
rectal CRC. Whilst levels of faecal-based miR-20a 

were slightly lower in proximal CRC than distal and 
rectal CRC, this result was not statistically significant 
(Figure 2). Other research groups have demonstrated 
that antibiotics change the composition of intestinal 

microbiota, which may in turn alter miRNA expression 
in faeces [32]. Therefore, we also looked into the 

Figure 2: Tumour location does not significantly alter faecal miR-20a levels. Colorectal neoplasms were classified by three 
locations as follows: the proximal colon (caecum, ascending, hepatic flexure and transverse) (n = 29), distal colon (splenic flexure, 
descending and sigmoid and recto-sigmoid junction) (n = 75), and rectum (n = 66). The lines denote the median. N.S. denotes no 
statistical significance. miR-20a levels were expressed in number of copies per nanogram of extracted total RNA. Each open circle 
represents a sample with an undetectable miR-20a level. 

Figure 3: Evaluation of the effects of antibiotics on faecal-based biomarker miR-20a. Patients who took antibiotics within 

30 days of specimen collection (n = 26) were compared with patients without any antibiotic intake (n = 162). The lines denote the median. 
N.S. denotes no statistical significance. miR-20a levels were expressed in number of copies per nanogram of extracted total RNA. Each 
open circle represents a sample with an undetectable miR-20a level.
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effects of antibiotics on faecal-based miR-20a levels by 

comparing patients who took antibiotics within 30 days 

of the faecal sample collection and those who had not. 

There were no significant differences in faecal-based 
miR-20a expressions between the groups (Figure 3).  
However, further studies are needed to determine the 

effects of antibiotics on the faecal-based miRNAs reported 

by other groups. Nevertheless, this evidence is significant 
since antibiotic use is common. Thus restrictions to 
antibiotic use prior to testing for miR-20a are not required 

to optimise test performance.

Thus far, our results suggest that faecal-based 
miR-20a is a potential non-invasive biomarker for CRC 

detection. Opponents, however, argue that faecal-based 
miRNA tests face similar challenges to the faecal occult 

blood test (FOBT) in terms of low patient acceptability. 
Other groups have thus investigated the use of circulating 
miR-20a in CRC diagnosis. The majority of studies found 
that circulating miR-20a was unable to differentiate 

CRC patients from healthy controls in a statistically 

significant manner [33, 34]. Only one study, in a cohort of  
100 CRC and 79 cancer-free controls, reported a 

Table 2: Pathological characteristics of recruited subjects
Category Healthy Controls Adenoma Colorectal Cancer

No. of Cases 198 199 198

 Age at enrolment, Years (Mean ± SD) 58.65 ± 6.87 59.99 ± 5.97 66.53 ± 11.05

Gender, Number (%)

 Male 84 (42%) 114 (57%) 116 (59%)

 Female 114 (58%) 85 (43%) 82 (41%)

Location*, Number (%)

 Proximal 50 (25.3%)

 Distal 82 (41.4%)

 Rectum 66 (33.3%)

Cancer stage, Number (%)

 I + II 106 (53.5%)

 III + IV 88 (44.5%)

 Unknown 4 (2.0%)

Tumour histology, Number (%)

 Adenocarcinoma 185 (93.4%)

 Mucinous adenocarcinoma 11(5.6%)

 Unknown 2 (1.0%)

Differentiation, Number (%)

 Poor 1 (0.5%)

 Poor to Moderate 2 (1.0%)

 Moderate 167 (84.3%)

 Well to Moderate 3 (1.5%)

 Well 3 (1.5%)

 Unknown/No data 22 (11.2%)

Antibiotic intake**, Number (%)

 Yes 26 (13%)

 No 172 (87%)

* Colorectal neoplasms were classified by location into three groups: proximal colon (caecum, ascending, hepatic flexure 
and transverse), distal colon (splenic flexure, descending and sigmoid and recto-sigmoid junction) and rectum.

**Antibiotic intake is defined as any antibiotic intake in the 30 days preceding faecal sample collection.
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statistically significant difference (P = 0.038). However, it 

had a low AUROC of 0.59, with a sensitivity of 46%, and 
specificity of 73% [35], making it an ineffective diagnostic 
tool. Moreover, the levels of circulating miR-20a may be 

influenced by other factors, including chronic diseases 
such as HCV-mediated liver disease [36], systemic lupus 
erythematosus [37] and chronic obstructive pulmonary 

disease (COPD) [38], as well as other malignancies 
[39–46]. We believe that the higher specificity of faecal 
miR-20a makes it a better choice for CRC diagnosis than 

circulating miRNAs. 

Nevertheless, there were several shortcomings with 

our study. Several internal control genes such as 18S rRNA 
[47], endogenous control small RNAs (i.e. RNU19 [18] 
and U6 snRNA [48]), miR-16 [25], and miR-24 [49], were 
used in other faecal-based miRNA studies to determine 

the relative miRNA levels according to the 2(−ΔΔCt)  
method. However, recent research has suggested that the 

use of internal controls for faecal-based miRNA detection 

may not be an ideal approach [15, 18]. This is firstly 
because 18S rRNA, RNU19, and U6 snRNA have longer 
sequences and degrade rapidly in faeces, thus potentially 

confounding results [15]. As the function of miR-16 

and miR-24 itself are unknown [49], there may also be 

unintended repercussions to using it as an internal control. 

In our experiment, miRNA was quantified with a standard 
curve plotted by known amounts of synthetic miRNA and 

normalised to per nanogram of input RNA. Whilst this 

overcomes the faults of using internal control genes, this 

approach may also be problematic because the standard 

curve is only as good as the quantification method and 
does not eliminate the possibility of DNA contamination. 

Our laboratory is currently working on solutions to this 

problem using multiplex PCR, as well as digital droplet 
PCR (ddPCR) to optimise performance, and to increase 

the sensitivity and specificity. Using multiplex PCR 
techniques, which facilitates detection of multiple targets 

in a single PCR reaction, our previously reported faecal 

miRNA biomarkers [14, 15, 21] can be combined with 

miR-20a in a panel to increase its overall sensitivity and 

specificity. Likewise, published studies suggest the use 
of ddPCR, which enables absolute quantification, would 
increase test performance by reducing the coefficient 
of variation by up to 86% compared to qRT-PCR [50]. 
Collectively, detection cost, time, and consumables would 

be minimised, whilst maximising test performance.
In summary, our study demonstrated that faecal-

based miR-20a can be utilised as a potential non-invasive 

biological marker. Its use in combination with previously 
reported miRNA biomarkers can be an effective way of 

screening the population for CRC in a non-invasive manner.

pAtIents And methods

Tissue and faecal sample collection

Forty pairs of primary CRC and its adjacent 
normal tissues (at least 40 mm away from the tumour 

margin) were biopsied during the initial colonoscopy or 

the surgical resection. The specimens were snap frozen 
immediately in a liquid nitrogen filled vacuum flask, and 
transferred to a –80°C freezer for storage.

Faecal samples were collected using a 30 mL 
disposable container with a screw cap from 595 subjects 

(198 CRCs, 199 adenomas, and 198 neoplasm-free 

controls) (Table 1). The containers were manufactured 

Table 3: The sensitivity and specificity of faecal-based miR-20a for colorectal cancer detection
Category Best Reference

Specificity, % (95% CI) 82 (76–87) 90 (85–94)

Sensitivity, % (95% CI) 55 (47–62) 40 (33–47)

Cut-off value, copies/nanogram 27,493 43,312

Location*, Sensitivity % (95% CI)

 Proximal 42 (28–57) 30 (20–45)

 Distal 60 (48–70) 45 (34–57)

 Rectum 58 (45–70) 45 (33–58)

Antibiotic Intake**, Sensitivity % (95% CI)

 No 27 (10–40) 8 (3–14)

 Yes 50 (30–70) 42 (23–63)

* Colorectal neoplasms were classified by location into three groups: proximal colon (caecum, ascending, hepatic flexure 
and transverse), distal colon (splenic flexure, descending and sigmoid and recto-sigmoid junction) and rectum.

**Antibiotic intake is defined as any antibiotic intake in the 30 days preceding faecal sample collection.
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under aseptic conditions to minimise the possibility of 

contamination. Faecal samples from CRC patients were 
collected 7 days after colonoscopy, whereas samples from 

adenoma and control groups were collected before bowel 

purgation and colonoscopy. All faecal samples were stored 

immediately at 4°C following collection, and transferred 

to a −80°C freezer for storage within 24 hours.
Colorectal neoplasms were categorised by three 

locations as follows: the proximal colon (caecum, 
ascending, hepatic flexure, and transverse), distal colon 
(splenic flexure, descending, sigmoid, and recto-sigmoid 
junction), and rectum. Exclusion criteria included: 
(i) patients who were passing type 7 stool on the Bristol 
stool chart [51], (ii) previous adjuvant therapy and/or 

colonic surgery for CRC as well as (iii) subjects with a 

family history of familial hereditary non-polyposis CRC 

and/or familial adenomatous polyposis. All participants had 

signed informed consent for obtaining tissue and/or faecal 

samples, and were recruited from The Prince of Wales 
Hospital, The Chinese University of Hong Kong, Hong 
Kong and The Alice Ho Miu Ling Nethersole Hospital, 
Tai Po, Hong Kong. The institutional review board of 
the Hospital Authority of Hong Kong and the Chinese 
University of Hong Kong approved of the study protocol.

MicroRNA extraction in tissue and faecal 
samples

Frozen colorectal tissue (10–20 µg) from biopsies 
were added into 500 µL of Trizol reagent (Invitrogen, 
Carlsbad, CA, USA) in a 1.5 mL RNase free micro-
centrifuge tube. The tissue was homogenised by RNase-
free pestles and vortexed for 30 seconds to allow 
for complete homogenisation. 100 μL of chloroform 
was subsequently added to the 1.5 mL tube. Faeces  
(200–300 mg) were scooped from the container, and added 

into 1 mL of Trizol LS reagent (Invitrogen, Carlsbad, 
CA, USA) in a 2 mL RNase-free microcentrifuge tube 
(Invitrogen, Carlsbad, CA, USA). The faecal sample was 
subsequently deformed by a RNase-free pestle (USA 
Scientific, Woodland, CA, USA) and homogenised by a 
vortex mixer in the Trizol LS reagent. After completing 
the homogenisation, 200 µL of chloroform was added into 
the 2 mL microcentrifuge tube. 

Total RNA, including miRNA from tissue and 
faeces, were extracted from the Trizol-chloroform and 
Trizol LS-chloroform mixture respectively using the 
miRNeasy Mini Kit (Qiagen, Valencia, CA, USA) as 
per the protocols provided. Total RNA was eluted in 
50 µL of nuclease free water. Total RNA concentration 
was measured using the Nanodrop 2000 (Thermo Fisher 
Scientific, Waltham, MA, USA). Each total RNA sample 
was normalised to 2 ng/uL based on the Nanodrop  
2000 reading.

MicroRNA quantitation by quantitative  
real-time PCR

Reverse transcription was performed using the 

TaqMan miRNA Reverse Transcription Kit (Thermo 
Fisher Scientific, Waltham, MA, USA). In brief, 2 ng total 
RNA, 0.3 µL TaqMan miRNA RT primer, 3 nM dNTP 

(with dTTP), 10 units reverse transcriptase, 0.6 units RNase 
inhibitor, and 0.3 µL 10X RT buffer were used in one RT 
reaction with a total volume of 3 µL. The thermal cycling 
conditions were as follows: 16°C for 30 minutes, 42°C 

for 30 minutes, 85°C for 5 minutes, and hold at 4°C. The 
RT product was subsequently diluted four-fold by adding  
9 µL of nuclease free water.

qRT-PCR of miR-20a was carried out using the 
TaqMan has-miR-20a Assay (Assay ID: 000580; Mature 
sequence: UAAAGUGCUUAUAGUGCAGGUAG) 
(Thermo Fisher Scientific, Waltham, MA, USA), and the 
7500 real-time PCR system (Thermo Fisher Scientific, 
Waltham, MA, USA). The PCR reaction mix contained 
10 µL 2X TaqMan Universal PCR Master Mix with no 
AmpErase Uracil N-Glycosylase (UNG), 0.5 µL miRNA 
TaqMan primers, 4 µL diluted RT product, and 5.5 µL 
nuclease free water. The PCR profile was as follows: 
95°C for 10 minutes, 50 cycles of 95°C for 15 seconds, 

and 60°C for 1 minute. Data collection was carried 

out at each 60°C step. The quantitation of miR-20a 
was based on a standard curve plotted by known input 

amongst all of the miRNAs, and normalised to per 

nanogram of the total input RNA. Based on standard 
curves plotted from known amounts of synthetic 

miR-20a, a technical detection limit of 6 copies for 

miR-20a would give an approximate Ct value of 48. 
Consequently, we assigned “0” to all Ct values larger 

than 48 for miR-20a. Samples with no amplification of  
miR-20a were also included and assigned a value of “0” 

in the analysis, provided the sample could be amplified 
by another miRNA such as miR-135b [14], miR-221, or 

miR-18a [21]. All assays were performed in a blinded 

fashion.

Statistics

The difference between miRNA expression in paired 
CRC and adjacent normal tissue specimens was evaluated 

by the Wilcoxon matched-pairs test. AUROC curves 
were generated based on faecal miRNA levels in patients 

with CRC and adenoma compared to the control group. 

Differences in faecal miRNA levels between groups were 

analysed by the Mann Whitney U test. The best cut-off 
value, selected to maximise the sum of the sensitivity 
and specificity, and a cut-off with a high specificity of 
90%, were selected using the AUROC curve for CRC. 
A p value < 0.05 was considered statistically significant. 
The AUROC analysis was done by SPSS 16.0 (SPSS 
Inc., Chicago, Illinois, USA). All other statistical tests 
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were performed using GraphPad Prism 5.01 (GraphPad 
Software Inc., San Diego, CA, USA). 
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Faecal microRNAs as a non-invasive 
tool in the diagnosis of colonic 
adenomas and colorectal cancer: A 
meta-analysis
Tung On Yau  1, Ceen-Ming Tang2, Elinor K. Harriss3, Benjamin Dickins  1 & 

Christos Polytarchou  1

MicroRNAs (miRNAs) are proposed as potential biomarkers for the diagnosis of numerous diseases. 

Here, we performed a meta-analysis to evaluate the utility of faecal miRNAs as a non-invasive tool in 

colorectal cancer (CRC) screening. A systematic literature search, according to predetermined criteria, 

in five databases identified 17 research articles including 6475, 783 and 5569 faecal-based miRNA 
tests in CRC, adenoma patients and healthy individuals, respectively. Sensitivity, specificity, positive/
negative likelihood and diagnostic odds ratios, area under curve (AUC), summary receiver operator 

characteristic (sROC) curves, association of individual or combinations of miRNAs to cancer stage and 

location, subgroup, meta-regression and Deeks’ funnel plot asymmetry analyses were employed. 

Pooled miRNAs for CRC had an AUC of 0.811, with a sensitivity of 58.8% (95% confidence interval [CI]: 
51.7–65.5%) and specificity of 84.8% (95% CI: 81.1–87.8%), whilst for colonic adenoma, it was 0.747, 
57.3% (95% CI: 40.8–72.3%) and 76.1% (95% CI: 66.1–89.4%), respectively. The most reliable individual 
miRNA was miR-21, with an AUC of 0.843, sensitivity of 59.3% (95% CI: 26.3–85.6%) and specificity 
of 85.6% (95% CI: 72.2–93.2%). Paired stage analysis showed a better diagnostic accuracy in late stage 
CRC and sensitivity higher in distal than proximal CRC. In conclusion, faecal miR-21, miR-92a and their 
combination are promising non-invasive biomarkers for faecal-based CRC screening.

Colorectal cancer (CRC) is the second leading cancer-related cause of death in the United Kingdom (UK) and 
accounts for over 500,000 deaths annually worldwide1. �e pathogenesis of CRC follows a protracted stepwise 
progression from benign colonic adenomas to malignant adenocarcinomas and distant metastasis. Patient sur-
vival inversely correlates to cancer stage during diagnosis, with up to 90% of deaths avertable if detected early2. 
However, CRC is o�en asymptomatic in its early stage and arises sporadically within the population, posing a 
challenge to the application of effective and timely treatments3. �e mass screening of asymptomatic individuals 
for CRC utilising a non-invasive method is thus a high public health priority.

Under the National Health Service (NHS) Bowel Cancer Screening Program in the UK, currently, the faecal 
immunochemical test (FIT) is offered every two years to all asymptomatic men and women aged 60 to 744. �e 
FIT, which examines faecal samples for hidden blood, is appealing because the costs are low, the test is widely 
available, and does not pose an immediate risk to the screened population5. Although the recent changes from 
Faecal Occult Blood Test (FOBT) to FIT has improved the screening power by specific targeting to human hae-
moglobin, the effectiveness of FIT is still restricted by its relatively low sensitivity, with about half of all malignant 
large bowel tumours and most polyps undetected. �is is due to the intermittent nature of bleeding6 as well as 
degradation of haemoglobin in faeces7. Consequently, one in four CRC cases is only diagnosed at a late stage on 
emergency admission, resulting in poor prognosis8. �erefore, a more sensitive faecal-based non-invasive test is 
urgently needed.

miRNAs are a class of conserved endogenous, short non-coding RNAs with length of 18–24 nucleotides. miR-
NAs regulate gene expression through post-transcriptional processing by binding primarily to the 3′-untranslated 
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region (3′UTR) of target mRNAs, resulting in mRNA degradation and/or translational repression9. Specific miR-
NAs (oncomiRs) through targeting tumour-suppressor genes have been found to be upregulated, while oth-
ers targeting oncogenes are downregulated, in cancer. �ese alterations, through the regulation of intracellular 
signalling networks, induce cell proliferation, confer resistance to apoptosis and chemotherapy, and promote 
metastasis10. �e expression of several miRNAs differs significantly between normal colonic tissues and CRC, 
and as colonocytes consistently exfoliate and shed into the lumen of the gastrointestinal (GI) tract, these changes 
in miRNA levels are represented in faecal specimens11–27. More recently, it was demonstrated that miRNAs are 
highly stable and detectable within samples throughout a 72 hour incubation period due to protection from rib-
onuclease degradation by exosomes28,29. Given that faeces contain genomic DNA and RNA derived from gut 
microbes, and miRNAs derived from blood cells released by tumours, the detection and utility of miRNAs for 
diagnostic purposes has been controversial. �erefore, this meta-analysis aims to assess the value of miRNAs as 
faecal-based biomarkers for CRC and colonic adenoma screening.

Results
Characteristics of selected studies. �e initial literature search from five different databases yielded a 
total of 567 articles, of which 249 were excluded as duplicated records. Next, 165 articles were deemed irrelevant 
and excluded based on the title and abstract. �e full-text of the remaining publications were screened, resulting 
in the inclusion of 17 publications (16 in English, 1 in Chinese) (Fig. 1). �ese publications contained 46 studies 
on CRC and 10 studies on adenomas, corresponding to 6475, 783 and 5569 faecal-based miRNA tests in CRC 
patients, adenoma and healthy controls, respectively (Tables 1 and 2). �e clinical data and collection procedures 
are summarised in Suppl. Table 1A,B, and methods of miRNA extraction and quantification in Suppl. Table 2A,B.

Risk of bias. All included articles were evaluated for the risk of bias using the QUADAS-2 tool (Fig. 2)30. �e 
major risk of bias in this study was in the index test, where 10 out of 17 publications had a high risk of bias due 
to the unclear or lack of statement regarding interpretation of index test results without knowledge of the results 
of the reference. Additionally, 14 out of 17 studies had an unclear risk of bias in the “Patient Selection” domain. 
�is is due to a lack of detail on whether a consecutive or random sample of patients were enrolled. �ere was a 

Figure 1. Flowchart diagram of study selection based on the inclusion and exclusion criteria.
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low risk of bias in the reference standard, since all studies were histopathologically confirmed prior to the index 
test using either TNM or Dukes’ staging (Suppl. Table 1A,B). Concern about applicability in all domains was low.

Pooled diagnostic accuracy of faecal-based microRNA for colorectal cancer and adenoma. �e 
detection accuracy of faecal-based miRNAs for CRC (Table 3) as well as colonic adenoma (Table 4) were pooled 
and analysed using the bivariate random effects model to evaluate the overall diagnostic measurements (Fig. 3). 
�e DOR and log DOR were 8.32 (95% CI: 6.71–10.32) and 2.12 (95% CI: 1.90–2.33) for CRC and 5.31 (95% 
CI: 3.55–7.94) and 1.67 (95% CI: 1.27–2.07) for adenoma, respectively. �e AUC value was 0.811 for the pooled 

Study 
ID

First author (Year)
[Reference no.]

Origin of 
population

Sample size

miRNA profile
qPCR quantitation 
method

Proximal/
Distal

Early/Late 
stageCRC Control

1 Koga Y (2010)11 Japan 119 197 miR-17-92 cluster* Relative Y Y

2 Koga Y (2010)11 Japan 119 197 miR-17 Relative — —

3 Koga Y (2010)11 Japan 119 197 miR-18a Relative — —

4 Koga Y (2010)11 Japan 119 197 miR-19a Relative — —

5 Koga Y (2010)11 Japan 119 197 miR-19b Relative — —

6 Koga Y (2010)11 Japan 119 197 miR-20a Relative — —

7 Koga Y (2010)11 Japan 119 197 miR-92a Relative — —

8 Koga Y (2010)11 Japan 119 197 miR-21 Relative Y Y

9 Koga Y (2010)11 Japan 119 197 miR-135a, miR-135b Relative Y Y

10 Koga Y (2010)11 Japan 119 197 miR-135a Relative — —

11 Koga Y (2010)11 Japan 119 197 miR-135b Relative — —

12 Koga Y (2010)11 Japan 119 197 miR-17-92 cluster*, miR-21, miR-135a/b Relative Y Y

13 Kalimutho M (2011)12 Italy 40 35 miR-144-5p Relative — —

14 Wu CW (2012)20 Hong Kong 101 88 miR-21 Absolute Y Y

15 Wu CW (2012)20 Hong Kong 101 88 miR-92a Absolute Y Y

16 Wu CW (2012)20 Hong Kong 101 88 miR-21, miR-92a Absolute Y Y

17 Kuriyama S (2012)21 Japan 126 138 miR-106a Relative — —

18 Kuriyama S (2012)21 Japan 126 138 miR-21, miR-92a, miR-106a Relative — —

19 Kanaoka S (2013)22 Japan 126 138 miR-21 Relative — —

20 Kanaoka S (2013)22 Japan 126 138 miR-92a Relative — —

21 Koga Y (2013)23 Japan 107 117 miR-106a Relative — —

22 Zhao HJ (2014)24 China 20 28 miR-194 Relative — —

23 Wu CW (2014)25 Hong Kong 109 104 miR-135b Absolute — —

24 Yau TO (2014)26 Hong Kong 198 198 miR-221 Absolute — —

25 Yau TO (2014)26 Hong Kong 198 198 miR-18a Absolute — —

26 Yau TO (2014)26 Hong Kong 198 198 miR-221, miR-18a Absolute — —

27 Yau TO (2014)26 Hong Kong 198 198 miR-221, miR-135b Absolute — —

28 Yau TO (2014)26 Hong Kong 198 198 miR-18a, miR-135b Absolute — —

29 Yau TO (2014)26 Hong Kong 198 198 miR-221, miR-18a, miR-135b Absolute — —

30 Phua LC (2014)27 Singapore 28 17 miR-223 Relative — —

31 Phua LC (2014)27 Singapore 28 17 miR-451 Relative — —

32 Chang PY (2016)13 Taiwan 309 138 miR-223, miR-92a, miR-16, miR-106b Relative — —

33 Chang PY (2016)13 Taiwan 309 138 miR-223, miR-92a Relative — —

34 Yau TO (2016)14 Hong Kong 198 198 miR-20a Absolute — —

35 Yau TO (2016)14 Hong Kong 198 198 miR-20a, miR-92a Absolute — —

36 Yau TO (2016)14 Hong Kong 198 198 miR-20a, miR-135b Absolute — —

37 Zhu Y (2016)15 China 51 80 miR-29a Relative — —

38 Zhu Y (2016)15 China 51 80 miR-223 Relative — —

39 Zhu Y (2016)15 China 51 80 miR-224 Relative — —

40 Liu H (2016)16 China 150 98 miR-21 Relative — —

41 Liu H (2016)16 China 150 98 miR-146a Relative — —

42 Liu H (2016)16 China 150 98 miR-21, miR-146a Relative — —

43 Xue Y (2016)17 China 50 50 miR-141 Relative — —

44 Xue Y (2016)17 China 50 50 miR-92a Relative — —

45 Bastaminejad S (2017)18 Iran 40 40 miR-21 Relative — —

46 Wu CW (2017)19 USA 29 115 miR-451a, miR-144-5p Relative Y Y

Table 1. All publications on faecal-based microRNAs for the detection of colorectal cancer. *�e miR-17-92 
cluster includes miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1, and miR-92a.

174 | Page

https://doi.org/10.1038/s41598-019-45570-9


4SCIENTIFIC REPORTS |          (2019) 9:9491  | https://doi.org/10.1038/s41598-019-45570-9

www.nature.com/scientificreportswww.nature.com/scientificreports/

CRC, and 0.747 for the pooled adenoma, respectively. �e pooled studies of miRNAs in identification of CRC 
had a sensitivity of 58.8% (95% CI: 51.7–65.5%) and specificity of 84.8% (95% CI: 81.1–87.8%), whilst the pooled 
studies of miRNAs for identification of adenoma had a sensitivity of 57.3% (95% CI: 40.8–72.3%) and specificity 
of 76.1% (95% CI: 66.1–89.4%).

Relative quantitation has a higher detection accuracy in colorectal cancer screening. To inves-
tigate the potential of faecal-based miRNA in the non-invasive diagnosis of CRC, studies were subgrouped in 
different aspects to compare their detection accuracy (Table 3). For the individual/combination miRNA anal-
ysis, both presented a similar power of diagnostic accuracy. �e individual miRNA analysis panel had a sen-
sitivity of 53.5% (95% CI: 43.8–62.9%), specificity of 86.4% (95% CI: 81.8–89.9%), DOR of 7.71 (5.65–10.52), 
and log DOR of 2.04 (95% CI: 1.73–2.35). �e combination of miRNAs had a sensitivity of 68.8% (95% CI: 
63.0–74.0%), specificity of 81.6% (95% CI: 75.0–86.8%), DOR of 9.73 (95% CI: 7.51–12.60), and log DOR of 
2.28 (95% CI: 2.02–2.53). �e AUC value was 0.808 for the individual miRNAs, and 0.801 for the combination 
of miRNAs, respectively. �e meta-regression analysis showed a significant effect on pooled sensitivity (Z-value: 
2.310, P = 0.021) but not in specificity (Z-value: 1.28, P = 0.199) (Table 4). Comparing studies with large (n > 100) 
versus small size (n ≤ 100), there was a sensitivity of 53.4% (95% CI: 44.4–62.3%) versus 70.6% (95% CI: 64.2–
76.3%), specificity of 86.3% (95% CI: 82.3–89.6%) versus 80.8% (95% CI: 72.3–87.1%), DOR of 7.83 (95% CI: 
6.11–10.04) versus 10.16 (95% CI: 6.45–16.00) and AUC of 0.811 versus 0.801 respectively. �e meta-regression 
analysis indicated that the sample size did not significantly affect the pooled specificity (Z-value: 1.601, P = 0.109), 
however it did affect the pooled sensitivity (z-value: 2.458, P = 0.014).

�e quantitation methods of absolute versus relative qPCR for faecal-based miRNAs were compared. �e 
pooled relative quantitation qPCR method exhibited a better diagnostic accuracy in CRC (Table 3), with a sen-
sitivity of 55.5% (95% CI: 45.9–64.7%), specificity of 88.8% (95% CI: 85.2–91.6%), DOR of 10.738 (95% CI: 
7.718–14.940), log DOR of 2.37 (95% CI: 2.04–2.70) and AUC of 0.846. By contrast, the pooled absolute quanti-
tation qPCR method exhibited sensitivity, specificity, DOR, log DOR and AUC of 67.3% (95% CI: 62.3–71.9%), 
69.2% (95% CI: 69.4–77.0%), 5.706 (95% CI: 4.937–6.594), 1.74 (95% CI: 1.06–1.89) and 0.763, respectively. �e 
meta-regression analysis revealed that the qPCR relative quantitation method in CRC affected only specificity 
(Z-value = −4.317, P < 0.001) when compared to the absolute quantification approach. �e pooled relative quan-
titation qPCR approach exhibited a DOR of 8.32 (95% CI: 5.55–12.48) and log DOR of 2.12 (95% CI: 1.71–2.52) 

Study 
ID

First author (Year)
[Reference no.]

Origin of 
population

Sample size

miRNA profile
qPCR quantitation 
methodAdenoma Control

I Wu CW (2012)20 Hong Kong 57 88 miR-21 Absolute

II Wu CW (2012)20 Hong Kong 57 88 miR-92a Absolute

III Wu CW (2012)20 Hong Kong 57 88 miR-21, miR-92a Absolute

IV Kanaoka S (2013)22 Japan 26 138 miR-21 Relative

V Kanaoka S (2013)22 Japan 26 138 miR-92a Relative

VI Wu CW (2014)25 Hong Kong 169 104 miR-135b Absolute

VII Liu H (2016)16 China 120 98 miR-21 Relative

VIII Liu H (2016)16 China 120 98 miR-146a Relative

IX Liu H (2016)16 China 120 98 miR-21, miR-146a Relative

X Wu CW (2017)19 USA 31 115 miR-451a, miR-144-5p Relative

Table 2. All publications on faecal-based microRNAs for the detection of colonic adenomas.

Figure 2. Quality assessment of included studies utilising the Quality Assessment of Diagnostic Accuracy 
Studies (QUADAS) version 2. Summary of risk of bias and applicability concerns for faecal-based miRNAs in 
the detection of colorectal cancer.
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with a specificity of 86.7% (95% CI: 67.6–95.3%) and sensitivity of 56.9% (95% CI: 31.4–79.2%), compared with 
the absolute quantification approach (Table 3 and Suppl. Fig. 1).

Subgroup meta-regression analysis in colonic adenoma was also performed, looking at differences in sample 
size, pooled individual/combination miRNAs and quantitation method (Table 4). �e meta-regression indicated 
that a small sample size significantly affected both the specificity (Z-value: −2.011, P = 0.044) and sensitivity 
(Z-value: −1.309, P < 0.001). With respect to the pooled individual/combination miRNAs, meta-regression anal-
ysis did not show significant effects in both the pooled sensitivity (Z-value: −10.85, P = 0.853) and specificity 
(Z-value: −0.194, P = 0.846). For the qPCR relative quantitation method, a significant effect was observed in the 
sensitivity (Z-value = −3.356, P < 0.001) of pooled miRNAs.

Differences in detecting CRC depending on tumour stage and location. Meta-analysis on early 
versus late stage CRC as well as proximal versus distal CRC were performed to further evaluate the diagnostic 
ability of miRNAs. Pooled faecal miRNAs had a sensitivity of 57.0% (95% CI: 44.4–68.8%), specificity of 80.0% 
(95% CI: 71.1–86.7%), DOR of 5.58 (95% CI: 3.62–8.62) and log DOR of 1.72 (95% CI: 1.29–2.15) with respect 
to the diagnosis of early stage CRC, whilst in late stage CRC pooled miRNAs had a sensitivity of 62.1% (95% CI: 

No. of 
Studies AUC

Partial 
AUC

log DOR 
(95% CI) DOR (95% CI)

Sensitivity 
(95% CI)

Specificity 
(95% CI)

+LR  
(95% CI)

−LR  
(95% CI)

Meta-Regression

Sensitivity 
Z-value, P

Specificity 
Z-value, P

Pooled miRNAs for 
CRC

46 0.811 0.624
2.12 
(1.90–2.33)

8.32  
(6.71–10.32)

58.8% 
(51.7–65.5%)

84.8% 
(81.1–87.8%)

3.34 
(2.93–3.81)

0.47 
(0.42–0.53)

— —

Sample size

Small (Case n < 100) 14 0.801 0.681
2.32 
(1.86–2.77)

10.16 
(6.45–16.00)

70.6% 
(64.2–76.3%)

80.8% 
(72.3–87.1%)

3.38 
(2.52–4.52)

0.38 
(0.32–0.46)

2.458, P = 0.014 1.601, P = 0.109

Large (Case n > 100) 32 0.811 0.561
2.06 
(1.81–2.31)

7.83  
(6.11–10.04)

53.4% 
(44.4–62.3%)

86.3% 
(82.3–89.6%)

3.36 
(2.90–3.90)

0.51 
(0.45–0.57)

Pooled individual / Combination miRNAs

Individual miRNA 31 0.808 0.593
2.04 
(1.73–2.35)

7.71  
(5.65–10.52)

53.5% 
(43.8–62.9%)

86.4% 
(81.8–89.9%)

3.32 
(2.76–4.00)

0.54 
(0.48–0.60)

2.310, P = 0.021 1.284, P = 0.199

Combination miRNAs 15 0.801 0.674
2.28 
(2.02–2.53)

9.73  
(7.51–12.60)

68.8% 
(63.0–74.0%)

81.6% 
(75.0–86.8%)

3.47 
(2.87–4.20)

0.39 
(0.34–0.44)

Quantitation method

Absolute 13 0.763 0.685
1.74 
(1.06–1.89)

5.706  
(4.937–6.594)

67.3% 
(62.3–71.9%)

69.2% 
(69.4–77.0%)

2.49 
(2.26–2.74)

0.46 
(0.41–0.51)

−1.632, P = 0.103 −4.317, P < 0.001

Relative 33 0.846 0.662
2.37 
(2.04–2.70)

10.738  
(7.718–14.940)

55.5% 
(45.9–64.7%)

88.8% 
(85.2–91.6%)

4.27 
(3.48–5.23)

0.49 
(0.43–0.55)

Table 3. Subgroup analysis for pooled microRNAs in the identification of CRC. AUC, Area under curve; DOR, 

Diagnostic odds ratio; +LR, Positive likelihood ratio; −LR = Negative likelihood ratio; Z-value, regression 

coefficient. P < 0.05 was considered statistically significant.

No. of 
Studies AUC

Partial 
AUC

log DOR 
(95% CI)

DOR (95% 
CI)

Sensitivity 
(95% CI)

Specificity 
(95% CI)

+LR  
(95% CI)

−LR  
(95% CI)

Meta-Regression

Sensitivity 
Z-value, P

Specificity 
Z-value, P

Pooled miRNAs for Adenoma 10 0.747 0.560
1.67 
(1.27–2.07)

5.31 
(3.55–7.94)

57.3% 
(40.8–72.3%)

76.1% 
(66.1–89.4%)

2.28 
(1.84–2.84)

0.53 
(0.41–0.68)

— —

Sample size

Small (Case n < 100) 4 0.647 0.490
1.53 
(0.86–2.20)

6.36 
(4.35–9.31)

42.0% 
(27.5–58.1%)

87.7% 
(70.0–95.6%)

2.23 
(1.93–2.57)

0.35 
(0.25–0.49) −1.309 

P < 0.001
−2.011 
P = 0.044

Large (Case n > 100) 6 0.701 0.779
1.85 
(1.47–2.23)

4.63 
(2.37–9.04)

77.0% 
(67.7–84.2%)

65.7% 
(70.5–85.9%)

2.87 
(1.71–4.83)

0.71 
(0.59–0.85)

Pooled individual/Combination miRNAs

Individual miRNA 7 0.749 0.566
1.78 
(1.26–2.30)

5.93 
(3.52–10.00)

58.7% 
(41.6–73.9%)

81.6% 
(63.6–91.8%)

2.50 
(1.86–3.36)

0.52 
(0.40–0.67) −0.185 

P = 0.853
−0.194 
P = 0.846

Combination miRNAs 3 0.729 0.520
1.45 
(0.73–1.17)

4.26 
(2.07–8.76)

52.6% 
(13.4–88.8%)

78.1% 
(42.2–94.5%)

1.97 
(1.45–2.67)

0.55 
(0.28–1.09)

Quantitation method

Absolute 4 0.687 0.626
1.16 
(0.84–1.47)

3.18 
(2.33–4.35)

59.4% 
(48.0–69.9%)

68.2% 
(36.7–52.0%)

1.83 
(1.54–2.16)

0.61 
(0.50–0.74) −3.356 

P = 0.001
−1.859 
P = 0.063

Relative 6 0.802 0.622
2.12 
(1.71–2.52)

8.32 
(5.55–12.48)

56.9% 
(31.4–79.2%)

86.7% 
(67.6–95.3%)

3.01 
(2.09–4.34)

0.48 
(0.31–0.73)

Table 4. Subgroup analysis for pooled microRNAs in the identification of adenomas. AUC, Area under curve; 

DOR, Diagnostic odds ratio; +LR, Positive likelihood ratio; −LR, Negative likelihood ratio; Z-value, regression 

coefficient. P < 0.05 was considered as statistically significant.
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Figure 3. Diagnostic accuracy of pooled microRNAs in identification of colorectal cancer and colonic 
adenoma. Log Diagnostic Odds radios in (A) CRC was 2.12 (95% CI: 1.90–2.33) and (B) adenoma was 1.67 
(95% CI: 1.27–2.07). (C) Summary receiver operating characteristic curves (SROC) for pooled miRNAs in CRC 
and colonic adenoma. �e pooled miRNAs for CRC (n = 46) had a sensitivity of 58.8% (95% CI: 51.7–65.5%), 
specificity of 84.8% (95% CI: 81.1–87.8%) and AUC of 0.811. �e pooled miRNAs for adenoma (n = 10) had 
a sensitivity of 57.3% (95% CI: 40.8–72.3%), specificity of 76.1% (95% CI: 66.1–89.4%) and AUC of 0.747. 
�e number next to the dot/triangle corresponds to the study ID in Table 1 (Blue dots: CRC) or Table 2 (Red 
triangles: colonic adenoma). �e circular regions (95% confidence contour) contain likely combinations of the 
mean value of sensitivity and specificity. Sen, sensitivity; Spe, specificity; SOP, summary operating point.
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47.8–74.6%), specificity of 80.0% (95% CI: 71.1–86.7%), DOR of 6.70 (95% CI: 4.34–10.36) and log DOR of 1.90 
(95% CI: 1.47–2.34) (Fig. 4A,B and Table 5). In proximal CRC, the pooled sensitivity, specificity, DOR, log DOR 
and AUC were 39.8% (95% CI: 21.8–61.0%), 82.4% (95% CI: 71.5–89.7%), 3.44 (95% CI: 2.53–4.66), 1.23 (95% 
CI: 0.93–1.54) and 0.719, respectively. For distal CRC, the pooled sensitivity, specificity, DOR, log DOR and 
AUC were 64.1% (95% CI: 43.9–80.3%), 81.9% (95% CI: 71.5–89.1%), 8.51 (95% CI: 4.97–14.57), 2.14 (95% CI: 
1.60–2.68) and 0.818, respectively (Table 6 and Suppl. Fig. 2).

The detection accuracy of individual microRNAs. Each individual miRNA reported by more than one 
research group was pooled for an accuracy estimation (Table 6). miR-21 was reported by five CRC and three colonic 
adenoma studies11,16,18,20,22. Pooled miR-21 in CRC had an AUC of 0.843, DOR of 9.28 (95% CI: 2.97–28.97) and log 
DOR of 2.23 (95% CI: 1.09–3.37) whilst pooled miR-21 in adenoma had an AUC of 0.771, DOR of 7.10 (96% CI: 1.99–
25.34) and log DOR of 1.96 (96% CI: 1.96–3.23) (Fig. 5A and Table 6). �e miR-21-related combination pool for CRC 
detection had an AUC of 0.843, with a DOR of 16.73 (95% CI: 7.00–39.94) and log DOR of 2.82 (95% CI: 1.95–3.69) 
from four different CRC studies. miR-92a was reported in four CRC and two adenoma studies11,20–22. �e AUC, DOR 
and log DOR were 0.794, 8.57 (95% CI: 3.30–22.27) and 2.15 (95% CI: 1.19–3.10) for pooled miR-92a alone in the 
diagnosis of CRC, and 0.635, 0.467, 7.08 (95% CI: 1.43–34.97) and 1.96 (95% CI: 0.36–3.55) for pooled miR-92a alone 
in the diagnosis of colonic adenoma, respectively (Fig. 5B and Table 6).

�e miR-92a-related combination pool for CRC was reported in five CRC studies, with AUC 0.791, DOR 10.47 
(95% CI: 6.46–16.98) and log DOR 2.35 (95% CI: 1.87–2.83). �e pooled miR-21 plus miR-92a combination exhibited 
an AUC of 0.837, with a specificity of 87.8% (95% CI: 79.5–93.0%), sensitivity of 53.7% (95% CI: 33.4–74.8%) and DOR 
of 2.19 (95% CI: 1.48–2.91). miR-20a, miR-106a, miR-135b and miR-223 were reported in two different articles, with an 
AUC of 0.797, 0.416, 0.798 and 0.777, DOR of 3.87 (95% CI: 1.75–8.55), 29.33 (95% CI: 7.74–111.11), 10.18 (95% CI: 
4.91–21.09) and 14.69 (95% CI: 0.66–328.44), respectively (Table 6 and Suppl. Fig. 2).

Publication bias evaluation. �e Deeks’ funnel plot asymmetry test was utilised to evaluate the potential 
publication bias from each included faecal-based miRNA study. �e slope coefficient was associated with P = 0.03 
in the pooled miRNAs in CRC, and P = 0.61 in pooled miRNAs in colonic adenoma studies, indicating that sig-
nificant asymmetry was found in the CRC dataset (Fig. 6A) but not in the colonic adenoma dataset (Fig. 6B). �e 
combination of CRC and colonic adenoma resulted in a P = 0.11 (Suppl. Fig. 3).

Discussion
To evaluate the diagnostic value of faecal-based miRNAs, data from 17 eligible publications, including 46 stud-
ies on miRNAs in CRC and 10 studies on colonic adenoma, corresponding to 6475, 783 and 5569 faecal-based 
miRNA tests in CRC patients, adenoma and healthy control volunteers, respectively, were subjected to 
meta-analysis. Our study reveals that pooled faecal-based miRNAs have a relatively high detection accuracy for 

Figure 4. Diagnostic accuracy in early stage versus late stage and proximal versus distal colorectal cancer. (A) 
Summary receiver operating characteristic curves (SROC) for early (n = 11) and late (n = 11) stage CRC. (B) 
SROC for proximal (n = 9) and distal (n = 9) CRC. �e number next to the blue dot/red triangle corresponds to 
the study ID in Table 1. �e circular regions (95% confidence contour) contain likely combinations of the mean 
value of sensitivity and specificity. Sen = sensitivity; Spe = specificity SOP, summary operating point. #Early 
stage CRC includes TMN stages 0 + I + II or Dukes’ stage A + B; late stage CRC includes CRC stages III + IV or 
Dukes’ stage C + D. Proximal CRC is defined as from cecum to transverse colon, and distal CRC is defined as 
from the splenic flexure to the rectum.
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CRC. However, the lack of consensus regarding the optimal quantitation method, data normalisation, and selec-
tion of control subjects, may present obstacles to clinical application.

qPCR-based studies were the subject of our meta-analysis analysis. �is approach for miRNA level quanti-
fication is advantageous compared to others in that is fast and easily adoptable in a clinical setting. However, it 
comes with limitations that relate to the method for miRNA isolation and the selection of the appropriate refer-
ence/normalisation control. Although reference quantitation method demonstrated a better diagnostic accuracy 
compared to absolute quantitation, it is important to acknowledge that a variety of internal controls were used 
as references, including RUN6B(U6)11,15–18,24, miR-2423, miR-200b-3p19, miR-37812, miR-120227 and miR-425727. 
Increasing evidence suggests that RUN6B may not be a suitable endogenous control for miRNAs31,32 due to its 
rapid degradation in faeces20. miRNAs used as internal controls also have functions in the host cell, and their 
deregulation could interfere with the detection accuracy. For example, miR-24, a proposed tumour suppressor 
miRNA in CRC, controls cellular proliferation independently of p53 by targeting the 3’UTR of dihydrofolate 
reductase (DHFR) mRNA33,34. Deregulation of plasma miR-378 was also found in CRC patients35. miR-4257 
has been reported to be down-regulated in bladder cancer cell lines and up-regulated in the plasma of patients 
with recurrence of non-small cell lung cancer (NSCLC)36,37. Peripheral levels of miR-1202 predicts and medi-
ates the response to anti-depressants, specifically regulating the expression of metabotropic glutamate receptor-4 
(GRM4) with levels correlating to changes in brain activity38–40. miR-1202 is deregulated in different types of can-
cers, such as breast cancer41, gastric cancer42 and clear cell papillary renal cell carcinoma43. Absolute quantitation 
was employed in several studies for faecal-based miRNA screening13,14,20,26 (Table 1), however, this necessitates a 
standard curve which depends on the quantification detection method and does not eliminate potential contam-
ination by gut bacteria DNA/RNA14.

�e combination of FIT and stool-based miRNA markers may increase detection accuracy to overcome this 
problem. A previous study indicated that the combination of miR-21 and miR-92a with FIT had a specificity of 
96.8% and sensitivity of 78.4% while FIT alone only had a specificity of 98.4% and sensitivity of 66.7%22. A param-
eter that should be considered is the presence/absence of occult blood in samples as miRNAs expressed in blood 
cells may interfere with the assay, altering the levels of specific miRNAs. In an effort to assess the potential con-
tribution of blood in faecal miRNA levels we have retrieved a list of circulating miRNAs44. Comparison showed 
that 8 miRNAs are detected in both blood and faecal specimens (Suppl. Fig. 4). �is finding does not imply that 
blood cells are responsible for the alterations in the levels of these miRNAs, as their origin may as well be the 
tumour. Optimally, a controlled study including comparisons between samples positive and negative for FOBT/
FIT could address the relative contribution. A more inclusive approach employing miRNA analyses and compar-
isons between matched blood, faecal specimens and tumours or colonic tissues would be most informative about 
the source of changes in miRNA levels. Furthermore, other colonic pathologies like inflammatory bowel diseases 
are characterised by deregulation of miRNAs detectable in tissues and serum45–48 and the presence of occult blood 
in faeces. A comprehensive analysis would include samples from different pathologies of the colon, assess and 
identify disease-specific miRNA signatures and their diagnostic/prognostic properties.

A clear conclusion on which quantitation method is more suitable cannot be drawn with the currently avail-
able data. �e use of multiple internal controls or the geometric mean, using a multiplex screening method, such 
as microarrays or next generation sequencing, would provide the optimal means of normalisation. Alternatively, 
the NanoString nCounter technology enables profiling of around 800 molecular targets in one single reaction by 
utilising molecular “barcodes”. �is approach normalises the data by using multiple targets, and more importantly 
quantifies multiple miRNAs which can be used simultaneously as biomarkers to improve detection accuracy. In 
addition, this platform overcomes the need for data processing and bioinformatic analysis expertise, as in the case 
of microarrays or high-throughput sequencing, thus may be easily utilised in a clinical setting46.

To evaluate the potential detection efficiency for each individual miRNA, individual miRNAs reported in more 
than one study were grouped to evaluate its detection accuracy. In this meta-analysis, miR-21 and miR-92a were 
the most commonly reported faecal-based miRNAs (Table 6). Numerous studies have characterised the functional 
roles of these two miRNAs in CRC pathogenesis and aggressiveness. Up-regulation of miR-21 and miR-92a pro-
motes CRC cell migration, invasion and proliferation11,16,18,20,22, and inhibition of apoptosis49–51. Several signifi-
cant targets of miR-21 are associated with CRC malignancy, such as phosphatase and tensin homolog (PTEN)49,52, 

miRNA
No. of 
Studies AUC

Partial 
AUC

log DOR 
(95% CI)

DOR  
(95% CI)

Sensitivity 
(95% CI)

Specificity 
(95% CI)

+LR  
(95% CI)

−LR  
(95% CI)

Staging# (Based on the data from the included studies)

Early 11 0.753 0.582
1.72 
(1.29–2.15)

5.58 
(3.62–8.62)

57.0% 
(44.4–68.8%)

80.0% 
(71.1–86.7%)

2.68 
(2.10–3.43)

0.54 
(0.43–0.68)

Late 11 0.787 0.627
1.90 
(1.47–2.34)

6.70  
(4.34–10.36)

62.1% 
(47.8–74.6%)

80.0% 
(71.1–86.7%)

2.82 
(2.22–3.59)

0.45 
(0.33–0.61)

Tumour location (Based on the data from the included studies)

Proximal 9 0.719 0.488
1.23 
(0.93–1.54)

3.44 
(2.53–4.66)

39.8% 
(21.8–61.0%)

82.4% 
(71.5–89.7%)

2.08 
(1.76–2.44)

0.75 
(0.64–0.88)

Distal 9 0.818 0.675
2.14 
(1.60–2.68)

8.51 
(4.97–14.57)

64.1% 
(43.9–80.3%)

81.9% 
(71.5–89.1%)

3.04 
(2.31–4.01)

0.41 
(0.28–0.61)

Table 5. Subgroup analysis for pooled microRNAs in association with CRC staging and tumour location. DOR, 
Diagnostic odds ratio; +LR, Positive likelihood ratio; −LR, Negative likelihood ratio. #Early stage CRC includes 
TNM stages 0 + I + II or Dukes’ stage A + B; Late stage CRC includes CRC stages III + IV or Dukes’ stage C + D.
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programmed cell death protein 4 (PDCD4)53,54, and ras homolog gene family member B (RhoB)55. Among these, 
PTEN was reported frequently silenced in CRC by miR-21, resulting in PI3K/AKT pathway activation and induc-
tion of tumour formation49,52. Recently, a long non-coding RNA (LINC00312) suppressed in CRC was shown to 
regulate miR-21 levels through its function as a miRNA sponge, thereby regulating PTEN expression56. miR-92a has 
been shown to disrupt the expression of several tumour suppressors such as PTEN57,58, Dickkopf WNT Signalling 
Pathway Inhibitor 3 (DKK3)57, Kruppel-like factor 4 (KLF4)59 and mothers against decapentaplegic homolog 7 
(SMAD7)60. Hence, miR-92a activates the PI3K/AKT, WNT/β-catenin and BMP/Smad pathways and enhances 

miRNA Diagnosis
No. of 
Studies AUC

Partial 
AUC

log DOR 
(95% CI)

DOR  
(95% CI)

Sensitivity 
(95% CI)

Specificity  
(95% CI)

+LR  
(95% CI)

−LR  
(95% CI)

miR-21

Adenoma 3 0.771 0.598
1.96 
(1.96–3.23)

7.10 
(1.99–25.34)

59.6% 
(27.7–85.0%)

83.0% 
(47.2–96.4%)

2.97 
(1.45–6.07)

0.49 
(0.27–0.90)

CRC 5 0.843 0.549
2.23 
(1.09–3.37)

9.28 
(2.97–28.97)

59.3% 
(26.3–85.6%)

85.6% 
(72.2–93.2%)

3.38 
(2.07–5.53)

0.43 
(0.28–0.68)

miR-21-related combination CRC 4 0.843 0.764
2.82 
(1.95–3.69)

16.73 
(7.00–39.94)

75.7% 
(60.3–86.5%)

85.0% 
(55.1–96.3%)

4.31 
(2.22–8.39)

0.31 
(0.20–0.46)

miR-92a

Adenoma 2 0.635 0.467
1.96 
(0.36–3.55)

7.08 
(1.43–34.97)

43.2% 
(20.1–69.8%)

91.0% 
(41.6–99.3%)

4.70 
(0.80–27.60)

0.66 
(0.54–0.81)

CRC 4 0.794 0.537
2.15 
(1.19–3.10)

8.57 
(3.30–22.27)

46.8% 
(26.3–68.4%)

90.5% 
77.1–96.4%)

4.53 
(2.17–9.43)

0.57 
(0.41–0.81)

miR-92a-related combination CRC 5 0.791 0.685
2.35 
(1.87–2.83)

10.47 
(6.46–16.98)

68.2% 
(56.8–77.7%)

83.7% 
(65.9–93.2%)

3.71 
(2.44–5.64)

0.40 
(0.33–0.49)

miR-21 + miR-92a CRC 9 0.837 0.548
2.19 
(1.48–2.91)

8.97 
(4.39–18.29)

53.7% 
(33.4–74.8%)

87.8% 
(79.5–93.0%)

3.68 
(2.54–5.33)

0.51 
(0.40–0.65)

miR-20a CRC 2 0.797 0.367
1.35 
(0.56–2.15)

3.87 
(1.75–8.55)

34.4% 
(9.0–73.6%)

87.5% 
(73.6–94.6%)

2.84 
(2.13–3.80)

0.70 
(0.44–1.13)

miR-106a CRC 2 0.416 0.356
3.38 
(2.05–4.71)

29.33  
(7.74–111.11)

36.1% 
(30.4–42.2%)

98.0% 
(94.7–99.2%)

18.85 
(5.44–65.35)

0.65 
(0.59–0.72)

miR-135b CRC 2 0.798 0.656
2.32 
(1.59–3.05)

10.18 
(4.91–21.09)

63.1% 
29.4–87.5%)

86.2% 
(41.8–98.2%)

4.44 
(1.23–16.09)

0.44 
(0.26–0.77)

miR-223 CRC 2 0.777 0684
2.69 
(-0.42–5.79)

14.69  
(0.66–328.44)

67.9% 
(47.9–83.0%)

87.4% 
(39.3–98.7%)

5.43 
(0.56–52.59)

0.41 
(0.18–0.92)

Table 6. Diagnostic accuracy of individual microRNAs and microRNA combinations. DOR, Diagnostic odds 

ratio; +LR, Positive likelihood ratio; −LR, Negative likelihood ratio.

Figure 5. Diagnostic accuracy in pooled miR-21 and miR-92a. (A) SROC for pooled miR-21 in the detection 
of CRC (n = 5) and colonic adenoma (n = 3). (B) SROC for pooled miR-92a in the detection of CRC (n = 4) 
and colonic adenoma (n = 2). �e number next to the dot/triangle corresponding to the study ID in Table 1 
(Blue dots: CRC) or Table 2 (Red triangles: colonic adenoma). Sen, sensitivity; Spe, specificity; SOP, summary 
operating point. �e circular regions (95% confidence contour) contain likely combinations of the mean value 
of sensitivity and specificity.
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tumorigenesis. Subject to this analysis five studies reported the use of miR-21 in the identification of CRC, and three 
studies reported its use in identification of adenomas11,16,18,20,22. Four studies reported the utility of miR-92a in the 
identification of CRC, and two studies in identification of adenomas11,17,20,22. miR-21 had a better detection accuracy 
range compared with miR-92a, with a DOR of 9.28 (95% CI: 2.97–28.97) and summary AUC of 0.843. Panels includ-
ing a combination of either miR-21 or miR-92a, as well as panels including both miR-21 and miR-92a demonstrated 
a small improvement in detection (Fig. 5 and Table 6). However, due to the small number of published studies, with 
each having wide confidence intervals, a direct comparison between two faecal-based miRNAs may not be accurate. 
Additional data are needed to limit potential errors.

�e FOBT or FIT, have limited sensitivity for detecting proximal compared with distal CRC61,62. �is is due to the 
degradation of haemoglobin. Hence, tumour location analysis for faecal-based miRNA detection was also considered 
and reported by several studies – with none of them reporting a statistical difference. In this study, the results between 
pooled miRNAs for proximal and distal CRC reveal differences associated with tumour location, with an AUC of 0.719 
versus 0.818, and DOR of 3.44 (95% CI: 2.53–4.66) versus 8.51 (95% CI: 4.97–14.57) (Fig. 4B and Table 5).

Our study is characterised by many strengths but should be interpreted in the context of specific shortcomings. 
Firstly, subgroup analysis suggested that the combination of faecal miRNAs exhibited a good accuracy for CRC and 
colonic adenoma patients screening (Tables 3, 4 and Fig. 3). However, certain combinations of miRNAs may not 
significantly improve the detection accuracy. For example, the panel containing miR-223, miR-92a, miR-16 and 
miR-106b had a sensitivity of 73.9%, specificity of 82.2% and AUC of 0.8413, whereas the combination of miR-18a 
and miR-135b only had a sensitivity of 66%, specificity of 72% and AUC of 0.7526. �erefore, an optimal miRNA 
combination panel should be prioritised. Secondly, the majority of studies were performed in East Asia (Hong Kong, 
Taiwan, China, Japan and Singapore) (Table 1) with only one study in the USA, Europe and the Middle East, making 
it unclear whether the ethnic background of participants has an influence on the expression of miRNAs in CRC. 
�irdly, due to the high cost of colonoscopy, the majority of test subjects were recruited from the corresponding 
clinics. �is may result in a degree of bias, since the subjects are not representative of the general population. Last but 
not least, the publication bias analysis revealed that pooled miRNAs in CRC have a significant asymmetry (P = 0.03). 
�is may be due to file-drawer effects, bias from the studies with small same sizes, lack of clarity in reporting the 
results for some publications, or the level of detail provided being lower than the one required for our analysis. 
Consequently, some studies were excluded, resulting in a possible bias in our meta-analysis (Fig. 6A).

In conclusion, faecal-based miRNAs show a relatively high accuracy for the non-invasive detection of colonic 
adenomas and CRC in the studied population. �e use of a panel of miRNAs as biomarkers may result in a higher 
CRC detection rate, while the combination of miRNA biomarkers with FOBT or FIT may increase the detection 
accuracy. Large, ideally multi-centre, double-blinded randomised controlled trials are needed to establish the 
value of miRNAs as biomarkers in CRC screening within the general population.

Methods
Overview. �e study protocol followed the Cochrane Handbook for Diagnostic Test Accuracy Review63 and 
the Preferred Reporting Items in Systematic Reviews and the Meta-Analysis statement (PRISMA)64. Investigators 
of each of the original studies obtained approval from their local ethics committee and had written, informed 
patient consent.

Literature search strategy. �e search strategy was designed to identify any studies describing the diag-
nostic value of faecal-based miRNA for CRC and colonic adenoma patients. A�er an initial search for articles in 
PubMed, assessments of key terms within the title and abstract were conducted. A full systematic search using the 
established key terms was adopted for the following databases: PubMed, Ovid Embase, �e Cochrane Library, 
Scopus and Web of Science. �e search terms used were “miRNA OR microRNA OR miR” AND “colorectal 

Figure 6. Deeks’ funnel plot asymmetry test for the assessment of potential bias in microRNA assays. (A) 
Pooled miRNAs for CRC and, (B) Pooled miRNAs for colonic adenoma.
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cancer OR colorectal tumor OR colorectal adenocarcinoma OR colorectal carcinoma OR colorectal neoplasm 
OR colon cancer OR colonic adenoma OR colonic adenocarcinoma OR stomach cancer OR rectal cancer OR 
CRC” AND “stool OR feces”. �e search formulas are available as supplementary data (Supplementary data 1). 
Manual searching of related citations and reference lists was undertaken. Book chapters, letters to editors, com-
mentaries, editorials, patents, and non-peer reviewed articles were excluded. Two investigators independently 
screened the search results, initially through articles’ title and abstract. �e filtered candidate articles were then 
scrutinised independently through full-text reading. Discrepancies were resolved through discussion between 
the two investigators.

Study selection criteria. All research articles in any language published up to November 17, 2017 were eli-
gible for inclusion. An electronic data extraction form was developed, and pre-tested, with data extracted by two 
researchers. Eligible studies included in this meta-analysis adhered to the following criteria: (1) studies evaluated 
the diagnostic value of miRNAs for detecting human CRC or colonic adenomas; (2) all CRC patients involved 
in the study had been confirmed by histology; (3) studies contained data on miRNAs’ sensitivity, specificity, and 
sample size to enable reconstruction of the diagnostic 2 × 2 contingency table. Exclusion criteria were set as fol-
lows: (1) duplicated studies, the later ones were excluded; (2) publications that were unrelated to the diagnostic 
value of miRNAs for CRC; (3) incomplete data reporting. �e detection accuracy of miRNAs between proximal 
(from cecum to transverse colon) and distal (from splenic flexure to rectum) CRC, as well as between early (CRC 
stages 0 + I + II or Dukes’ stages A + B) and late (CRC stages III + IV or Dukes’ stages C + D) stage CRC were 
evaluated separately if investigators reported the location and stage. Each individual miRNA and miRNA combi-
nations were grouped together if found in more than two studies.

Risk of bias. �e Quality Assessment of Diagnostic Accuracy Studies-2 (QUADAS-2) was utilised to assess 
the quality of included publications, evaluating four key domains (“Patient Selection”, “Index Test”, “Reference 
Standard”, and “Flow and Timing”) in two categories (risk of bias and applicability of diagnostic accuracy studies)30.  
Each category in all publications was judged as low, high or unclear based on the assessment criteria provided. 
Assessment of each included study was performed by two investigators, with disagreements resolved by consen-
sus a�er discussion.

Data synthesis. A meta-analysis of diagnostic test accuracy was conducted on faecal-based non-invasive 
miRNA tests through a bivariate random effects modelling approach. �e bivariate model accounts for the corre-
lation between the studies’ sensitivity and specificity in two different levels. �e first level represents a variability 
between sensitivity and specificity within one study; the second level represents the heterogeneity in diagnostic 
performance of the index test across the testing studies. Random effects meta-analysis methods were applied in 
our study as heterogeneity is presumed to exist.

Statistical analyses in this study were performed using the statistical package mada version 0.4.8 in R (version 
3.4.3) to implement the bivariate normal approach of Reitsma et al.65. Sensitivity, specificity, diagnostic odds ratio 
(DOR), log DOR, positive likelihood ratio (+LR) and negative likelihood ratio (–LR) were calculated along with 
their 95% confidence interval (95% CI) based on the random effects model (DerSimonian and Laird method) 
with continuity correction66,67. Summary receiver operating characteristic (sROC) curves, area under the curve 
(AUC) and partial AUC were also utilised to examine the pooled faecal-based miRNAs in CRC, adenoma and 
the subgroups. Potential sources of heterogeneity were investigated using subgroup and bivariate meta-regression 
(restricted maximum likelihood (REML) estimators) analysis. �e Deeks’ funnel plot asymmetry test was exam-
ined using the midas package in Stata (version 12).

Interpretation of diagnostic test accuracy statistics. �e AUC was interpreted in four-grades: >0.97, 
excellent; 0.93–0.96, very good; 0.75–0.92, good; < 0.75, not accurate68. �e values of –LR and +LR were also 
divided into four categories. �e –LR values < 0.1, 0.1–0.2, 0.2–0.5 and >0.5 were identified as large, moderate, 
small and not meaningful decreases in probability, respectively69. �e +LR values >10, 5–10, 2–5 and <2 were 
classified as large, moderate, small and not meaningful increases in probability, respectively69. P < 0.05 was con-
sidered statistically significant.
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ABSTRACT
Objective To evaluate the potential for diagnosing
colorectal cancer (CRC) from faecal metagenomes.
Design We performed metagenome-wide association
studies on faecal samples from 74 patients with CRC
and 54 controls from China, and validated the results in
16 patients and 24 controls from Denmark. We further
validated the biomarkers in two published cohorts from
France and Austria. Finally, we employed targeted
quantitative PCR (qPCR) assays to evaluate diagnostic
potential of selected biomarkers in an independent
Chinese cohort of 47 patients and 109 controls.
Results Besides confirming known associations of
Fusobacterium nucleatum and Peptostreptococcus stomatis
with CRC, we found significant associations with several
species, including Parvimonas micra and Solobacterium
moorei. We identified 20 microbial gene markers that
differentiated CRC and control microbiomes, and validated
4 markers in the Danish cohort. In the French and Austrian
cohorts, these four genes distinguished CRC metagenomes
from controls with areas under the receiver-operating curve
(AUC) of 0.72 and 0.77, respectively. qPCR measurements
of two of these genes accurately classified patients with
CRC in the independent Chinese cohort with AUC=0.84
and OR of 23. These genes were enriched in early-stage (I–
II) patient microbiomes, highlighting the potential for using
faecal metagenomic biomarkers for early diagnosis of CRC.
Conclusions We present the first metagenomic profiling
study of CRC faecal microbiomes to discover and validate
microbial biomarkers in ethnically different cohorts, and to
independently validate selected biomarkers using an
affordable clinically relevant technology. Our study thus
takes a step further towards affordable non-invasive early
diagnostic biomarkers for CRC from faecal samples.

INTRODUCTION
Colorectal cancer (CRC), the third most common
cancer in the world affecting >1.36 million people
every year,1 arises due to complex interactions

Significance of this study

What is already known on this subject?
▸ Changes in the gut microbial composition are

associated with colorectal cancer (CRC), but
causality is yet to be established.

▸ Fusobacterium nucleatum potentiates intestinal
tumorigenesis through recruitment of
infiltrating immune cells and via activation of
β-catenin signalling.

▸ Faecal microbiota holds promise for early
non-invasive diagnosis of CRC.

▸ However, a simple and affordable targeted
approach to diagnosing CRC from faecal
samples is still lacking.

What are the new findings?
▸ Discovery of significant enrichment of novel

species, including Parvimonas micra and
Solobacterium moorei, and a strong
co-occurrence network between them in the
faecal microbiomes of patients with CRC.

▸ Identification of 20 gene markers that
significantly differentiate CRC-associated and
control microbiomes in a Chinese cohort, and
trans-continental validation of four of them in a
Danish cohort.

▸ Further validation of the four gene markers in
published cohorts from the French and Austrian
cohorts with areas under the receiver-operating
curve (AUC) of 0.72 and 0.77.

▸ Quantitative PCR abundance of two gene markers
(butyryl-CoA dehydrogenase from F. nucleatum,
and RNA polymerase subunit β, rpoB, from
P. micra) clearly separates CRC microbiomes from
controls in an independent Chinese cohort
consisting of 47 cases and 109 healthy controls,
with AUC=0.84 and odds ratio of 23.

70 Yu J, et al. Gut 2017;66:70–78. doi:10.1136/gutjnl-2015-309800

Gut microbiota

 o
n
 M

a
y
 2

5
, 2

0
2

1
 b

y
 g

u
e
s
t. P

ro
te

c
te

d
 b

y
 c

o
p

y
rig

h
t.

h
ttp

://g
u
t.b

m
j.c

o
m

/
G

u
t: firs

t p
u

b
lis

h
e

d
 a

s
 1

0
.1

1
3

6
/g

u
tjn

l-2
0

1
5

-3
0

9
8

0
0

 o
n
 2

5
 S

e
p
te

m
b
e
r 2

0
1
5
. D

o
w

n
lo

a
d
e
d
 fro

m
 

187 | Page

http://dx.doi.org/10.1136/gutjnl-2015-309800
http://dx.doi.org/10.1136/gutjnl-2015-309800
http://dx.doi.org/10.1136/gutjnl-2015-309800
http://crossmark.crossref.org/dialog/?doi=10.1136/gutjnl-2015-309800&domain=pdf&date_stamp=2015-09-25
http://www.bsg.org.uk/
http://gut.bmj.com/
http://gut.bmj.com/


between genetic, lifestyle and environmental factors. Despite
massive efforts in whole-genome sequencing and genome-wide
association studies, genetic factors only explain a small propor-
tion of disease variance2—heritability may account for up to
35% all CRCs,3 but only about 5% of cancers occur in the
setting of a known genetic predisposition syndrome.4 These
findings support lifestyle and environment as additional major
disease determinants.

Emerging evidence indicates that microbial dysbiosis in the
human gut may be an important environmental factor in CRC.
Early evidence for gut microbial contribution to CRC pathogen-
esis came from Apcmin/+ mice, a genetic mouse model of CRC,
where mice housed in germ-free conditions showed a reduction
of tumour formation in the intestine compared with mice housed
in specific pathogen-free conditions.5 Further studies have sug-
gested that several bacteria, including Bacteroides fragilis and a
strain of Escherichia coli, may promote colorectal
carcinogenesis.6–11 In humans, bacterial culture-based studies
have reported associations between CRC and clinical infections
by specific bacteria such as Streptococcus bovis12 and Clostridium
septicum.13 Additionally, culture-free 16S ribosomal RNA
sequencing studies have associated faecal microbial composition
with CRC.14–16 Independent studies have identified
Fusobacterium nucleatum to be more abundant in human CRC
tissues,17 18 and follow-up studies showed that F. nucleatum
potentiates intestinal tumorigenesis through recruitment of infil-
trating immune cells19 and by modulating β-catenin signalling.20

Two recent studies investigated gut microbial dysbiosis in patients
with CRC21 22 and reported diagnostic potential using metage-
nomic sequencing. These promising results are still far from dir-
ectly translating to diagnostic tests for CRC, as a simple and
affordable targeted approach to diagnosing CRC from faecal
samples is still lacking.

Here we present the first study that (i) uses deep metage-
nomic profiling of CRC faecal microbiomes to discover and val-
idate microbial gene biomarkers in ethnically different cohorts,
and (ii) independently validates them using an affordable tech-
nology that can translate to clinical practice.

MATERIALS AND METHODS
Sample collection and DNA preparation
Cohorts C1 and C2 were from Hong Kong, China. C1 (see
online supplementary table S1) comprised 128 individuals: 74
patients with CRC (15 stage I, 21 stage II, 34 stage III and 4
stage IV; median age 67 years; 26 were females) and 54 controls
(median age 62 years; 21 were females). C2 (see online

supplementary table S16) comprised 156 individuals: 47
patients with CRC (4 stage I, 24 stage II, 15 stage III and 4
stage IV; median age 69 years; 22 were females) and 109 con-
trols (median age 58 years; 69 were females). Cohort D from
Copenhagen, Denmark (see online supplementary table S18),
comprised 40 individuals: patients with CRC (n=16; 1 stage I,
9 stage II, 5 stage III and 1 stage IV; median age 67.5 years; 6
were females) and controls (n=24; median age 65.5 years; 17
were females). Cancer staging in all three cohorts was per-
formed using the tumour, node, metastasis staging system23

maintained by the American Joint Committee on Cancer and
the International Union for Cancer Control. Stool samples were
collected by individuals at home, followed by immediate freez-
ing at −20°C. DNA from Chinese samples was extracted using
Qiagen QIAamp DNA Stool Mini Kit (Qiagen) according to
manufacturer’s instructions. DNA from Danish samples was
extracted using previously published method.24 For comprehen-
sive description of sample collection and DNA extraction as
well as ethical committee approval numbers, see online supple-
mentary methods.

Metagenomic sequencing and annotation
Metagenomic sequencing using Illumina HiSeq 2000 platform,
generating gene profiles using gene catalogue, constructing
metagenomic linkage groups (MLGs), generating Kyoto
Encyclopedia of Genes and Genomes (KEGG) ortholog, module
and pathway profiles, were all done using previously published
methods.25 Species-level molecular operational taxonomic units
(mOTUs) were obtained using mOTU profiling software.26

Reads were mapped to the Integrated Microbial Genome (IMG)
reference database27 (v400) to generate IMG species and IMG
genus profiles. Genes of MLGs were mapped to the IMG data-
base, and MLGs were annotated to an IMG genome when
>50% of genes were mapped. MLG species were constructed
by grouping MLGs using this annotation. For comprehensive
description of these procedures, see online supplementary
methods.

Data analysis
Permutational multivariate analysis of variance (PERMANOVA)
was used to assess effects of different phenotypes on gene pro-
files. Enrichments of genes, KEGG features, mOTUs, IMG
species and MLG species were calculated using Wilcoxon
rank-sum tests. When appropriate, we adjusted for confounding
effects of sample collection before/after colonoscopy: Wilcoxon
rank-sum tests were performed using ‘colonoscopy before/after
sampling’ as a stratifying factor using COIN package in R, and
ORs were estimated using Mantel–Haenszel test after stratifying
by ‘colonoscopy before/after sampling’. We controlled for mul-
tiple testing with Benjamini–Hochberg false discovery rate
(FDR). Minimum-redundancy maximum-relevancy (mRMR)
feature selection method28 was used to select optimal gene
markers, which were then used in constructing a CRC index.
Co-occurrence networks were constructed using Spearman’s
correlation coefficient (>0.5 or <−0.5) and visualised in
Cytoscape V.3.0.2. Metagenomic sequences from French (F) and
Austrian (A) cohorts were downloaded from NCBI Short Read
Archive using study identifiers ERP005534 and ERP008729,
respectively. For comprehensive description of biodiversity ana-
lysis, rarefaction analysis, identification of CRC-associated
genes/species, estimation of FDR, mRMR feature selection
framework, definition and validation of CRC index, and
receiver operator characteristic (ROC) analysis, see online sup-
plementary methods.

Significance of this study

How might it impact on clinical practice in the
foreseeable future?
▸ The four microbial gene markers shared between the

Chinese, Danish, Austrian and French cohorts suggest that
even though different populations may have different gut
microbial community structures, signatures of
CRC-associated microbial dysbiosis could have universal
features.

▸ Our study takes a step further towards affordable early
diagnosis of CRC by targeted analysis of metagenomic
biomarkers in faecal samples.
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Validation of gene markers by qPCR
Abundances of selected gene markers were estimated in stool
samples using TaqMan probe-based quantitative PCR (qPCR).
Primer and probe sequences were designed manually and then
tested using Primer Express V.3.0 (Applied Biosystems, Foster City,
California, USA) for determination of Tm, guanine-cytosine (GC)
content and possible secondary structures. Each probe carried a 50

reporter dye 6-carboxy fluorescein or 4,7,20-trichloro-70-phenyl-6-
carboxyfluorescein and a 30 quencher dye 6-carboxytetramethyl-
rhodamine. Primers and hydrolysis probes were synthesised by
Invitrogen (Carlsbad, California, USA). Nucleotide sequences of
primers and probes are listed in online supplementary table S27.
qPCR was performed on an ABI7500 Real-Time PCR System
using TaqMan Universal PCR Master Mixreagent (Applied
Biosystems). Universal 16S rDNAwas used as internal control and
abundance of gene markers were expressed as relative levels to
16S rDNA.

RESULTS
Dysbiosis in CRC gut microbiome
We recruited 128 individuals (74 patients with CRC and 54
control subjects) from China (cohort C1; see online supplemen-
tary table S1), performed metagenomic sequencing on their
stool samples and generated 751 million metagenomic reads
(5.86 million reads per individual on average; see online supple-
mentary table S2) using Illumina HiSeq 2000 platform. Among
the recorded metabolic parameters, elevated fasting blood
glucose and reduced high-density lipoproteins showed signifi-
cant associations with CRC status (Wilcoxon rank-sum test,
q=0.0014 for both) agreeing with previous findings reporting
them as risk factors.29 30 We also observed that a significantly
higher number of CRC patient samples were collected after col-
onoscopy than before (Fisher’s exact test, q=0.0165; see online
supplementary table S1). We adjusted for this as a confounding
factor in subsequent analyses when appropriate (see section
‘Materials and methods’). Rarefaction analysis using a previously
published gut microbial gene catalogue consisting of 4 267 985
genes25 showed a curve reaching plateau, suggesting that this
catalogue covers most prevalent microbial genes present in
cohort C1 (see online supplementary figure s1A). Therefore, we
based subsequent analyses on mapping the metagenomic reads
to this catalogue. CRC patient microbiomes exhibited reduced
gene richness (see online supplementary figure 1A, B; Wilcoxon
rank-sum test, p<0.01) and gene alpha diversity (Wilcoxon
rank-sum tests on Shannon and Simpson indices: p=0.075 and
0.028, respectively; see online supplementary figure S1C,D and
table S3). However, these differences exhibited p>0.5 after cor-
recting for colonoscopy.

To ensure robust comparison of gene content among 128
metagenomes from cohort C1, we created a set of 2 110 489
genes that were present in at least 6 subjects and generated 128
gene abundance profiles using these 2.1 million genes. When we
performed multivariate analysis using PERMANOVA on 17 dif-
ferent covariates, only CRC status and CRC stage were signifi-
cantly associated with these gene profiles (q<0.06, all other
factors: q>0.27; see online supplementary table S4). Thus, the
data suggest an altered gene composition in CRC patient micro-
biomes that cannot be explained by other recorded factors.
When we performed a principal component analysis (PCA)
based on gene profiles, the first and fifth principal components,
which explained 6.6% and 3.2% of total variance, respectively,
were associated with CRC status (Wilcoxon rank-sum test, PC1:
p=0.029; PC5: p=1×10−6; see online supplementary figure S2

and table S5). Together, these results suggest a state of dysbiosis
of the gut microbiome in patients with CRC.

Gut microbial genes associated with CRC
We performed a metagenome-wide association study (MGWAS)
to identify genes contributing to the altered gene composition
in CRC. From 2.1 million genes, we identified 140 455 genes
that were associated with disease status (Wilcoxon rank-sum test
p<0.01 and FDR 11.03%; see online supplementary figure S3).
Interestingly, CRC-enriched genes occurred less frequently and
at lower abundance compared with control-enriched genes (see
online supplementary figure S4), suggesting that microbial dys-
biosis associated with CRC may not involve dominant species.
Such patterns of frequency and occurrence have been observed
in two earlier metagenomic case–control studies on type 2 dia-
betes25 in Chinese individuals and CRC in Austrian indivi-
duals,31 suggesting that this may be a common trend in
disease-associated gut microbial dysbiosis.

We annotated the 140 455 genes using KEGG32 functional
database (V.59) to investigate whether certain microbial func-
tions were associated with CRC. None of the KEGG pathways
passed our stringent criteria (Wilcoxon rank-sum test, q<0.05;
see online supplementary table S6), suggesting that bacterial
metabolic pathways present in KEGG database may not be
involved in CRC pathogenesis. However, two KEGG modules
were enriched in CRC microbiomes: leucine degradation
(q=0.0148) and guanine nucleotide biosynthesis (q=0.0241;
see online supplementary table S6). Leucine stimulates both
protein synthesis and degradation,33 34 suggesting possible links
between leucine metabolism and cancer. At the gene level,
several KEGG orthologous groups showed significant associa-
tions with disease status (Wilcoxon rank-sum test, q<0.05; see
online supplementary table S7).

Taxonomic alterations in CRC gut microbiomes
We examined taxonomic differences between CRC-associated and
control microbiomes to identify microbial taxa contributing to the
dysbiosis. For this, we used species profiles derived from three dif-
ferent methods—IMG species, species-level mOTUs and MLG
species (see section ‘Materials and methods’)—as supporting evi-
dence from multiple methods would strengthen an association.
Our analysis identified 28 IMG species, 21 mOTUs and 85 MLG
species that were significantly associated with CRC status after
adjusting for colonoscopy as a confounding factor (Wilcoxon
rank-sum test, q<0.05; see online supplementary table S8).
Eubacterium ventriosum was consistently enriched in control
microbiomes across all three methods (IMG: q=0.002; mOTU:
q=0.0049; MLG: q=3.33×10−4). On the other hand, Parvimonas
micra (q<7.73×10−6), Solobacterium moorei (q<0.011) and F.
nucleatum (q<0.00279) were consistently enriched in CRC
patient microbiomes across all three methods (figure 1A and online
supplementary figure S5), while Peptostreptococcus stomatis
(q<7.73×10−6) was enriched according to two methods.
PERMANOVA analysis showed that only CRC status (p≤0.013
from all three methods) and colonoscopy (p=0.079 from two
methods) explained the quantitative variation in the three
CRC-enriched species. All other non-CRC-specific factors could
not explain the variation with statistical significance (p>0.18; see
online supplementary table S9). P. stomatis has recently been
shown to significantly associate with CRC,22 and S. moorei has pre-
viously been associated with bacteraemia.35 However, a highly sig-
nificant enrichment of P. micra—an obligate anaerobic bacterium
that can cause oral infections like F. nucleatum36

—in
CRC-associated microbiomes is a novel finding.
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Species co-occurrence networks derived from pairwise corre-
lations of species abundances showed a strong positive associ-
ation between three oral pathogens: P. micra, F. nucleatum and
S. moorei (figure 1B and online supplementary figure S6).
Previous reports suggest that P. micra commonly occurs together
with F. nucleatum in infected root canals, where they could
account for up to 90% of the endodontic microbiome.36 Given

this, our results could suggest cooperation between these two
species in CRC-associated gut environment.

Although several bacterial genera corresponding to the
CRC-associated species identified earlier (including Parvimonas,
Fusobacterium, Solobacterium and Peptostreptococcus) showed
significant associations with CRC status (see online supplemen-
tary table S10), we observed some exceptions as well. While we

Figure 1 Species involved in gut microbial dysbiosis associated with colorectal cancer (CRC). (A) Differential relative abundance of two
CRC-enriched and one control-enriched microbial species consistently identified using three different methods: metagenomic linkage group (MLG),
molecular operational taxonomic unit (mOTU) and Integrated Microbial Genome (IMG) database. (B) A co-occurrence network deduced from relative
abundance of 21 mOTUs significantly associated with CRC. Species are rearranged in two sides based on their enrichment in CRC or control
microbiomes. Spearman correlation coefficient values below −0.5 (negative correlation) are indicated as red edges, and coefficient values above 0.5
(positive correlation) are indicated as green edges. Node size shows the average relative abundance for each species, and node colour shows their
taxonomic annotation.

Figure 2 Discovering gut microbial gene markers associated with colorectal cancer (CRC). (A) Principal component analysis based on abundances
of 20 gene markers separates CRC cases and control individuals in cohort C1. First and second principal components associate with CRC status (PC1
and PC2 explain 31.9% and 13.3% of variance, respectively). Compare this with online supplementary figure S2 based on 2.1 million genes, where
no separation can be observed. (B) CRC index computed using a simple unweighed linear combination of log-abundance of 20 gene markers for
patients with CRC (red) and control individuals (green) from this study, shown together with patients and control individuals (brown) from earlier
studies on type 2 diabetes25 and IBD.38 CRC indices for CRC patient microbiomes are significantly different from the rest (p<0.001), suggesting that
the 20 gene markers are CRC-specific. The box depicts the IQRs between the first and third quartiles, and the line inside denotes the median.
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identified a significant over-representation of B. fragilis in
patients with CRC (mOTU: q=0.0158; MLG: q=3.02×10−4;
see online supplementary table S8), there was no association
with Bacteroides genus. At the phylum level, only Fusobacteria
and Basidiomycota were significantly enriched in
CRC-associated microbiomes (q<0.0002; see online supple-
mentary table S11).

In order to evaluate the predictive power of these taxonomic
associations, we used random forest ensemble learning
method37 to identify 17 IMG species, 7 species-level mOTUs
and 27 MLG species that were highly predictive of CRC status
(see online supplementary table S12), with predictive power of
0.86, 0.89 and 0.96 in ROC analysis, respectively (see online
supplementary figure S7). P. micra was identified as a key species
from all three methods, while F. nucleatum, P. stomatis and S.
moorei were identified from two out of three methods, provid-
ing further statistical support for their association with CRC
status.

CRC biomarker discovery
We used the mRMR feature selection method28 to identify
potential CRC biomarkers from the 140 455 genes identified by
MGWAS. First, to eliminate confounding effects of colonoscopy,
we performed blocked independent Wilcoxon rank-sum tests on
these genes with colonoscopy as a stratifying factor. This
resulted in 102 514 genes at a significance level of p<0.01
(FDR ≤13%) and 24 960 genes at a significance level of
p<0.001 (FDR ≤5.23%). Then, from the latter, we identified
groups of genes that were highly correlated with each other
(Kendall’s τ >0.9) and chose the longest gene in each group to
generate a statistically non-redundant set of 11 128 significant
genes. Finally, we used mRMR method and identified an
optimal set of 20 genes that were strongly associated with CRC
status (see online supplementary figure S8 and table S13). PCA
using these 20 genes showed good separation of patients with
CRC from controls (figure 2A). PERMANOVA analysis showed
that only CRC status, stage and fasting blood glucose explained
the variation in the 20 marker gene abundances with statistical
significance (p≤0.01; see online supplementary table S14). We
computed a simple CRC index based on unweighed log relative
abundance of these 20 markers, which clearly separated CRC
patient microbiomes from control microbiomes, as well as from
490 faecal microbiomes from two previous studies on type 2
diabetes in Chinese individuals25 and IBD in European indivi-
duals38 (figure 2B; median CRC index for patients and controls
in our study were 7.31 and −5.56, respectively; Wilcoxon
rank-sum test, q<6×10−11 for all five comparisons; see online
supplementary table S15).

Evaluating CRC biomarkers using targeted qPCR
Translating our gene markers into diagnostic biomarkers would
require reliable measurement by simple, affordable and targeted
methods such as qPCR. To verify whether gene abundances
measured by metagenomics sequencing and qPCR are compar-
able, we randomly selected two case-enriched and two
control-enriched gene markers and measured their abundances
by qPCR in a subset of cohort C1 (51 cases and 45 controls).
Quantification by metagenomic sequencing and qPCR platforms
showed strong correlations (Spearman r=0.81–0.95; see online
supplementary figure S9), suggesting that both measurements
are reliable. Next, we measured the abundance of these four
gene markers using qPCR in an independent Chinese cohort C2
(156 faecal samples; 47 cases and 109 controls; see online sup-
plementary table S16). The two control-enriched genes did not

show significant associations in C2 (p>0.31; see online supple-
mentary table S17). On the other hand, CRC-enriched gene
markers (m1704941, butyryl-CoA dehydrogenase from F. nucle-
atum; m482585, RNA-directed DNA polymerase from an
unknown microbe) were also significantly enriched in CRC
samples of C2 after adjusting for colonoscopy (p=0.0015 and
0.045, respectively, see online supplementary table S17). Among
these, only the gene from F. nucleatum exhibited a significant
OR after a Mantel–Haenszel test adjusted for colonoscopy (OR
18.5, p=0.0051; see online supplementary table S17). CRC
index based on abundances of the four genes only moderately
classified CRC microbiomes from control microbiomes in C2
(areas under the receiver-operating curve (AUC)=0.73; see
online supplementary figure S10), suggesting that choosing ran-
domly from the list of 20 biomarkers was not an effective strat-
egy. Nevertheless, the gene from F. nucleatum was present only
in 4 out of 109 control microbiomes, suggesting a potential for
developing specific diagnostic tests for CRC using faecal
samples.

Gene marker validation in independent metagenomic
cohorts
To identify robust biomarkers that can have a more general
applicability, we evaluated all 20 gene markers using faecal
metagenomes from a cohort with different genetic background
and lifestyle: 16 patients with CRC and 24 control individuals
from Denmark (cohort D; see online supplementary table S18).
When mapped to 4.3 million gut microbial genes, Danish meta-
genomes exhibited significantly higher gene richness and gene
alpha diversity, both in cases (Wilcoxon rank-sum tests, gene
count: p=1.94×10−5; Shannon’s index: p=5.85×10−5) and
controls (gene count: p=0.0017; Shannon’s index:
p=9.34×10−4; see online supplementary figure S11 and table
S19), agreeing with a recent study and suggesting differences in
gut microbial community structure between Chinese and Danish
populations.39 Among the 102 514 genes associated with CRC
status in cohort C1, only 1498 genes could be validated in
cohort D. However, CRC-enriched genes were shared signifi-
cantly more between the two populations than control-enriched
genes (1452 out of 35 735 CRC-enriched vs 46 out of 66 779
in control-enriched; two-tailed χ2 test, χ

2=2576.57,
p<0.0001). Over half (53.6%) of the 1452 CRC-enriched
genes were from just three species: P. micra (389 genes),
S. moorei (204 genes) and Clostridium symbiosum (177 genes)
(see online supplementary table S20). At the species level, P.
micra was enriched in CRC microbiomes using all three
methods, while P. stomatis, Gemella morbillorum and S. moorei
were enriched according to two methods (Wilcoxon rank-sum
test, q<0.05; see online supplementary table S21). Notably, all
species that were validated by at least one method were
CRC-enriched. These results suggest that changes in colorectal
environment during CRC development and progression may
facilitate growth of similar species across the two populations,
potentially leading to the reduced microbial diversity observed
in patients with CRC (see online supplementary figure S1C), in
line with earlier observations by others.40 CRC index using 20
gene markers discovered in cohort C1 marginally differentiated
Danish patient microbiomes from controls (Wilcoxon rank-sum
test, p=0.029) and exhibited moderate classification potential
(area under ROC curve, AUC=0.71; see online supplementary
figure S12). Only 4 out of 20 genes (two from
Peptostreptococcus anaerobius and one each from P. micra and
F. nucleatum) were associated with CRC status in cohort D
(Wilcoxon rank-sum test, q≤0.05; all CRC-enriched; see online
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supplementary table S22). Among the factors we had recorded,
only CRC status could explain the variation in these four genes
(PERMANOVA p≤0.0001; see online supplementary table S23).

For additional unbiased validation of the four gene markers,
we used two recently published metagenomic datasets—an
Austrian population (cohort A) consisting of 55 controls and 41
patients with CRC31 and a French population (cohort F) con-
sisting of 61 controls and 53 patients with CRC.22 As our dis-
covery cohort C1 only included carcinoma samples, we
excluded all patients with adenoma and compared carcinoma
patients with non-adenoma/non-carcinoma controls, contrary to
the strategy used by the latter study22 that included small aden-
omas in controls and excluded large adenomas. All four genes
were significantly enriched in carcinoma faecal samples from
both cohorts (Wilcoxon rank-sum test q<0.0035; see online
supplementary table S24). CRC index using these four genes
classified patients with CRC with AUC of 0.77 and 0.72 for
cohorts A and F, respectively. When we checked association of
all 20 markers, cohorts A and F each could validate an add-
itional gene associated with CRC (see online supplementary
table S25). Interestingly, one marker enriched in control samples
in cohort C1 was enriched in CRC samples in cohort A.

Accurate classification of CRC using qPCR
Two of the four cross-ethnically validated gene markers were
transposases from P. anaerobius. The third gene (m1704941,
butyryl-CoA dehydrogenase from F. nucleatum) was incidentally
among the two genes successfully validated using qPCR in
cohort C2. The fourth gene from P. micra was the highly con-
served rpoB gene encoding RNA polymerase subunit β, often
used as a phylogenetic marker.41 We performed additional
qPCR measurements of rpoB from P. micra in cohort C2, which
showed a significant enrichment in CRC patient microbiomes
(Wilcoxon rank-sum test adjusted for colonoscopy,
p=8.97×10−8). Mantel–Haenszel OR adjusted for colonoscopy
was 20.17 (95% CI 4.59 to 88.6, p=3.36×10−7). Combined
qPCR measurements of the two genes clearly separated CRC
from control samples in cohort C2 (Wilcoxon rank-sum test
adjusted for colonoscopy, p=1.384×10−8, figure 3A) and accur-
ately classified CRC samples with an improved AUC of 0.84
(true-positive rate (TPR)=0.723; false-positive rate (FPR)
=0.073; figure 3B). Accuracy was slightly better than that in a
recent study (reporting AUC=0.836, TPR=0.58, FPR=0.08),
even though they used a combination of abundances of 22
species using metagenomic sequencing.22 Mantel–Haenszel OR,
adjusted for colonoscopy, for detecting at least one of the two
markers by qPCR in patients with CRC was 22.99 (95% CI
5.83 to 90.8, p=5.79×10−8). When stratifying cohort C2 into
early-stage (stages I–II) and late-stage (stages III–IV) patients
with cancer, classification potential and ORs were still significant
(see online supplementary table S26). Abundance of these two
genes was significantly higher compared with control samples
starting from stage II of CRC (figure 3C, D), agreeing with our
results from species abundances and providing proof- of prin-
ciple that faecal metagenomes may harbour non-invasive bio-
markers for identification of early-stage CRC.

DISCUSSION
We have reported the first successful cross-ethnic validation of
metagenomic gene markers for CRC, notably including data
from four countries. Two recent studies reported on potential
CRC diagnosis using metagenomic sequencing of faecal micro-
biomes. The first study based on 16S ribosomal RNA gene
used five operational taxonomic units to classify CRC from

healthy samples in a cohort from the USA.21 As they did not
perform any independent validation, we cannot compare our
validation accuracy with theirs. The second study based on
shotgun metagenomic sequencing used 21 species discovered in
a French cohort to accurately classify patients with CRC in a
German cohort.22 Higher accuracy in their external validation
(AUC=0.85 compared with our AUC of 0.77 and 0.72) could
be because the validation cohort comes from the same ethnic
group. Indeed, when two gene markers discovered in Chinese
cohort C1 were validated in the independent Chinese cohort
C2 using qPCR, we also achieved a high accuracy (AUC=0.84)
even though we moved to a different platform. By doing so,
we have also demonstrated, for the first time, the potential for
CRC diagnosis through affordable targeted detection methods
for microbial biomarkers in faecal samples. Significant improve-
ment in the qPCR classification potential (from AUC=0.73 to
AUC=0.84) by using a gene (rpoB gene from P. micra) vali-
dated in cohorts D, F and A reiterates the importance of valid-
ating newly discovered biomarkers in independent cohorts with
different genetic and environmental background. Further work
performing biomarker discovery in high-diversity cohorts or a
meta-analysis of published cohorts could reveal whether it
leads to increased predictive power. Combining metagenomic
markers with the current clinical standard test (faecal occult
blood test (FOBT)) has been shown to improve TPR from
49% to 72%.22 The two markers reported here have reached a
comparable TPR without using FOBT. It remains to be seen
whether combining FOBT with these markers will further
improve accuracy.

Gene markers shared between cohorts from China, Denmark,
Austria and France suggest that even though different popula-
tions may have different microbial community structures, signa-
tures of CRC-associated microbial dysbiosis could have universal
features. Several important observations should be noted: (i)
CRC-enriched gene markers had higher correlation between
metagenomic and qPCR abundances (r=0.93 and r=0.95) com-
pared with control-enriched genes (r=0.81 and 0.85) in cohort
C1; (ii) among four gene markers randomly tested using qPCR in
cohort C2, only CRC-enriched genes were validated; (iii) all four
gene markers validated in cohort D, all five markers validated in
cohort A and four out of five markers validated in cohort F were
CRC-enriched (see online supplementary table S25), even
though there were 12 control-enriched markers compared with
only 8 CRC-enriched markers; (iv) the only marker that switched
enrichment during validation in different cohorts was
control-enriched; (v) cohort D shared significantly more
CRC-enriched genes than control-enriched genes with cohort
C1; and (vi) all CRC-associated species from cohort C1 validated
in cohort D were CRC-enriched. These features suggest that
CRC-enriched biomarkers have a higher chance to be shared
across populations and have better diagnostic potential than
control-enriched biomarkers. One explanation could be that bio-
markers for being healthy are harder to find than biomarkers for
a specific disease, which goes against the Anna Karenina principle
applied to gut microbiome that predicts higher number of
disease-specific disturbed states than undisturbed states.42

Although it is mandatory to have further validation for all bio-
markers in larger cohorts across different populations, our results
provide a proof of principle that development of an affordable
diagnostic test using faecal microbial gene markers to identify
patients with CRC may indeed be possible.

The finding that only two microbial metabolic modules asso-
ciated with CRC status suggests that the role of microbial patho-
gens may be more important in disease development than that
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of functional abnormalities of the gut microbiome. Alternatively,
expression levels of microbial genes may be more important
than functional potential. Further research employing metatran-
scriptomic studies of microbial gene expression levels will
clarify this.

The fact that only CRC-enriched genes and species could be
validated across cohorts limits our conclusions on species
depleted in CRC-associated microbiomes. We observed signifi-
cant over-representations of several oral pathogens—P. micra,
P. stomatis, S. moorei and F. nucleatum in the stool from
patients with CRC, suggesting an oral–gut translocation route
associated with CRC. Even though we cannot prove this route
without further experiments, a recent study based on 300
healthy individuals reported that oral and gut microbiomes were
predictive of each other, supporting this view.43 While some of
these species have been statistically associated with oral cancer
in earlier studies,21 22 40 only F. nucleatum has been shown to
promote a proinflammatory environment leading to tumorigen-
esis.19 Our study now introduces P. micra as a novel bacterial
candidate involved in CRC-associated dysbiosis showing stron-
ger associations with CRC across all five cohorts we investi-
gated. Strong co-occurrence pattern between P. micra and the
Gram-negative F. nucleatum,44 and the former’s ability to
increase its capacity to induce inflammatory responses by
binding to lipopolysaccharides from Gram-negative bacteria,45

could mean cooperation between the two, both in terms of col-
onisation strategies and in promoting a proinflammatory tumori-
genic microenvironment. Enrichment of these species starts as
early as in stage II of CRC, suggesting that they may play a role
in the progression of CRC. Further work characterising P. micra
could elucidate its role in CRC.

We have demonstrated consistent faecal microbial changes in
CRC across four cohorts, identified novel bacterial candidates that
may be involved in the development and progression of CRC,
validated gene markers in three cohorts from three different coun-
tries and reported two bacterial genes that could serve as effective
diagnostic biomarkers of CRC. Systematic investigation of key
species and gene markers identified here might reveal further can-
didates. Additional work will be imperative (i) to benchmark
these observations against currently used diagnostic approaches,
(ii) to identify additional markers with improved predictive value
and (iii) to eventually validate them in much larger cohorts. The
ultimate goal would be to identify faecal metagenomic markers
with strong predictive power to detect early stages of CRC, which
would significantly reduce CRC-associated mortality.
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Significance of this study

What is already known on this subject?
 ► Early detection of colonic adenomas and cancer 
can facilitate the successful treatment and 
significantly reduces the incidence of colorectal 
cancer (CRC).

 ► Molecular markers for adenoma, especially non- 
advanced adenoma, is limited.

What are the new findings?
 ► A new gene marker from a Lachnoclostrium sp., 
labelled as m3, was identified to be enriched 
in faecal samples of patients with adenoma by 
metagenomic analysis.

 ► m3 showed the best performance in diagnosing 
adenoma in two independent Asian groups of 
1012 subjects by quantitative PCR, which is 
superior to currently available stool- based tests.

 ► Combination of m3 with faecal 
immunochemical test (FIT) improved diagnostic 
sensitivity from 50.8% to 56.8% (specificity 
79.6%) for advanced adenoma, while 
combination of m3 with other bacterial markers 
(Fn, Ch, Bc) and FIT showed good diagnostic 
performance for CRC (specificity=81.2% and 
sensitivity=93.8%).

How might it impact on clinical practice in the 
foreseeable future?

 ► m3 is a novel stool- based non- invasive 
biomarker for patients with adenoma and CRC.

ABSTRACT
Objective There is a need for early detection of 
colorectal cancer (CRC) at precancerous- stage adenoma. 
Here, we identified novel faecal bacterial markers for 
diagnosing adenoma.
Design This study included 1012 subjects (274 CRC, 
353 adenoma and 385 controls) from two independent 
Asian groups. Candidate markers were identified by 
metagenomics and validated by targeted quantitative 
PCR.
Results Metagenomic analysis identified ’m3’ from a 
Lachnoclostridium sp., Fusobacterium nucleatum (Fn) and 
Clostridium hathewayi (Ch) to be significantly enriched in 
adenoma. Faecal m3 and Fn were significantly increased 
from normal to adenoma to CRC (p<0.0001, linear 
trend by one- way ANOVA) in group I (n=698), which 
was further confirmed in group II (n=313; p<0.0001). 
Faecal m3 may perform better than Fn in distinguishing 
adenoma from controls (areas under the receiver 
operating characteristic curve (AUROCs) m3=0.675 vs 
Fn=0.620, p=0.09), while Fn performed better in 
diagnosing CRC (AUROCs Fn=0.862 vs m3=0.741, 
p<0.0001). At 78.5% specificity, m3 and Fn showed 
sensitivities of 48.3% and 33.8% for adenoma, and 
62.1% and 77.8% for CRC, respectively. In a subgroup 
tested with faecal immunochemical test (FIT; n=642), 
m3 performed better than FIT in detecting adenoma 
(sensitivities for non- advanced and advanced adenomas 
of 44.2% and 50.8% by m3 (specificity=79.6%) vs 0% 
and 16.1% by FIT (specificity=98.5%)). Combining with 
FIT improved sensitivity of m3 for advanced adenoma to 
56.8%. The combination of m3 with Fn, Ch, Bacteroides 
clarus and FIT performed best for diagnosing CRC 
(specificity=81.2% and sensitivity=93.8%).
Conclusion This study identifies a novel bacterial 
marker m3 for the non- invasive diagnosis of colorectal 
adenoma.

INTRODUCTION
Colorectal cancer (CRC) is one of the most common 
malignancies worldwide.1 A higher incidence of 
CRC has been observed in more developed regions 
than less developed regions, and an increased inci-
dence of CRC is believed to have attributed to 
changes in diet.1 2 Recent evidences have shown 
that an altered microbiome environment in the 
gut is associated with colorectal tumourigenesis. 
Abnormality in the composition of the gut micro-
biota has been implicated as a potentially important 

aetiological factor in the initiation and progres-
sion of CRC.3 With the widespread application of 
metagenomic analyses in the investigation of intes-
tinal microbiota, an increasing number of bacteria 
have been identified to be positively associated with 
CRC.4–7 Recent basic research has established a 
critical function for the intestinal microbiota8 and 
specific bacterial species, such as Fusobacterium 
nucleatum (Fn)9–11 and Peptostreptococcus anaer-
obius,12 in promoting colorectal tumourigenesis. 
Bacteria such as Fn,13 Clostridium symbiosum14 and 
species within the genera Parvimonas, Porphyro-
monas and Parabacteroides15 have been shown to be 
potential markers for the diagnosis of patients with 
CRC. However, current knowledge on biomarkers 
for colorectal adenoma detection is limited.
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Figure 1 Identification and characterisation of m3. (A) Metagenome sequencing identified m3, as well as Fusobacterium nucleatum (Fn) and 
Clostridium hathewayi (Ch), to be significantly increased in faecal samples of patients with adenoma. (B) DNA sequence of m3 showed high similarity 
to Lachnoclostridium sp. YL32. (C) m3 encodes a putative reverse transcriptase (RTase) that maps to a group II intron RTase, lacking the first 60 amino 
acids but retaining the RTase conserved domain. A, adenoma; CRC, colorectal cancer; N, normal control.

Early detection of cancer can facilitate successful treatment. 
Endoscopic removal of colorectal adenomas, precursors of most 
CRCs, significantly reduces the risk of CRC. Early detection of 
adenomas is thus important for decreasing CRC morbidity and 
mortality. The most widely used non- invasive stool test is the 
faecal immunochemical test (FIT), which shows unsatisfying 
sensitivities for CRC (0.79 (95% CI 0.69 to 0.86); differed 
greatly among various studies) and is not sensitive for adenoma.16 
Sensitivity of FIT for advanced adenoma varied from 6% to 
56%, with screening studies involving cohort sizes over 8000 all 
showing sensitivities of less than 28%.17 Therefore, identifica-
tion of molecular markers that improve the diagnostic sensitivity 
for adenoma is warranted.

Using metagenomic analysis to compare the faecal micro-
biome of patients with CRC and healthy subjects, we identified 
20 bacterial gene marker candidates that may serve as non- 
invasive biomarkers for CRC.4 We further showed that stool- 
based bacteria could serve as non- invasive diagnostic biomarkers 
for CRC by targeted quantification using quantitative PCR 
(qPCR).13 We showed that Fn was a good marker for CRC, 
and combination with three others (Clostridium hathewayi 
(Ch), undefined ‘m7’ and Bacteroides clarus (Bc)) could further 

improve the diagnostic performance of Fn. However, the diag-
nostic performance of these bacterial gene markers for adenoma 
was limited. In this study, we identified and evaluated the utility 
of a new Lachnoclostridium gene marker (labelled as ‘m3’) for 
the diagnosis of colorectal adenoma. The diagnostic perfor-
mance of m3, comparing with and in combination with other 
bacterial gene markers and FIT, was tested in 1012 subjects from 
two independent groups.

RESULTS
Identification of ‘m3’ from a Lachnoclostridium species as a 
potential biomarker for colorectal neoplasm
To investigate whether our previously identified 20 bacte-
rial gene markers for CRC4 may also serve as biomarkers for 
adenoma, we analysed their abundances in our in- house metag-
enomics data from 589 Asian subjects (184 CRC, 185 adenoma 
and 220 control subjects) (online supplementary table S1). 
Among them, the marker labelled as ‘m3’, which was not assign-
able to any known species at the time of the previous discovery 
study,4 was found to be significantly enriched in patients with 
CRC and adenoma as compared with control subjects, as well 
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Figure 2 Quantitative detection of faecal m3 in the diagnosis of patients with colorectal cancer (CRC) and adenoma. (A) Relative abundance of 
m3 in faecal samples differed significantly between healthy control subjects (N, n=288), patients with adenoma (A, n=207) and patients with CRC 
(n=203). ***p<0.0001 as compared with N; ##p<0.001 as compared with A. (B) No significant difference in faecal abundance of m3 was observed 
between non- advanced and advanced adenomas. (C) No difference in faecal abundance of m3 was observed among patients with CRC of different 
tumour- node- metastasis (TNM) stages. (D) Occurrence rates of m3 was significantly higher in patients with adenoma compared with control subjects, 
and highest in patients with CRC. (E) Receiver operating characteristic (ROC) curves and diagnostic performance of m3 in discriminating patients with 
CRC and adenoma from control subjects, respectively. AUROC, area under ROC.

as two previously verified CRC markers (Fn and Ch) (figure 1A; 
other gene markers in online supplementary figure 1). A blast 
search for the 1935 nt m3 sequence in the non- redundant nucle-
otide collection of NCBI identified Lachnoclostridium sp. YL32, 
a new species with genome sequence deposited in GenBank in 
July 2016 (accession no. CP015399). m3 and Lachnoclostridium 
sp. YL32 shared 97% (1883/1935) DNA sequence similarity 
(figure 1B). The m3 DNA contains a 1638 nt open reading frame 
(nt 298–1935), encoding a putative 545 aa protein with 100% 
sequence similarity to a group II RTase (GenBank accession no. 
WP_055650193). Although m3 protein lacks the first 60 aa due 
to ‘TTG’ codon instead of ‘ATG’ at the corresponding transla-
tion start site, it retains the RTase conserved domain (figure 1C). 
The corresponding sequence in Lachnoclostridium sp. YL32 
genome also encodes a partial group II RTase, showing 98% 
(534/545) sequence similarity with m3- RTase and the group II 
RTase. We further analysed the abundance of Lachnoclostridium 
sp. YL32 genome based on the Prokka- annotated protein coding 
gene sequences in our in- house metagenomics data. The result 

showed that Lachnoclostridium sp. YL32 was significantly 
increased in adenoma but to a less extent in CRC as compared 
with control subjects (online supplementary figure 2A). There-
fore, the candidate gene marker m3 may belong to Lachnoclos-
tridium species close to Lachnoclostridium sp. YL32.

Validation of m3 as a novel faecal biomarker for colorectal 
adenoma by qPCR
We further quantitatively examined the abundance of m3 in an 
enlarged group of stool samples from Hong Kong Chinese by 
using our previously established duplex- qPCR platform.13 The 
results showed that faecal m3 level was significantly higher in 
patients with adenoma (n=207) versus control subjects (n=288), 
and was significantly higher in patients with CRC (n=203) 
versus control subjects or patients with adenoma (all p<0.0001 
by multiple comparison). There was a significant linear trend of 
m3 increasing from control to adenoma to cancer (p<0.0001, 
one- way ANOVA) (figure 2A). Interestingly, m3 level was similar 

 o
n
 M

a
y
 2

5
, 2

0
2

1
 b

y
 g

u
e
s
t. P

ro
te

c
te

d
 b

y
 c

o
p

y
rig

h
t.

h
ttp

://g
u
t.b

m
j.c

o
m

/
G

u
t: firs

t p
u

b
lis

h
e

d
 a

s
 1

0
.1

1
3

6
/g

u
tjn

l-2
0

1
9

-3
1

8
5

3
2

 o
n
 2

7
 N

o
v
e
m

b
e
r 2

0
1
9
. D

o
w

n
lo

a
d
e
d
 fro

m
 

200 | Page

https://dx.doi.org/10.1136/gutjnl-2019-318532
https://dx.doi.org/10.1136/gutjnl-2019-318532
http://gut.bmj.com/


1251Liang JQ, et al. Gut 2020;69:1248–1257. doi:10.1136/gutjnl-2019-318532

Gut microbiota

Figure 3 Comparison and combination of bacterial markers for non- invasive diagnosis of colorectal cancer (CRC) and adenoma. (A) Relative 
abundances of Fusobacterium nucleatum (Fn), Clostridium hathewayi (Ch) in faecal samples of control subjects, patients with adenoma and patients 
with CRC. N, normal control; A, adenoma; ***p<0.0001 as compared with N; ###p<0.0001 as compared with A. (B) ROC curve analyses showed Fn 
could discriminate adenoma and CRC from controls, while Ch could discriminate CRC but not adenoma from controls. (C) Comparison of ROC curves 
of Fn, m3 and their combination. (D) Diagnostic performances of Fn, m3 and their combination. Fn performed better than m3 in diagnosing CRC, and 
m3 was superior to Fn in diagnosing adenoma. Combination with Fn improved the diagnostic performance of m3 for CRC but not for adenoma.

Table 1 Correlations between faecal marker abundances and clinical characteristics

Univariate Multivariate

Markers Fn m3 Fn m3

Variable Coef P value Coef P value Coef P value Coef P value

Age 0.217 <0.0001 0.111 <0.0001 0.064 0.007 0.025 0.269

Gender −0.348 0.443 −0.143 0.706

Diagnosis 2.768 <0.0001 1.535 <0.0001 2.597 <0.0001 1.472 <0.0001

Pre/post- colonoscopy −0.181 0.729 −0.735 0.095

BMI 0.052 0.761 −0.069 0.633

CRC staging 0.173 0.689 −0.227 0.620

Lesion location −0.153 0.862 −0.201 0.830

BMI, body mass index; CRC, colorectal cancer.

between non- advanced and advanced adenomas (figure 2B). 
Similarly, m3 level showed no significant change across tumour- 
node- metastasis staging in patients with CRC (figure 2C). The 
occurrence rate of faecal m3 was significantly higher in patients 
with adenoma as compared with control subjects, and highest 
in patients with CRC (both p<0.0001 vs control subjects; 
figure 2D). Receiver operating characteristic (ROC) curve anal-
ysis showed that m3 could significantly discriminate CRC and 
adenoma patients from control subjects, with areas under ROC 
(AUROCs) of 0.741 and 0.675 for CRC and adenoma, respec-
tively (both p<0.0001; figure 2E). At specificity of 78.5%, m3 
showed sensitivities of 62.1% for CRC and 48.3% for adenoma; 
the accuracies were 71.7% and 65.9% for distinguishing patients 
with CRC and adenoma from control subjects, respectively. 
These results demonstrated that m3 may serve as a new stool- 
based biomarker to assist the non- invasive diagnosis of CRC and 
adenoma.

m3 performs better than other bacterial markers (Fn and Ch) 
in diagnosing colorectal adenoma
As Fn and Ch were also identified to be significantly increased in 
patients with adenoma by metagenome sequencing, we further 
examined the levels of Fn and Ch by qPCR and compared their 
diagnostic performances with m3. Results confirmed that, 

similar to m3, the relative faecal abundance of Fn was signifi-
cantly elevated in patients with adenoma compared with control 
subjects, and highest in patients with CRC, with a significant 
linear trend of increase during CRC development (all p<0.0001; 
figure 3A). However, faecal Ch was not significantly increased 
in patients with adenoma as compared with control subjects by 
qPCR (p>0.05). Ch was significantly enriched in patients with 
CRC compared with patients with adenoma and control subjects 
(both p<0.0001, figure 3A). ROC curve analyses also showed 
that both Fn and Ch performed well in diagnosing CRC, but 
only Fn could significantly distinguish patients with adenoma 
from control subjects (p<0.0001; figure 3B). The abundances of 
both Fn and m3 were not associated with gender, CRC staging, 
lesion location or body mass index. Multivariate analysis showed 
that Fn and m3 were significantly associated with CRC and 
adenoma diagnosis, as well as Fn with age (table 1). Although 
Fn performed better than m3 in CRC diagnosis (AUROC of 
Fn=0.863 vs m3=0.741; p<0.0001), m3 may work better than 
Fn for adenoma diagnosis as shown by comparison of ROC curves 
(AUROCs: m3=0.675 vs Fn=0.620, p=0.09; figure 3C,D). As 
single diagnostic factors at specificity of 78.5%, Fn discrimi-
nated patients with CRC from control subjects with a sensitivity 
of 77.8% and accuracy of 78.2% (vs 62.1% and 71.7%, respec-
tively, by m3). At specificity of 78.5%, m3 discriminated patients 
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Figure 4 Combination of four markers for olorectal cancer (CRC) and m3 alone for adenoma. (A) Receiver operating characteristic (ROC) curve 
analysis of combination of the five bacterial markers of interest showed that combination of Fn, m3, Ch and Bc by a logistic regression (LR) model 
worked best for CRC diagnosis. Shown p values are by comparison ROC curves. (B) Level of the combination of Fn, m3, Ch and Bc (LR4) in faecal 
samples and comparison of its diagnostic performance with m3. N, normal control; A, adenoma; ***p<0.0001 as compared with N; ###p<0.0001 as 
compared with A. (C) Proposed strategy for the application of Fn, m3, Ch and Bc in the diagnosis of CRC and adenoma.

with adenoma from control subjects with a sensitivity of 48.3% 
and accuracy of 65.9% (vs 33.8% and 59.8%, respectively, by 
Fn) (figure 3C,D). Interestingly, combination of Fn and m3 by a 
logistic regression model significantly improved their individual 
diagnostic performances for CRC (AUROC=0.891, p=0.003 vs 
Fn) but not for adenoma (AUROC=0.671, p=0.89 vs m3). 
These results demonstrate that m3 is a potential good diagnostic 
biomarker especially for adenoma.

Combination with other bacterial markers (Fn, Bc and Ch) 
increases the diagnostic performance of m3 for CRC, while 
m3 alone works best for adenoma
As we have previously reported bacterial markers Fn, Ch, Bc and 
m7 for diagnosis of CRC, we further tested the performance of 
the combination of these markers with m3 for CRC. The results 
showed that combination of Fn, m3, Ch and Bc by a logistic 
regression model performed best in diagnosing CRC, with an 
AUROC of 0.907 (all p<0.05 as compared with combinations 
of fewer markers by comparison of ROC curves; figure 4A). At 
specificity of 80.2%, combination of Fn, m3, Ch and Bc showed 
a sensitivity of 85.2% and accuracy of 82.3% for CRC. Although 
combination of Fn, m3, Ch and Bc showed significantly 
increased score in patients with adenoma as compared with 
control subjects, its diagnostic performance for adenoma was 
not better than m3 (AUROC=0.660 vs m3=0.675, p=0.086; 
figure 4B). Therefore, combination of Fn, m3, Ch and Bc may 

serve as a novel tool for the non- invasive diagnosis of CRC, 
while m3 alone may be applied for further detection of adenoma 
(figure 4C).

Verification of diagnostic performance of bacterial markers in 
a second independent group
We further tested the bacterial markers in a second indepen-
dent group of 313 samples from Shanghai China (71 CRC, 145 
adenoma and 97 controls). Results showed that both Fn and m3 
were significantly increased in patients with adenoma compared 
with control subjects, and further increased in patients with 
cancer, with a significant linear trend of increase from control 
to adenoma to cancer by multiple comparison (p<0.0001; 
figure 5A). Using the same logistic regression model established 
in the Hong Kong group, the combined score of the four markers 
(Fn, m3, Ch and Bc) also showed a significant increase during 
the normal- adenoma- CRC sequence (p<0.0001). Fn performed 
better than m3 in discriminating CRC from controls although 
not significantly (AUROCs for CRC: Fn=0.776 vs m3=0.759), 
and the four- marker combination showed the best performance 
in diagnosing CRC (AUROC=0.830, sensitivity=77.5% and 
specificity=75.3%; figure 5B). m3 performed better than Fn 
and the four- marker combination in distinguishing patients with 
adenoma from controls although not significantly (AUROCs: 
m3=0.662, Fn=0.616 and four- marker=0.652), and m3 
showed a sensitivity of 51.0% and specificity of 75.3% for 
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Figure 5 Validation of bacterial markers in diagnosing colorectal cancer (CRC) and adenoma in a second independent group of faecal samples. 
(A) Relative faecal abundances of Fn and m3 and level of the combination of Fn, m3, Ch and Bc (LR4) in patients with CRC and adenoma compared 
with control subjects of the second group. N, normal control; A, adenoma; *p<0.05 and ***p<0.0001 as compared with N; #p<0.05 and ##p<0.001 as 
compared with A. (B) Comparison of ROC curves and diagnostic performances of Fn, m3 and LR4.

adenoma (figure 5B). These results further confirm the diag-
nostic values of the four bacterial markers for CRC and m3 for 
adenoma.

Combination with FIT improves the diagnostic ability of 
bacterial markers for CRC
To compare the diagnostic performance of bacterial markers 
with the most widely used non- invasive stool test in CRC 
screening, FIT was performed in a subgroup of 642 samples 
from Hong Kong (178 CRC, 204 adenoma and 260 controls). 
The CRC detection rate by combination of Fn, m3, Ch and Bc 
(84.7%) was significantly higher than m3 alone (61.8%) or FIT 
(71.3%) (both p<0.01). The combination of FIT with four- 
marker showed the best performance in detecting CRC, with 
a sensitivity of 93.8% and specificity of 81.2% (figure 6A). The 
four- marker showed higher sensitivities than FIT for stages I–III 
cancers but not late stage IV. Combination of the four- marker 
and FIT showed significantly increased sensitivities than FIT for 
stages I–III cancers, and also elevated the detection rate for stage 

IV cancers (figure 6B). These results demonstrate that the bacte-
rial marker panel is superior to FIT for detection of stages I–III 
CRC, and their combination further improves the non- invasive 
diagnosis of CRC.

m3 performs significantly better than FIT in diagnosing 
adenoma
In the subgroup of 204 adenoma (86 non- advanced and 118 
advanced) cases with FIT results, m3 alone (sensitivity=48.0%) 
showed a significantly higher detection rate than FIT (9.3%) and 
the four- marker (42.2%) (both p<0.001). Combination of m3 
with FIT showed the best diagnostic performance for adenoma, 
with a sensitivity of 51.5% and specificity of 78.1% (figure 6A). 
FIT failed to detect any non- advanced adenoma (0/86, 0%) and 
detected 16.1% (19/118) of the advanced adenoma. On the 
other hand, m3 showed no difference in the detection between 
non- advanced and advanced adenomas (figures 2B and 6C), and 
the detection rates of m3 were significantly higher for both non- 
advanced (44.2%) and advanced (50.8%) adenomas than FIT 
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Figure 6 Comparison and combination of bacterial markers with faecal immunochemical test (FIT). (A) Comparison of sensitivity and specificity of 
FIT, m3, combination of four makers (Fn, m3, Ch and Bc; LR4) and combination of bacterial markers with FIT in a subgroup of Hong Kong samples. 
LR4 combined with FIT performed best for colorectal cancer (CRC) detection, while m3 combined with FIT performed best for detecting adenoma. 
(B) Comparison of the sensitivities of FIT, LR4 and their combination in detecting CRC according to tumour- node- metastasis (TNM) stage subsets. (C) 
Comparison of the sensitivities of FIT, m3 and their combination in detecting non- advanced and advanced adenomas. All comparison of sensitivities 
was conducted by χ2 tests. A, non- advanced adenoma; AA, advanced adenoma.

(both p<0.001; figure 6C). Combination with FIT increased the 
sensitivity of m3 for advanced adenoma to 56.8%. These results 
demonstrate that m3 alone shows good performance for stool- 
based detection of adenoma.

DISCUSSION
In this study, we screened a previously identified panel of CRC- 
associated gene markers in patients with CRC or adenoma 
compared with control subjects by metagenomics analysis. 
Focusing on the candidate gene markers that were significantly 
changed in patients with adenoma as compared with control 
subjects, we further validated their application values in non- 
invasive diagnosis of adenoma and CRC by qPCR. We demon-
strated a faecal bacterial marker m3 that is useful for adenoma 
detection and at the mean time devised a new panel of faecal 
bacterial markers (m3+Fn+Ch+Bc) to achieve improved 

diagnostic capacity for CRC as compared with markers reported 

in our previous studies.4 13

m3 is a well- assembled DNA sequence (1935 bp) from 

shotgun sequencing data. As m3 DNA is long enough and 

distinct from DNA polymerase genes of other micro- organisms, 

with a single specific hit to Lachnoclostridium sp. YL32 with 

high score (97% identify), it is reliable to conclude that the host 

bacterium of ‘m3’ belong to the bacterial genus Lachnoclos-

tridium. We further analysed the abundances of known Lachno-

clostridium genomes in our in- house metagenomics data, with 

160 strains from GenBank and 27 species from ChocoPhlAn 

pangenome database (online supplementary figure 2A,B). We 

found stepwise increase from control to adenoma to cancer in 

some species, such as Clostridium (C.) aldenense, C. bolteae, C. 

citroniae and C. clostridioforme (online supplementary figure 

2C), demonstrating the potential of Lachnoclostridium species 
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in discriminating patients with colorectal neoplasm from control 
subjects. Lachnoclostridium is a newly defined genus under 
the highly polyphyletic class Clostridia,18 with an increasing 
number of new species identified from human gut microbiota in 
recent few years, such as Lachnoclostridium (L.) edouardi,19 L. 
pacaense20 and L. touaregense.21 The Lachnoclostridium species 
carrying m3 and its roles in colorectal tumourigenesis warrant 
further characterisation in future studies.

We have reported that combination of Fn, Bc, Ch and the 
undefined ‘m7’ showed good diagnostic performance for CRC.13 
Comparison of ROC curves showed that combination of ‘Fn, 
Bc, Ch and m3’ (AUROC=0.907 (0.877 to 0.931)) showed an 
increased AUROC than the combination of ‘Fn, Bc, Ch and m7’ 
(AUROC=0.892 (0.856 to 0.921)) in our Hong Kong group and 
in Shanghai group (AUROCs: 0.830 (0.765 to 0.884) with m3 
vs 0.795 (0.705 to 0.867) with m7). These results suggest the 
impact of m3 on improving other bacterial markers for the non- 
invasive diagnosis of CRC.

Fn is prevalently detected in human CRC, with important 
roles in the initiation and progression of CRC. Fn level in 
colonic adenoma and adenocarcinoma tissues was found to be 
>10–100 times higher than normal colonic mucosa,10 demon-
strating Fn accumulation may occur at an early stage of colonic 
tumourigenesis. However, there is disagreement about the rela-
tionship between Fn and colorectal adenoma.22Fn was found to 
be enriched in cancerous versus matched normal tissues, but not 
significantly higher in adenoma versus normal tissues in a Euro-
pean cohort.23 Similarly, faecal abundance of Fn was found to 
be strongly associated with CRC but not adenoma in a German 
cohort.24 Although we observed a significant increase of faecal 
Fn in patients with adenoma compared with control subjects, 
the diagnostic value of Fn for adenoma is not as good as m3, and 
combination with Fn could not improve the diagnostic perfor-
mance of m3 for adenoma.

We have showed that the gram- negative bacterium Bc25 was 
significantly decreased in patients with CRC as compared with 
healthy subjects and thus could help improve diagnostic spec-
ificity. The gram- positive bacterium Ch, which participates 
in glucose metabolism using carbohydrates as fermentable 
substrates to produce acetate, ethanol, carbon dioxide and 
hydrogen,26 was significantly increased in patients with CRC 
compared with healthy subjects. However, faecal abundances 
of Bc and Ch showed no differences between patients with 
adenoma and control subjects.

On the other hand, m3 is superior to other bacterial markers 
in discriminating patients with adenoma from control subjects 
according to our results from two independent Chinese groups, 
although its diagnostic capacity for CRC is not as good as Fn. 
FIT only detected 16.1% advanced adenoma and none of non- 
advanced adenoma. The multitarget stool DNA test approved by 
the US Food and Drug Administration, which combines mutant 
and methylated DNA markers and a FIT, shows sensitivities of 
42.4% for advanced adenoma and 17.2% for non- advanced 
adenoma.27Although the sensitivity of m3 (48.3%) is still low 
for adenoma, m3 showed no significant difference in the detec-
tion between advanced and non- advanced adenomas, with sensi-
tivities of 50.8% and 44.2%, respectively. Therefore, m3 may 
outperform all other available stool- based tests in detecting non- 
advanced adenoma. Moreover, combination with FIT improved 
the detection rate of m3 for advanced adenoma from 50.8% to 
56.8%.

Some of the faecal samples were collected after colonos-
copy, with 40.6%, 36.2% and 40.4% in control, adenoma 
and cancer groups, respectively (p=0.577). However, these 

post- colonoscopy samples were collected at least 1 month after 
colonoscopy when gut microbiome should have recovered to 
baseline.28 Furthermore, we have adjusted for confounding 
effects of sample collection before/after colonoscopy during 
marker discovery.4 There was no significant difference in m3 
level between pre- colonoscopy and post- colonoscopy adenoma 
samples by qPCR or metagenome sequencing. There were 
also no difference in Fn, m3 or the four- marker combination 
between pre- colonoscopy and post- colonoscopy samples of the 
control, adenoma or CRC groups (online supplementary figure 
3). Therefore, the markers involved in this study may not be 
affected by colonoscopic/bowel- prep status, given enough time 
for gut microbiome to recover after colonoscopy. Although age 
and gender differed significantly among the groups, inclusion of 
age and gender in the logistic regression model did not affect the 
ROC curves for CRC and adenoma significantly (online supple-
mentary figure 4).

Recent studies of CRC have identified a large number of faecal 
microbial markers, and attempts to combine such markers from 
shotgun metagenomics data showed good diagnostic perfor-
mance.6 29 30 Our recent meta- analysis of multicohort metag-
enomics data, covering 526 samples from Chinese, Austrian, 
American, and German and French cohorts, identified seven 
CRC- enriched bacterial species showing an AUROC of 0.8 in 
discriminating patients with CRC from control subjects, which 
was increased to 0.88 when the clinical data were added.6 Appli-
cation of direct shotgun metagenomics to diagnosis is not cost- 
efficient due to cumbersome experimental procedure and heavy 
computing workload. Targeted detection of identified microbial 
marker candidates based on shotgun metagenomics for clinical 
application is a more promising strategy. Based on our bacte-
rial gene markers identified by metagenomics investigation, 
quantification of four bacterial gene markers by qPCR shows 
an AUROC of 0.907 for CRC diagnosis in this study. However, 
as the true performance of the markers cannot be established 
from these case–control samples, future validation is required 
in large sample cohorts representative of the CRC screening 
populations. We have also reported for the first time that faecal 
CRC- enriched virome and mycobiome biomarkers distinguished 
CRC from controls with AUROCs of 0.802 and 0.93, respec-
tively.29 30 The application of these viral and fungal markers to 
non- invasive diagnosis of CRC by targeted quantification needs 
further exploration.

In conclusion, we identified a novel bacterial marker m3, from 
a Lachnoclostridium species, for the non- invasive diagnosis of 
colorectal adenoma. m3 is superior to other bacterial markers 
and currently available stool- based tests for adenoma detection.

METHODS
Metagenomic marker gene sequence analysis
Metagenomic sequencing data from 589 Hong Kong Chinese 
subjects (184 CRC, 185 adenoma and 220 control subjects) 
from our previous study were analysed,29 which included the 
discovery cohort of 74 CRC and 54 controls for the identifi-
cation of the 20 CRC- related markers.4 Raw faecal shotgun 
metagenomic sequences were quality- trimmed and decontami-
nated as described previously.29 Low complexity subsequences of 
bacterial genes were hard- masked with the DUST program and 
indexed using the Burrows- Wheeler Aligner (BWA; V.0.7.17) 
to create the gene database for short read alignment.31 32 Post- 
quality control sequences in FASTQ format were mapped against 
the BWA database with maximal exact match (mem) algorithm 
and default parameters of penalty scoring. Histograms of aligned 
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sequence coverage were reported using the ‘genomecov’ module 
of BEDTools suite (V.2.27.0).33 Mean sequence coverage table of 
metagenomic samples was constructed by computing summed 
products of coverage depth and base- pair fraction of marker 
gene length for positional features in input BAM files. Multiple 
group comparison of clinical phenotype was performed by pair-
wise Wilcoxon’s rank- sum tests, and p values were corrected 
by Benjamini- Hochberg step- up procedure. We then derived 
average weighted contribution (AWC) scores to estimate differ-
ential genomic enrichment and depletion of Lachnoclostridium 
species using marker gene sequences originating from the 
ChocoPhlAn pangenome database (V.293)34 as well as Prokka- 
annotated protein coding gene sequences representing 160 
Lachnoclostridium genomes at all assembly levels from the NCBI 
GenBank (release 234.0; accessed 16 Oct 2019).35 The AWC of 
species i with gene set j to phenotype k was computed as follows:

 
AWCijk =

∑

j∈k
NEij−NDij

N2ij
,
  

where NE
ij
 (or ND

ij
) is the total count of significant enrich-

ment (or depletion) of a genomic sequence in gene set j for 
species i in a one- versus- all comparative statistical analysis of 
clinical phenotype k at 5% false discovery rate, respectively. N

ij
 

denotes the number of gene sequences of species i.

Human faecal sample collection
Faecal samples (n=1012) were collected from two indepen-
dent groups of subjects, including group I—Hong Kong (698 
subjects: 203 CRC, 207 adenoma and 288 normal controls) at 
the Prince of Wales Hospital, the Chinese University of Hong 
Kong between 2009 and 2014 and group II—Shanghai (313 
subjects: 71 CRC, 145 adenoma and 97 normal controls) at 
Renji Hospital, Shanghai Jiaotong University between 2014 and 
2018 (detailed clinical characteristics in online supplementary 
table S2). Subjects recruited for faecal sample collection included 
individuals presenting symptoms such as change of bowel habit, 
rectal bleeding, abdominal pain or anaemia, and asymptomatic 
individuals aged 50 or above undergoing screening colonoscopy 
as in our previous metagenomic study.4 Samples were collected 
before or 1 month after colonoscopy, when gut microbiome 
should have recovered to baseline.28 The exclusion criteria were 
(1) use of antibiotics within the past 3 months, (2) on a vege-
tarian diet, (3) had an invasive medical intervention within the 
past 3 months and (4) had a history of any cancer or inflam-
matory disease of the intestine. Subjects were asked to collect 
stool samples in standardised containers at home and store the 
samples in their home freezer at −20°C immediately. Frozen 
samples were then delivered to the hospitals in insulating poly-
styrene foam containers and stored at −80°C immediately until 
further analysis. Patients were diagnosed by colonoscopic exam-
ination and histopathological review of any biopsies taken.

DNA extraction, design of primers and probes and qPCR
DNA extraction, design of primer and probe sequences and 
qPCR amplifications on an ABI QuantStudio sequence detec-
tion system were conducted as our previous description.13 
Primer and probe sequences specifically targeting m3 are as 
following: forward 5′- AATGGGAATGGAGCGGATTC-3′; 
reverse 5′- CCTG CACC AGCT TATC GTCAA-3′; probe 5′- 
AAGC CTGC GGAA CCAC AGTT ACCAGC-3′. Primer and 
probe sequences targeting other bacterial gene markers and 
16s rDNA internal control are as in our previous study.13 Each 
probe carried a 5′ reporter dye FAM (6- carboxy fluorescein) 

or VIC (4,7,2′-trichloro-7′-phenyl-6- carboxyfluorescein) and 
a 3′ quencher dye TAMRA (6- carboxytetramethyl- rhodamine). 
Primers and hydrolysis probes were synthesised by Invitrogen 
(Carlsbad, CA). PCR amplification specificity was confirmed by 
direct Sanger sequencing of the PCR products or by sequencing 
randomly picked TA clones. Relative abundance of each marker 
was calculated by using delta Cq method as compared with 
internal control and shown as Log value of ‘*10e6+1’.

Faecal immunochemical test
A subgroup of Hong Kong samples (n=642; 178 CRC, 118 
advanced adenoma, 86 non- advanced adenoma and 260 control 
subjects) were examined by FIT using the automated quantita-
tive OC- Sensor test (Eiken Chemical, Japan). The quantitative 
OC- Sensor test was performed as our previous description,36 
with a positive cut- off value equivalent to a concentration of 
100 ng of haemoglobin per millilitre.

Statistical analyses
Values were all expressed as mean±SD or median (IQR) as appro-
priate. The differences in bacterial abundances were determined 
by Mann- Whitney U test. One- way ANOVA multiple compar-
ison with test for linear trend was used to evaluate the changes 
of marker levels during disease progression (from control to 
adenoma to cancer). Simple and multiple regression analyses 
were used to estimate the association between marker levels and 
factors of interest. Occurrence rates between different groups 
and sensitivities by different markers were analysed using the 
χ2 test. Combination of multiple biomarkers was performed by 
applying logistic regression model to obtain values for estimating 
the incidence of CRC as compared with controls. The scores 
of the combination of four markers were calculated as follows: 
LR4=Power (2, (α+β

1
X

1
+β

2
X

2
+β

3
X

3
+β

4
X

4
)), where α repre-

sented the intercept, β represented the regression coefficients 
and X represented the levels of the corresponding markers. ROC 
curves were used to evaluate the diagnostic value of bacterial 
markers/models in distinguishing CRC/adenoma and controls. 
Pairwise comparison of ROC curves was performed using a non- 
parametric approach.37 The best cut- off values were determined 
by ROC analyses that maximised the Youden index (J=Sensi-
tivity+Specificity−1).38 All tests were done by GraphPad Prism 
V.5.0 (GraphPad Software, San Diego, CA) or MedCalc Statis-
tical Software V.18.5 (MedCalc Software bvba, Ostend, Belgium; 
http://www. medcalc. org; 2018). A p value <0.05 was taken as 
statistical significance.
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Abstract: Background: Non-communicable diseases (NCDs) have become a major cause of morbidity
and mortality in India. Perturbation of host–microbiome interactions may be a key mechanism by
which lifestyle-related risk factors such as tobacco use, alcohol consumption, and physical inactivity
may influence metabolic health. There is an urgent need to identify relevant dysmetabolic traits for
predicting risk of metabolic disorders, such as diabetes, among susceptible Asian Indians where
NCDs are a growing epidemic. Methods: Here, we report the first in-depth phenotypic study in
which we prospectively enrolled 218 adults from urban and rural areas of Central India and used
multiomic profiling to identify relationships between microbial taxa and circulating biomarkers
of cardiometabolic risk. Assays included fecal microbiota analysis by 16S ribosomal RNA gene
amplicon sequencing, quantification of serum short chain fatty acids by gas chromatography-mass
spectrometry, and multiplex assaying of serum diabetic proteins, cytokines, chemokines, and multi-
isotype antibodies. Sera was also analysed for N-glycans and immunoglobulin G Fc N-glycopeptides.
Results: Multiple hallmarks of dysmetabolism were identified in urbanites and young overweight
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adults, the majority of whom did not have a known diagnosis of diabetes. Association analyses
revealed several host–microbe and metabolic associations. Conclusions: Host–microbe and metabolic
interactions are differentially shaped by body weight and geographic status in Central Indians.
Further exploration of these links may help create a molecular-level map for estimating risk of
developing metabolic disorders and designing early interventions.

Keywords: geography; host–microbe interactions; glycome; dysmetabolism; multiomics; diabetes mellitus

1. Introduction

Whilst communicable diseases caused by infectious microbes continue to exert a
significant public health burden in India, existing evidence now indicates a marked shift
to non-communicable diseases (NCDs) [1–4]. The consumption of Western-type energy-
intense, nutrient poor, high glycaemic index carbohydrate enriched diets, increasingly
sedentary occupations, and low levels of recreational activity, particularly in urbanised pop-
ulations, all lead to a higher body mass index (BMI), evoking a state of chronic metabolic
inflammation, termed metainflammation [5,6]. Metainflammation contributes to the de-
velopment of many NCDs, including diabetes, which has increased rapidly in India over
the last quarter of a century, rising from 26 million prevalent cases in 1990 to 65 million in
2016 [7]. The 9th Edition of the IDF Diabetes Atlas in 2019 reported that India is currently
home to 77 million diabetics and this number is projected to soar to 134 million cases in the
next 25 years. Asian Indians have one of the highest rates of diabetes among major ethnic
groups, and the progression from prediabetes to diabetes appears to occur faster in this
population [8]. According to the National Urban Diabetes Survey, the estimated prevalence
of prediabetes is 14 per cent in India [9]. A more recent study reported that 6 in 10 adults in
large South Asian cities have either diabetes or prediabetes [10]. Concerningly, an Indian
multistate study has reported that a high percentage of the diabetes cases in the Indian
population remain undiagnosed, highlighting issues of poor awareness and detection of
diabetes [11]. An important epidemiologic aim going forward will be to identify at-risk
individuals, to facilitate an early therapeutic impact.

New multi-biomarker approaches which detect dysmetabolic traits are urgently being
sought to predict risk of metabolic diseases such as diabetes and its complications [12].
In this regard, emerging evidence leads us to conclude that metabolic syndrome, which
often accompanies obesity and hyperglycaemia, also leads to increased risk of enteric and
systemic infections [13]. A recent study suggested that this increased risk may be due to
hyperglycaemia, either genetically, chemically or diet-induced, rather than obesity itself,
which provides the mechanistic basis for intestinal barrier dysfunction [14].

Alterations in the gut microbiome, metabonome, immune system and, more recently,
the total serum and IgG N-glycome have been separately described in various dysmetabolic
states, with a predominant focus on humans residing in developed nations [15–24]. How-
ever, it remains unclear how these molecular signatures interact, and whether such interac-
tions can offer novel pathophysiological insight into the earliest stages of a dysregulated
metabolism that is often associated with an elevated BMI and insulin resistance (IR) state.

To explore this gap in knowledge, we used a multiomics strategy to deeply pheno-
type rural and urban populations in Central India, unbiasedly sampled in terms of their
metabolic state; this unbiased approach allows us to gauge a ‘real world’ cohort with-
out systematically favouring certain populations (e.g., those with metabolic syndrome)
over others. We report the first association study investigating the interplay between the
circulating immune-metabolic proteome, metabonome, glycome and gut microbiome in
previously poorly phenotyped Central Indians. Notably, we associate urban living with
multiple hallmarks of metabolic dysregulation, a critical precursor to metabolic disease.
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2. Materials and Methods

2.1. Participant Recruitment

In this observational cohort study, which was carried out during 2019, we prospec-
tively recruited adult (≥18 years of age) participants from both in- and outpatient settings
in urban and rural settings of Central India. Health records were also reviewed for each
participant where available. Basic demographic details including age, gender, geographic
location, as well as information on hospitalisation exposure, antibiotic usage during and
before (within 3 months) study recruitment, antacids usage, smoking status, co-morbidities,
toilet access, use of hand soap, and presence of domestic animals were recorded for rural
and urban participants. Body mass index (BMI) was also recorded for all participants. BMI
ranges were pre-defined using WHO Asian BMI classifications: underweight <18.5, normal
(18.5–22.9), overweight (23–24.9), pre-obese (25–29.9) and obese (≥30) categories.

Site-specific project coordinators based at the Central Indian Institute of Medical
Sciences (CIIMS), Nagpur, and MAHAN Trust, Melghat, supervised recruitment of urban
and rural participants and sample acquisition across 25 urban and 35 rural sampling
sites, respectively (Table S1). Nagpur is India’s 13th largest city by population (2.5M)
and is located at the exact centre of the Indian peninsula. Project fellows approached all
consecutive in- and outpatients at CIIMS and also processed samples received from other
participating hospitals or private clinical laboratories within a 20 km radius of Nagpur as
well as within rural Melghat, Amravati district.

In MAHAN Trust in rural Melghat, which is located approximately 293 km from
Nagpur, and is home to a community of 250,000 members of the Korku tribe, all participants
were directly recruited by community village healthcare workers and counsellors trained
by MAHAN Trust who liaised closely with project fellows from CIIMS. Stool samples were
also collected from the rural extensions within a 50 km radius from the satellite centre at
MAHAN Trust, Melghat. Here, patient recruitment and sample acquisition were facilitated
by village healthcare workers and councillors working in the subdivisional hospitals (SDH)
and public health centres. The councillors then contacted the research fellows at the rural
satellite hospital in MAHAN Trust.

In contrast to the emerging metropolis of Nagpur, which was declared open defecation
free in 2018, and is one of the cleanest and most liveable cities in India, rural agriculturalist
communities within Melghat and its rural extension zones are of lower socioeconomic
status, display high rates of illiteracy and malnutrition, and possess poor access to medical
and educational facilities. Their small hut dwellings are typically composed of mud, grass
and bamboo frames which lack an electricity or running water supply or proper sanitation
systems. They live in close proximity to their animals (chickens, goats, pigs, cows, buffalo),
often in the same one-room dwelling.

2.2. Inclusion and Exclusion Criteria

During participant selection, inclusion criteria were (i) adults aged 18 to 70 years of age
who could provide written or thumb-print consent, (ii) HIV, hepatitis B or C negative, and
(iii) not pregnant or breastfeeding. Participants who were immunosuppressed were not ex-
cluded. Immunosuppression was defined as those with cancer, receiving chemotherapy or
on prednisolone (>5 mg/d), immunomodulators (azathioprine, methotrexate, calcineurin
inhibitor) or biologics. We excluded subjects that were unable to provide a stool sample.

2.3. Ethics Statement

This study was approved by the Faculty of Medicine and Health Sciences Research
Ethics Committee at the University of Nottingham (REC no. 199-1901) and the Ethical
Committee of the Central India Institute of Medical Sciences, Nagpur. All subjects provided
verbal and written (or thumbprint) consent.
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2.4. Sample Preparation

All clinical samples were anonymised and assigned a study code number linked to
participant demographic details. Up to two faecal samples (3–5 g each) were collected
in UV sterilised dry plastic containers at the time of recruitment from each participant
and placed in a cool box. As per the standard operating procedures, all stool specimens
were stored at 4 ◦C immediately after collection to avoid enzymatic degradation prior
to genomic DNA extraction which was performed within 24 hours of sample collection.
Whole blood samples were drawn from all participants into vacutainer tubes with EDTA
as anticoagulant. These were centrifuged for 10 min at 2400× g within 30 min of being
taken. Serum was then carefully aspirated at room temperature and aliquoted accordingly
into single-use cryotubes to avoid repeated freeze–thaw cycles prior to sample storage at
−20 ◦C.

2.5. Gut Bacterial Community Profiling by 16S rRNA Gene Sequencing

Stool samples were randomised for processing and DNA was extracted from 1–1.5 g
of faeces and homogenised in lysis buffer (Tris HCl, EDTA, NaCl and SDS) using phenol-
chloroform method. Briefly, the content was centrifuged at 7000× g for 10 min. The
supernatant was then transferred to a 1.5 mL tube containing a mixture of isopropanol
and sodium acetate (5M) and incubated at −20 ◦C for 30 min. Following removal of the
supernatant the pellet was dried for about an hour. The pellet was suspended in 1X Tris
EDTA buffer (pH 8) and incubated at 65 ◦C for 15 min. An approximate equal volume
(0.5–0.7 mL) of phenol: chloroform-isoamyl alcohol (24:1) was added, mixed thoroughly
and centrifuged for 10 min at 12,000× g. The aqueous viscous supernatant was carefully
transferred to a new 1.5 mL tube. An equal volume of chloroform-isoamyl alcohol (1:1) was
added, followed by centrifugation for 10 min at 12,000× g. The supernatant was mixed
with 0.6×volume of isopropanol to aid precipitation. The precipitated nucleic acids were
washed with 75% ethanol, dried and re-suspended in 50µL of TE buffer.

Extracted DNA was quantified using a Qubit 2.0 Fluorometer (ThermoFischer Scien-
tific, Hemel Hempstead, UK), and stored at −80 ◦C pending downstream assays. Gene-
sequencing sample libraries for 16S rRNA were generated via Illumina’s 16S Metagenomic
Sequencing Library Preparation Protocol, but with some modifications. Amplification
was performed of the V1-V2 16S rRNA gene regions from the faecal DNA, using primers
as previously described [25]. Products from the index PCR reactions were cleaned and
normalised via the SequalPrep Normalization Plate Kit (Life Technologies, Carlsbad, CA,
USA), and library quantification was performed using the NEBNext Library Quant Kit
for Illumina (New England Biolabs, Ipswich, MA, USA). Sequencing data were obtained
using paired-end 300 bp chemistry on an Illumina MiSeq (Illumina Inc, San Diego, CA,
USA), with MiSeq Reagent Kit Volume 3 (Illumina Inc). Sequenced libraries included
both negative controls (PCR grade water, Roche, Basel, Switzerland) and positive controls,
with the latter using a mock community of 10 bacterial strains (LGC Group, Teddington,
UK). Processing of sequencing data was performed via the DADA2 pipeline as previously
described [26], using the SILVA bacterial database Volume 132 (https://www.arb-silva.de/
(accessed on 15 February 2021)).

A combination of R packages was used to analyse and visualise microbiota relative
abundance data. The inverse Simpson index, non-metric multidimensional scaling (NMDS)
and Analysis of Similarities (ANOSIM) were implemented in the R package ‘vegan’ [27],
using the Bray–Curtis distance metric based on normalized ASV counts. Partitioning
Around Medoids (PAM) clustering [28] on the Jensen–Shannon divergence calculated from
normalised ASV counts was used to identify two optimal community types, as defined
by best-fit silhouette score (mean silhouette score = 0.47). Linear discriminant analysis
Effect Size (LEfSe) [29] as implemented in mothur [30] was used to identify differentially
abundant genera in urban vs. rural, or high (≥23) vs. low/normal (<23) BMI score.
Kruskal–Wallis and Pearson’s chi-squared tests were run in standard R.
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2.6. Serum Short Chain Fatty Acid Identification and Quantification

This was performed using a targeted gas chromatography-mass spectrometry protocol,
as previously described [31]. Sample analysis was performed on an Agilent 7890B GC
system coupled to an Agilent 5977A mass selective detector (Agilent, Santa Clara, CA,
USA). Patient samples were run alongside negative controls and quality control samples
(pooled aliquots of all patient samples; one run after every ten patient samples) to ensure
no source contamination and to assess for signal drift. Three injections were undertaken for
each sample. Analysis of data was performed using MassHunter software (Agilent), with
SCFA levels calculated via integration of spectra from patient samples and comparison with
freshly prepared calibration curves using SCFA standards (Merck, Darmstadt, Germany).

2.7. Serum N-Glycome Profiling

2.7.1. Experimental Design

Participant serum samples and in-house serum standards were thawed, vortexed and
centrifuged for 3 min at 12,100 g. Each sample (100 µL) was aliquoted to 2 mL 96-well
collection plates (Waters, Milford, MA, USA) following a predetermined, established
experimental design [32] which included blocking of all known sources of variation (age,
sex, diarrheal/non-diarrheal and urban/rural status) and sample randomization between
the plates to reduce experimental error. In-house serum standards were aliquoted in seven
to eight replicates per plate, to evaluate experimental error and integrity of generated
data. An aliquot (10 µL) of each sample was transferred to 1 mL 96-well collection plates
(Waters, Milford, MA, USA) for N-glycome analysis and the rest was used for isolation of
IgG followed by IgG Fc N-glycopeptide analysis.

2.7.2. Serum N-Glycome Analysis

Serum N-glycans were enzymatically released from proteins by PNGase F, fluores-
cently labelled with 2-aminobenzamide and cleaned-up from the excess of reagents by
hydrophilic interaction liquid chromatography-solid phase extraction (HILIC-SPE), as
previously described [33]. Fluorescently labelled and purified N-glycans were separated
by HILIC on a Waters BEH Glycan chromatography column, 150 × 2.1 mm i.d., 1.7 µm
BEH particles, installed on an Acquity ultra-performance liquid chromatography (UPLC)
H-class system (Waters, Wilmslow, UK), consisting of a quaternary solvent manager, sam-
ple manager and a fluorescence detector set with excitation and emission wavelengths of
250 nm and 428 nm, respectively. Obtained chromatograms were separated into 39 peaks.
The amount of N-glycans in each chromatographic peak was expressed as a percentage of
total integrated area. From 39 directly measured glycan peaks we calculated 12 derived
traits which average particular glycosylation traits such as galactosylation, sialylation and
branching across different individual glycan structures and are, consequently, more closely
related to individual enzymatic activities and underlying genetic polymorphisms. Derived
traits used: the proportion of low branching (LB); defined as di-antennary complex type
N-glycans with two N-acetylglucosamine residues attached to the core pentasaccharide,
(Man3GlcNAc2) at both the α-3 and α-6 mannose sites and high branching (HB); tri- and
tetra-antennary complex type N-glycans with three of four N-acetylglucosamine (GlcNAc)
residues attached to the core pentasaccharide. The majority of antennas are further elon-
gated by the addition of galactose, sialic acid and fucose. Additional modifications such
as the addition of bisecting GlcNAc and/or a fucose residue on the core pentasaccharide
are also possible. N-glycans, the proportion of a-, mono-, di-, tri- and tetra-galactosylated
N-glycans (G0, G1, G2, G3 and G4, respectively), and a-, mono-, di-, tri- and tetra-sialylated
N-glycans (S0, S1, S2, S3 and S4, respectively).

2.7.3. IgG Fc N-Glycopeptides Analysis

Sample preparation and analysis of IgG N-glycopeptides was done following a pre-
viously described protocol with minor changes [34]. Briefly, IgG was isolated from 90 µL
of serum samples by affinity chromatography using CIM® 96-well Protein G monolithic
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plate (BIA Separations, Ajdovščina, Slovenia). IgG N-glycopeptides were prepared by
trypsin digestion of an aliquot of IgG isolates (25 µg on average per sample) followed by
reverse-phase solid phase extraction (RP-SPE). Purified tryptic IgG N-glycopeptides were
separated and measured on nanoAcquity chromatographic system (Waters, Wilmslow, UK)
coupled to Compact Q-TOF mass spectrometer (Bruker, Bremen, Germany), equipped with
Apollo II source and operated under HyStar software version 3.2. The first four isotopic
peaks of doubly and triply charged signals, belonging to the same glycopeptide species,
were summed together, resulting in 20 Fc N-glycopeptides per IgG subclass. Predominant
allotype variant of IgG3 tryptic peptide carrying N-glycans in the Caucasian population has
the same amino acid sequence as IgG2 [35]. Therefore, IgG glycopeptides were separated
into three chromatographic peaks designated as IgG1, IgG2/3 and IgG4. Signals of interest
were normalised to the total area of each IgG subclass.

2.8. Immune and Diabetic Protein Profiling of Sera

Patient sera were analysed for the quantifications of 37 key biomarkers of inflam-
mation from the TNF superfamily proteins, IFN family proteins, Treg cytokines, and
MMPs: APRIL/TNFSF13, BAFF/TNFSF13B, sCD30/TNFRSF8, sCD163, Chitinase-3-like 1,
gp130/sIL-6Rβ, IFN-α2, IFN-β, IFN-γ, IL-2, sIL-6Rα, IL-8, IL-10, IL-11, IL-12 (p40), IL-12
(p70), IL-19, IL-20, IL-22, IL-26, IL-27 (p28), IL-28A/IFN-λ2, IL-29/IFN-λ1, IL-32, IL-34,
IL-35, LIGHT/TNFSF14, MMP-1, MMP-2, MMP-3, Osteocalcin, Osteopontin, Pentraxin-3,
sTNF-R1, sTNF-R2, TSLP, TWEAK/TNFSF12 using the Bio-Plex Pro Human Inflammation
Panel 1 (171AL001M, Bio-Rad, Hercules, CA, USA); immunoglobulins IgG1, IgG2, IgG3,
IgG4, lgA, lgM, using the Bio-Plex Pro™ Human Isotyping Panel (171A3100M, Bio-Rad);
and C-peptide, ghrelin, GIP, GLP-1, glucagon, insulin, leptin, PAI-1 (total), resistin and
visfatin, using the Bio-Plex 10 ProTM Human diabetes 10-plex immunoassay (171A7001M,
Bio-Rad), respectively. Samples were analysed in a Bio-Plex 200 System using the Bio-Plex
manager software, according to manufacturer’s instructions. The concentrations were
calculated by standard curves developed in parallel and are expressed as pg/mL for the
inflammatory biomarkers and diabetic proteins, and ng/mL for the immunoglobulins.

Glycated serum protein (GSP) levels (µmol/L), which provide a short to medium-term
assessment of glycaemia and diabetes risk [36], were assayed in sera by enzymatic assay
(Crystal Chem, Elk Grove Village, IL, USA).

2.9. Statistical Analysis

As per the manufacturer’s guidelines, all sera were assayed in duplicate in immune
(antibody and inflammation panels), diabetic protein, and GSP assays. Descriptive statistics
including median and interquartile range (IQR) are presented for demographic variables.
Student’s t-tests were used to detect differences in the abundance of microbial and im-
munometabolic features across the groups assessed. The association between the metavari-
ables and microbial taxa was assessed using Pearson’s correlation analysis. Identification
and selection of the candidate biomarkers associated with urban, rural and BMI status, to-
gether with the performance of markers, was investigated using the elastic net method (see
below) [37]. All p-values were adjusted where necessary to control for the false discovery
rate (FDR) according to the Benjamini–Hochberg method. All analyses were performed in
the R statistical computing (R version 3.4.3) environment. Statistical significance was set at
an alpha of 5% for a two-sided p-value for all analyses.

Elastic Net Machine Learning Method

We the applied elastic net (EN) machine learning method [37] to help select important
features which may discriminate between the urban and rural population, and BMI groups.
Elastic net automatically selects the best features linked with the outcome or response vari-
able from the dataset-based penalty applied, and hence provides a sparse solution [38–40].
Penalty parameters, λ (Range of λ: 0 to 1), are optimized using 10-fold cross validation.
The stronger the penalty (close to 1), the smaller the number of variables selected, while if
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the penalty is weaker (close to 0), a higher number of variables are selected. In other words,
the penalty function λ controls the trade-off between likelihood and penalty, thereby influ-
encing the variables to be selected. Elastic net employs a mixed version of penalty called
L1 (Least Absolute Shrinkage and Selection Operator also called as LASSO penalty) and
L2 penalty (Ridge penalty). The L1 penalty encourages the sparse representation, whereas
L2 stabilises the solution. The process was repeated 100 times and the features were ranked
according to their respective selection frequency associated with each run. We then selected
the first quartile from the EN-selected features over 100 runs. These selected features
were then further modeled by generating area under curve (AUC) curves. We performed
stability analysis [39] (also called a permutation analysis) after randomizing the class label
(for rural vs. urban populations). We compared a random AUC based on each iteration and
averaged over 100 iterations with the true AUC (without changing the class label). From
these calculations, we generated two AUC distributions and compared mean values of the
distributions, and generated p-values accordingly. All analyses were performed in the R
statistical computing (R version 3.4.3) environment [41] and MetaboAnalyst web tool [42].

3. Results

3.1. Characteristics of the Study Participants

Clinical and demographic characteristics of the cohort are presented in Table 1 and
geographic sites specified in Table S1. In total, 218 participants, of which 26.6% were
inpatients, were enrolled into this prospective cohort study during 2019. A survey of the
medical records of the urban cohort revealed that 10.5% of participants had diabetes melli-
tus at enrolment. No co-morbidity data were available for the rural cohort, highlighting a
lack of diagnostic hospital facilities, a general reluctance to engage with Western medicine
and a reliance on local faith healers and alternative medicines. In terms of cardiometabolic
risk factors, 24.5% were active smokers (rural n = 23 vs. urban n = 31), and over half of
the cohort were overweight (BMI ≥ 23) by Asian WHO standards. The urban Nagpurian
cohort displayed significantly higher BMIs compared to their rural counterparts (p < 0.001).

Table 1. Baseline characteristics of study population. Descriptive statistics presented as the number
of samples (n) and percentage (%) or median (interquartile range, IQR).

Characteristic Rural, n = 94 Urban, n = 124 p-Value

Age, yrs (median (IQR)) 39 (27, 53) 38 (30, 49) >0.9
Gender 0.3
Female 47 (50%) 52 (42%)
Male 47 (50%) 72 (58%)

BMI (median (IQR)) 21.0 (19.2, 22.3) 25.0 (23.5, 26.0) <0.001
BMI Class <0.001

Underweight 10 (11%) 0 (0%)
Normal 68 (72%) 20 (16%)

Overweight 12 (13%) 38 (31%)
Pre-Obese 2 (2.1%) 62 (50%)

Obese 2 (2.1%) 4 (3.2%)
Smoker 23 (24%) 31 (25%) >0.9

Hospitalized 13 (14%) 45 (36%)
Drugs 0.017

Antacid 24 (26%) 12 (9.7%)
PPI 1 (1.1%) 1 (0.8%)

Co-morbidities <0.001
Diabetes mellitus 8 (8.5%) 15 (12%)

Epilepsy 3 (3.2%) 12 (9.7%)
High cholesterol 0 (0%) 1 (0.8%)

Hypertension 0 (0%) 7 (5.6%)
Hypothyroidism 0 (0%) 1 (0.8%)
Seizure disorder 0 (0%) 1 (0.8%)

Tuberculosis 0 (0%) 1 (0.8%)
Toilet facilities 80 (85%) 124 (100%) <0.001

Hand soap 80 (85%) 124 (100%) <0.001
Domestic animals 42 (45%) 21 (17%) <0.001

Water supply <0.001
Borewell 0 (0%) 18 (15%)

Corporation water connection 6 (6.4%) 101 (81%)
Corporation water tank 78 (83%) 3 (2.4%)

Well water 10 (11%) 2 (1.6%)
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Following quality control checks, we analysed 179 fecal samples for taxonomic compo-
sition by 16S rRNA gene amplicon sequencing. Sera were profiled for relative abundance of
total serum N-glycans and IgG Fc N-glycopeptides (n = 218), detection and quantification
of short chain fatty acids (n = 218), an inflammation panel of immune proteins (n = 141),
a multi-isotype antibody panel (n = 143), glycated serum protein levels (n = 135), and a
diabetes panel (n = 47); see Figure 1A for study schematic with urban/rural sampling
numbers and Supplementary Table S2 for study metrics.
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Figure 1. The microbiota is structurally distinct in participants from rural vs. urban areas. (a) Schematic of overall study design
(n = number of urban/rural samples). (b) Diversity as determined by inverse Simpson index based on normalized ASV counts in
participants from rural vs. urban areas (Kruskall–Wallis nonparametric test, p < 0.001). (c) Non-metric multidimensional scaling
(NMDS) visualization of Bray–Curtis distance (based on normalized ASV counts) of the microbiota in participants based on
geography (rural vs. urban; purple vs. yellow). Analysis of similarities (ANOSIM) was conducted using Bray–Curtis distance,
9999 permutations. (d) Log-transformed relative abundance of significantly differential genera between participants from rural
or urban areas, as determined by Linear discriminant analysis Effect Size (LEfSe).
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3.2. Microbiota Composition Varies by Geographic-Specific Factors

Significant differences in microbiota diversity, structure, and composition were ob-
served between urban and rural participants. Overall, microbiota diversity was increased in
the rural population (Figure 1B), and ANOSIM on NMDS ordination indicated significant
separation between the two groups (Figure 1C). LEfSe identified several overrepresented
genera belonging to the Firmicutes phylum in the rural population, including significant
differences in relative abundance of Faecalibacterium, Roseburia, unclassified Lachnospiraceae
and Ruminococcaceae groups. Within Bacteroidetes, the rural microbiota was dominated by
Prevotella and Alloprevotella genera, while Bacteroides and Parabacteroides were overrepre-
sented in the urban microbiota (Figure 1D). Community type analysis using PAM clustering
revealed two major clusters, with an overrepresentation of rural samples clustering within
one cluster (69/82) compared to urban samples, which were more evenly distributed
between both clusters (56 vs. 41 samples; Pearson’s chi-squared test, p < 0.001).

BMI (defined as ‘low/normal’ <18.5/18.5–22.9 vs. ‘high’ >23) was not a significant factor
in differentiating microbiota composition or diversity; however, an unclassified Ruminococcaceae
group (Ruminococcaceae_UCG-014) was overrepresented in participants with a high BMI across
all samples and within rural participants (online Supplementary Figure S1).

3.3. Dysmetabolic Hallmarks and Urban Living

Diabetic biomarker panel profiling revealed substantially higher levels of proteins
linked to diabetes including C-peptide, insulin and leptin in the peripheral circulation of
the sampled urban population (Table 2). Accompanying serum N-glycan profiles demon-
strated glycan structural features of increased branching, galactosylation and sialylation in
the urban cohort, in line with increasing plasma N-glycome complexity typically observed
in individuals with increased risk of type 2 diabetes development [17]. Specifically, we
found a statistically significant increase in levels of high-branching, tri-and tetragalac-
tosylated glycans, tri-and tetrasialylated glycans and increase in levels of glycans with
antennary fucosylation in inhabitants of Nagpur. For IgG Fc N-glycopeptide analysis, IgG1
glycopeptides with agalactosylated and monogalactosylated glycans were detected at a
significantly higher relative abundance in the sera of tested urban inhabitants.

Table 2. Features which show significant differential responses between rural and urban cohorts are shown using two-
tailed Student’s t-test. An FDR corrected p-value is shown in the last column. Arrows (↑/↓) represent features that were
increased/decreased in the corresponding population.

Feature tstat Rural Urban
p-Value (FDR

Corrected)

Serum Short-chain Fatty Acids
Caproate 6.679 ↑ ↓ 0.000000
Valerate 5.5217 ↑ ↓ 0.000001
Acetate 3.1602 ↑ ↓ 0.006598

Propionate 3.0367 ↑ ↓ 0.007375
Serum Diabetic panel

BMI −3.9651 ↓ ↑ 0.003120
C-peptide −3.4949 ↓ ↑ 0.006466

Insulin −3.0994 ↓ ↑ 0.013355
Leptin −2.9744 ↓ ↑ 0.014119

Serum IgG Fc N-Glycopeptides
IgG1 H4N4F1: IgG1 glycopeptide with monogalactosylated glycan with core

fucose
−3.6748 ↓ ↑ 0.004191

IgG4 H5N4F1: IgG4 glycopeptide with digalactosylated glycan with core
fucose

3.4585 ↑ ↓ 0.004569

IgG1 H3N4F1: IgG1 glycopeptide with agalactosylated glycan with core fucose −2.9742 ↓ ↑ 0.014886
IgG4 H5N4F1S1: IgG4 glycopeptide with digalactosylated and monosialylated

glycan with core fucose
2.889 ↑ ↓ 0.014886

IgG1_H5N4F1S1: IgG1 glycopeptide with digalactosylated and monosialylated
glycan with core fucose.

2.5309 ↑ ↓ 0.033823
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Table 2. Cont.

Feature tstat Rural Urban
p-Value (FDR

Corrected)

Serum Immunoglobulin isotype
IgG1 −3.5703 ↓ ↑ 0.003905
IgM 2.5608 ↑ ↓ 0.045976

Inflammation-related Protein
IFN-γ 3.077 ↑ ↓ 0.051323

Osteocalcin −3.063 ↓ ↑ 0.051323
Serum N-Glycans

S4: Tetrasialylated glycans −5.2077 ↓ ↑ 0.000004
G4: Tetragalactosylated glycans −5.1823 ↓ ↑ 0.000004

AF: Antennary fucosylation −4.7813 ↓ ↑ 0.000019
S1: Monosialylated glycans 3.9387 ↑ ↓ 0.000413
HB: High branching glycans −3.9283 ↓ ↑ 0.000413
LB: Low branching glycans 3.8475 ↑ ↓ 0.000470

S3: Trisialylated glycans −3.25 ↓ ↑ 0.003435
G2: Digalactosylated glycans 2.9324 ↑ ↓ 0.008372
G3: Trigalctosylated glycans −2.7838 ↓ ↑ 0.011686

B: Bisection (Glycans with bisecting GlcNAc) 2.403 ↑ ↓ 0.030770
HM: High mannose glycans 2.2316 ↑ ↓ 0.043612

3.4. Rural Living Associates with Contrasting Serum Immunometabolic Features

Levels of a number of short chain fatty acids (including caproate, valerate, acetate and
propionate) were significantly higher in the sera of rural inhabitants. Rural inhabitants
showed a significantly higher relative abundance of low branching, monosialylated and di-
galactosylated serum glycans, as well as a higher abundance of bisected and high mannose
serum glycans (Table 2). Analysis of IgG Fc N-glycopeptides revealed a higher relative
abundance of IgG1 and IgG4 glycopeptides with digalactosylated and monosialylated
glycans with core fucose in the circulation of rural subjects.

Geographic differences also extended to circulating immunoglobulin responses. Prin-
cipal component analysis (PCA) (Figure 2A) demonstrated a clear separation of multi-
isotype antibody responses between rural and urban cohorts. In particular, the rural cohort
displayed significantly higher levels of circulating total IgM antibodies, whereas IgG1
antibodies were significantly higher in the urban cohort (p < 0.05; Figure 2B). Correlation
analyses also focussed on studying connections between immunoglobulin responses and
SCFAs, the latter of which are known to fuel antibody responses. Here, we found that serum
2-hydroxybutyrate positively correlated with IgG4 levels in the rural cohort (p < 0.05), and
IgG4 strongly positively associated with Porphyromonas, Campylobacter, Gemella, Streptocco-
cus, Leptotrichia and Neisseria (p = 0).

3.5. Diabetic Protein-Microbe Interactions Vary by Geography

In the urban group (see online Supplementary Table S3), the strongest positive Pearson
correlations were detected between visfatin and Bacillales, Marinifilaceae, Staphylococcaeae,
Odoribacter, Macelibacteroides, Staphylococcus, Hungatella, Ruminiclostridium_6, Erysipela-
toclostridium, Acidaminococcus, and Lactobacillaceae (p < 0.0001); followed by leptin with
Actinobacteria, and Bifidobacteriales at class, family and genus. Positive correlations were
observed for GLP-1 with Escherichia/Shigella, Enterobacteriaceae, Proteobacteria and Gammapro-
teobacteria. C-peptide and insulin also positively associated with Gammaproteobacteria,
Proteobacteria and Enterobactericeae.

In contrast, in the rural group, (see online Supplementary Table S4), the strongest pos-
itive correlations were detected for GLP-1 with unclassified Erysipelotrichaceae_unclassfied,
Anaeroplasmatales at class, family and genus, and Erysipelotrichaceae_UCG.004, and for C-
peptide, with Paraprevotella, Flavonifractor, UBA1819 and Erysipelatoclostridium (p < 0.0001).
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Further significant diabetic protein–microbiota–immune correlations for the urban and
rural groups are presented in online Supplementary Tables S3 and S4, respectively.
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Figure 2. Serum immunoglobulin levels vary by geography. (a) Principal component analysis (PCA)
score plot on the selected features demonstrates a clear separation in serum multi-isotype antibody
responses in terms of geographic setting of sampled population. Dots represent patients and are
coloured according to the subject cohort. Ellipse represents 95% confidence. Results are plotted
according to the Principal component-1 (PC1) and Principal component-2 (PC2) scores, with the
percent variation of the cohort explained by the respective x and y axess. (b) Box plots showing levels
of serum IgM and IgG1 antibodies in rural and urban cohorts, respectively.

3.6. Differential Impact of Glycated Serum Protein Levels on Immunometabolic and Gut Bacterial Features

In subjects where glycated serum protein (GSP) concentrations were assessed (n = 135),
levels were significantly higher in overweight (BMI 23–24.9) and pre-obese (BM 25–29.9) test
subjects compared to those with normal BMI (18.5–22.9), and in urban subjects compared
to rural participants; p < 0.001 (Table S5). Across the whole cohort, high GSP levels were
associated with significantly lower circulating IgG2, IgM, caproate, and valerate levels, and
lower relative abundance of Roseburia and Dorea (p < 0.05). See Tables 3–5.

In urban BMI comparisons, circulating levels of 2-hydroxybutyrate, isobutyrate, propi-
onate, and valerate were significantly higher in overweight subjects compared to those with
normal BMI (see Supplementary Table S6; p < 0.05). Similarly, levels of isobutyrate, propi-
onate and valerate, alongside acetate were higher in pre-obese vs. normal BMI subjects (see
online Supplementary Table S7). Contrastingly, in rural-BMI group comparisons, pre-obese
subjects displayed significantly lower levels of 2-methylbutyrate, acetate, caproate, isobu-
tyrate and isovalerate, but a higher relative abundance of Collinsella, Prevotella_9, Agath-
obacter, Roseburia, Faecalibacterium, Ruminococcaceae unclassified, Ruminococcaceae_UCG.014,
Catenibacterium, Megasphaera and Mitsuokella compared to subjects with a normal BMI
(p < 0.05; see online Supplementary Table S8). In underweight rural subjects (n = 8), there
was a higher representation of Collinsella, Roseburia and Pentraxin 3 compared to the normal
BMI group (see online Supplementary Table S9).
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Table 3. Features which demonstrate differential responses between normal and low glycated serum protein (GSP)
levels (µmol/L). Low GSP = 0–199; Normal GSP = 200–285; MMP-2 = Matrix metalloproteinase-2; MMP-3 = Matrix
metalloproteinase-3; sCD163 = Soluble CD163; sIL-6Rα = Soluble interleukin 6 receptor alpha; IFN-α2 = Interferon alpha-2;
sCD30/TNFRSF8 = Tumour necrosis factor receptor superfamily member 8; Two-tailed Student’s t- test. An FDR corrected p-value
is shown in the last column. Arrows (↑/↓) represent features that were increased/decreased in the corresponding population.

Feature tstat
Normal GSP (n

= 30)
Low GSP (n =

54)
p-Value (FDR

Corrected)

MMP-2 −3.5975 ↑ ↓ 0.000548
HM: High mannose glycans 2.8571 ↓ ↑ 0.005416

MMP-3 2.8315 ↓ ↑ 0.005827
sCD163 −2.7054 ↑ ↓ 0.008297
sIL-6Rα −2.6473 ↑ ↓ 0.009727
IFN-α2 −2.4229 ↑ ↓ 0.017598

IgG4 H5N4F1S1: IgG4 glycopeptide with
digalactosylated and monosialylated glycan with core

fucose
2.3389 ↑ ↓ 0.021773

Cyanobacteria −2.2579 ↑ ↓ 0.026608
Melainabacteria −2.2579 ↑ ↓ 0.026608

2-methylbutyrate −2.196 ↑ ↓ 0.030914
AF: Antennary Fucosylation −2.1194 ↑ ↓ 0.03708

Gastranaerophilales_unclassified −2.0844 ↑ ↓ 0.040231
Gastranaerophilales −2.0666 ↑ ↓ 0.041926
sCD30/TNFRSF8 −2.0552 ↑ ↓ 0.043046

Table 4. Features which demonstrate differential responses between normal and high GSP lev-
els. Normal GSP = 200–285; High GSP = 286–400; APRIL/TNFSF13 = A proliferation-inducing
ligand/Tumor necrosis factor ligand superfamily member, 13; Two-tailed Student’s t- test. Arrows
(↑/↓) represent features that were increased/decreased in the corresponding population. An FDR
corrected p-value is shown in the last column.

Feature tstat
Normal GSP (n

= 30)
High GSP (n =

33)
p-Value (FDR

Corrected)

IgG2 −2.7269 ↑ ↓ 0.008335
Caproate −2.6832 ↑ ↓ 0.009373
Roseburia −2.4077 ↑ ↓ 0.019095
Valerate −2.2378 ↑ ↓ 0.028897
Dorea −2.2193 ↑ ↓ 0.030193
IgM −2.1594 ↑ ↓ 0.034761

APRIL/TNFSF13 2.141 ↓ ↑ 0.036276

Table 5. Features which demonstrate differential responses between normal and very high GSP
levels; Normal GSP = 200–285; Very high GSP = >400. Two-tailed student’s t- test. Arrows (↑/↓)
represent features that were increased/decreased in the corresponding population. An FDR corrected
p-value is shown in the last column.

Feature tstat
Normal GSP (n

= 30)
Very High GSP

(n = 18)
p-Value (FDR

Corrected)

Caproate 2.4758 ↑ ↓ 0.017035
Blautia −2.0712 ↓ ↑ 0.04398

Osteopontin 2.0162 ↑ ↓ 0.049643

3.7. Multiomics Data Integration Identified Potential Biomarkers Distinguishing Urban vs. Rural Cohort

We constructed Pearson correlation-based heatmaps to reveal interactions between
microbial taxa and immunometabolic features. These were filtered by geographic status
(rural vs. urban, Figure 3). In the urban group (Figure 3B), positive associations (red circles)
were seen for tetrasiaylated and tetragalactosylated serum glycans with serum caproate.
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Negative correlations (blue circles) were seen between these same complex glycans and
Bifidobacterium, Dorea, osteocalcin and IgG4 glycopeptides with digalactosylated glycan
with core fucose. Notable clusters in the rural group (Figure 3A) included positive correla-
tions with Holdemania and Klebsiella with propionate, tetrasialylated and tetragalactosylated
serum glycans.
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Figure 3. Significant Pearson correlation (p < 0.05) of the selected features for the (a) rural (n = 94)
and (b) urban samples (124). Correlated variables are either highly positively correlated (in blue
circles) or negatively correlated (red circles).

We next used elastic net (EN) algorithm to identify and select the most important features
representing potential biomarker candidates distinguishing rural vs. urban (Figure 4), and
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normal BMI vs. overweight or pre-obese groups (see online Supplementary Figures S1 and S2).
We ran the model 100 times using different training sets and ranked the selected features
based on the selection frequency and chose the first quartile features. We then compared
area under the curve (AUC) value with the selected features and 1000 random permuted
data sets.
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Figure 4. (a) Principal component analysis (PCA) score plot performed on the selected omics features demonstrating
clustering of the rural vs. urban cohorts. Dots represent patients and are coloured according to the subject cohort. Ellipse
represents 95% confidence. Results are plotted according to the Principal component-1 (PC1) and Principal component-2
(PC2) scores, with the percent variation of the cohort explained by the respective x and y axes. (b) Permutation test to
show the stability of the AUC value after randomizing the urban and rural samples 100 times. (c) Significant correlation
(p < 0.05) heatmap of the elastic net selected features is shown for urban samples. (d) Significant Pearson correlation
(p < 0.05) heatmap of the elastic net selected features is shown for rural (n = 94) samples.
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We identified multiple distinguishing features across the rural vs. urban groups and
present their frequency in online Supplementary Table S10. We show significance levels
and directionality of response for identified discriminatory features in Figure 5. Using
those features, we found an AUC value of 0.90 between urban vs. rural population using
logistic regression (Figure 4B).
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Figure 5. Jitter plot of the normalized selected features from elastic net analysis are shown for the
rural (n = 94) vs. urban (n = 124) cohorts. Wilcoxon Rank test was performed and results were
obtained, and p-values are shown in the respective plots.

To integrate and explore associations between the selected features using the elastic
net method, we generated heatmap plots (correlation method based) for urban and rural
groups, as shown in Figures 4C and 4D, respectively. As a representative example, the
most important rural classifiers in EN were serum caproate and relative abundance of two
taxa: Elusimicrobium and Succinivibrio. Caproate positively correlated with Alloprevotella
and serum IgG1 and Succinivibrio with osteocalcin, Prevotella and Prevotellaceae.

For the BMI EN group comparisons, features which could distinguish between
overweight and pre-obese subjects, and those with normal BMI, are displayed in on-
line Supplementary Tables S11 and S12. PCA analysis and AUC values are displayed in
Supplementary Figures S2 and S3. In particular, Dialister was significantly underrepre-
sented in the pre-obese group compared to the group with normal BMI; p < 0.036.
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4. Discussion

This study is the first integrative omics-based population study in which baseline gut
bacterial, as well as systemic immunometabolic and glycomic traits, have been captured
in geographically divergent populations in Central India. Strikingly, our findings identify
a constellation of biomolecular traits that associate with metabolic dysregulation. These
are principally seen in unselected urbanised populations without known diabetes. Al-
though there is now substantial evidence connecting the gut microbiome to physiological
parameters related to metabolic disorders such as diabetes [24], very few deep phenomic
studies have been undertaken in Asian populations to obtain a better understanding of
the biological processes associated with both healthy individuals and those at potential
risk of developing diabetes. Identification of individuals at higher risk of developing
diabetes is of great importance as early interventions may delay or even prevent overt
diabetes. By unravelling and understanding the immunometabolic interplay between gut
microbiome and the host, individualised therapeutic strategies including novel prebiotics,
probiotics, synbiotics, and postbiotics could be explored to prevent or treat cardiometabolic
disorders [24,43].

Several observational studies have indicated that obesity, estimated by BMI and an
insulin resistance state, is a very important risk factor for T2DM [44–46]. Since variations in
glucose metabolism are known to directly affect glycosylation, we studied serum N-glycan
profiles and observed a more complex glycophenotype, that has previously been reported
to be associated with a higher risk of developing T2DM and poorer regulation of blood
sugar levels [18], in the urban population group. These pathogenic complex glycans
(tetragalactosylated and tetrasialylated glycans) positively correlated with serum caproate
in the urban population, and Holdemania and Klebsiella in the rural population, suggesting
that these serum metabolites and genera are potentially diabetogenic. Similarly, circulating
IgG N-glycopeptide profiles revealed a higher relative abundance of pro-inflammatory IgG
glycoforms (IgG1 glycopeptides with agalactosylated glycans) in urban participants, which
is consistent with that seen in other inflammatory diseases [19]. It has been suggested that
agalactosylated IgG species have an enhanced capacity to activate the complement system
via the lectin pathway, thereby contributing to the development of inflammation as an
underlying pathological mechanism of autoimmune diseases [19]. In contrast, C -peptide,
GIP, insulin and leptin correlated negatively with the anti-inflammatory gut commensal
Faecalibacterium, a beneficial microbe which produces SCFAs [47–49].

Analysis of the faecal taxonomic compositional profiles revealed a dominant preva-
lence of Prevotella and Alloprevotella genera in rural microbiota and overrepresentation
of Bacteroides and Parabacteroides in the urban microbiota, a finding substantiated by our
earlier microbiome observations in Central India [50].

We observed geographic-specific variation in immunoglobulin levels, which may be
due to as yet unidentified genetic and environmental factors. We surmise that frequent
exposure to a wide range of infectious agents, and other environmental stressors in the rural
cohort, may have skewed the humoral response towards IgM to help protect the host from
invading pathogens not previously encountered. However, there is mounting evidence
that natural IgM antibodies also contribute to critical innate immune functions involved in
the maintenance of tissue homeostasis, including augmenting the clearance of apoptotic
cells and mediating specific anti-inflammatory signaling pathways [51,52]. Higher levels of
IgG in the urban cohort could reflect (meta)inflammation-associated immunosenescence, in
which there is a shift towards immunoglobulins being produced by naive B cells (IgD, IgM)
to immunoglobulin produced my memory B cells (IgG, IgA) [51,52]. The presence of a
higher burden of diabetic-related proteins and a complex glycophenotype in the circulation
of urban populations is consistent with MetS phenotype, which in younger adults may be a
sign of premature ageing [53]. Thus, preventing and treating MetS and cardiovascular disease
would be useful in promoting normal ageing. These findings are also in keeping with the
prevalence of type 2 diabetes mellitus and metabolic syndrome which strongly associate with
urban residency in Southern Asia and India, respectively [54,55]. We previously demonstrated
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that FMT for successful recurrent Clostridioides difficile associates with a reduction in the
complexity of serum N-glycosylation profiles, which is mainly driven through a significant
reduction in the relative abundance of high branching, tetragalactosylated and trisialylated
glycans [56]. We therefore infer that faecal microbiota-based interventions may be useful in
helping to reverse a complex glycophenotype, which may lead to improved metabolic health.

We also detected geographic-specific variation in levels of serum SCFAs which was
significantly higher in the rural cohort. This particular observation has been reported in
other studies where, compared to industrial human microbiomes, non-industrial gut mi-
crobiomes show greater diversity of genes involved in complex carbohydrate metabolism,
and demonstrate higher amounts of SCFAs in stool [57,58]. These trends have been linked
to plant-based diets rich in fibers, infrequent consumption of highly processed foods, and
low exposure to pharmaceutical drugs, such as antibiotics, in non-industrialised popula-
tions [59]. Of note, we observed a positive correlation between circulating levels of IgG1
and caproate and valerate in the rural cohort, whereas a negative correlation was seen for
caproate and IgG1 for the urban cohort. The former observation is supported by evidence
which shows that short SCFAs function as commensal-derived stimulators of host antibody
responses, by accelerating cellular metabolism and regulating gene expression to promote
B cell differentiation into antibody-producing cells [60]. It remains unclear why caproate
was found to negatively correlate with IgG1 in the urban population.

In terms of study limitations, not all our omics data sets were complete, a limitation
which arose due to small volume of blood samples (2 mL) permitted to be collected. We
were unable to acquire fasting blood samples for GSP and diabetes panel measurements
and did not assess fasting blood glucose or HbA1C levels, again due to considerable
practical challenges imposed by working in under-resourced and remote areas of Central
India. For this same reason, we could not assess dietary or genetic effects which are likely
to be important drivers of metabolic health. Moreover, we are mindful that our study
findings are largely associative and not causal and, thus, will require a follow-on validation
cohort study to assess their translational potential. Future work should focus on designing
larger longitudinal meta-omics studies to decipher host–microbe interactions in health and
disease using multi-ethnic cohorts.

5. Conclusions

In conclusion, we present multi-level evidence which suggests that urban living, rather
than an elevated BMI, drives dysmetabolic phenotypes in young urban and rural populations
in Central India. These findings start to deconvolute the complex interaction between the envi-
ronment, gut microbiota, immunometabolism and dysmetabolism in a non-Western population.
Our observations may serve as a launchpad for novel approaches to prediction and intervention
to minimize the risk of T2DM within these vulnerable populations.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/microorganisms9071485/s1, Table S1: Sampling sites from towns and villages in rural Melghat,
Amravati district, sub-divisional hospitals (SDH) and public health centres (PHC), and urban Nagpur
district, Maharashtra state, India. Table S2: Study metrics (microbial and immunometabolic) Table S3:
Pearson correlation coefficients correlating diabetic proteins with microbiota and molecular features
in urban cohort. A corrected p-value was obtained from the correlation test. Table S4: Pearson
correlation coefficients correlating diabetic proteins with microbiota and molecular features in rural
cohort. A corrected p-value was obtained from the test. Table S5: Glycated serum protein levels (GSP;
µmol/L). GSP levels were categorized into low, normal, high or very high categories and assessed by
BMI, gender and geography. Low GSP = 0–199; Normal GSP = 200–285; High GSP = 286–400; Very
high GSP = >400. BMI ranges were pre-defined using WHO Asian BMI classifications: underweight
<18.5, normal (18.5–22.9), overweight (23–24.9), pre-obese (25–29.9) and obese (≥30) categories.
Number of samples and percentage is represented. A chi-square test of independence was performed
and a corrected p-value was obtained from the test. Table S6: Urban BMI group comparisons showing
differential features in normal BMI vs. overweight groups. BMI ranges were pre-defined using WHO
Asian BMI classifications: underweight <18.5, normal (18.5–22.9), overweight (23–24.9), pre-obese
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(25–29.9) and obese (≥30) categories. Median and interquartile range (IQR). Kruskal–Wallis test (for
continuous data) or chi-square test of independence (for ordinal data) and corrected p-values shown.
Table S7: Urban BMI group comparisons showing differential features in normal BMI vs. pre-obese
groups. BMI ranges were pre-defined using WHO Asian BMI classifications: normal (18.5–22.9); pre-
obese (25–29.9) categories. Median and interquartile range (IQR). Kruskal–Wallis test (for continuous
data) or chi-square test of independence (for ordinal data) and corrected p-values shown. Table S8:
Rural-BMI group comparisons showing differential features in normal BMI vs. pre-obese groups.
BMI ranges were pre-defined using WHO Asian BMI classifications: normal (18.5–22.9); pre-obese
(25–29.9) categories. Median and interquartile range (IQR). Kruskal–Wallis test (for continuous
data) or chi-square test of independence (for ordinal data) and corrected p-values shown. Table S9:
Rural-BMI group comparisons showing differential features in normal BMI vs. underweight groups.
BMI ranges were pre-defined using WHO Asian BMI classifications: underweight <18.5; normal
(18.5–22.9) categories. Median and interquartile range (IQR). Kruskal–Wallis test (for continuous
data) or chi-square test of independence (for ordinal data) and corrected p-values shown. Table S10:
Elastic net selected frequency of all the features for urban vs. rural group with rankings in decreasing
order over 100 iterations. Table S11: Elastic net selected frequency of all the features for normal
vs. overweight groups with rankings in decreasing order over 100 iterations. Table S12: Elastic net
selected frequency of all the features for normal vs. pre-obese groups with rankings in decreasing
order over 100 iterations. Figure S1: Log-transformed relative abundance of significantly differential
genera between participants with high (≥23) or low/normal (<23) BMI score in rural and/or urban
groups, as determined by Linear discriminant analysis effect size (LEfSe). Ruminoccaceae (group UCG-
014) was significantly different in comparisons using both all samples and within urban samples
alone. Figure S2: A) Principal component analysis (PCA) score plot performed on the overweight
vs. normal population demonstrating clustering of subjects within samples. BMI ranges were
pre-defined using WHO Asian BMI classifications: underweight normal (18.5–22.9); overweight
(23–24.9) categories. PCA analysis used five selected discriminatory features (IFN-gamma, C-peptide,
Lachnospira, Bifidobacterium, Lachnoclostridium) between normal vs. overweight using elastic net
analysis. Overweight samples (in green) are more dispersed compared to the normal samples (in red).
B) Area under the curve (AUC) is shown using the logistic regression method and five discriminatory
features from the elastic net method. A corresponding confidence interval is also calculated as a
shaded area. Figure S3: A) Principal component analysis (PCA) score plot performed on the pre-
obese vs. normal population demonstrating clustering of subjects within samples. BMI ranges were
pre-defined using WHO Asian BMI classifications: normal (18.5–22.9); pre-obese (25–29.9) categories.
PCA analysis used twelve selected discriminatory features (Prevotellaceae_NK3B31_group, Dialister,
Glucagon, C-peptide, Prevotella_2, Antennary fucosylation (AF), CAG-56, Muribaculaceae_unclassified,
Haemophilus, Sutterella, Treponema_2, Gastranaerophilales_unclassified) between Normal vs. Pre-Obese
using elastic net analysis. Pre-Obese (in green) and normal BMI samples (in red) seem to be separating
from each other. B) Area under the curve (AUC) is shown using the logistic regression method and
twelve discriminatory features from the elastic net method. A corresponding confidence interval is
also calculated as a shaded area.
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Abstract: Fecal microbiota transplantation (FMT) is highly effective in recurrent Clostridioides difficile

infection (CDI); increasing evidence supports FMT in severe or fulminant Clostridioides difficile
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infection (SFCDI). However, the multifactorial mechanisms that underpin the efficacy of FMT are not
fully understood. Systems biology approaches using high-throughput technologies may help with
mechanistic dissection of host-microbial interactions. Here, we have undertaken a deep phenomics
study on four adults receiving sequential FMT for SFCDI, in which we performed a longitudinal,
integrative analysis of multiple host factors and intestinal microbiome changes. Stool samples were
profiled for changes in gut microbiota and metabolites and blood samples for alterations in targeted
epigenomic, metabonomic, glycomic, immune proteomic, immunophenotyping, immune functional
assays, and T-cell receptor (TCR) repertoires, respectively. We characterised temporal trajectories in
gut microbial and host immunometabolic data sets in three responders and one non-responder to
sequential FMT. A total of 562 features were used for analysis, of which 78 features were identified,
which differed between the responders and the non-responder. The observed dynamic phenotypic
changes may potentially suggest immunosenescent signals in the non-responder and may help
to underpin the mechanisms accompanying successful FMT, although our study is limited by a
small sample size and significant heterogeneity in patient baseline characteristics. Our multi-omics
integrative longitudinal analytical approach extends the knowledge regarding mechanisms of efficacy
of FMT and highlights preliminary novel signatures, which should be validated in larger studies.

Keywords: fecal microbiota transplantation; Clostridioides difficile; immunosenescence; host-microbial
interactions; systems biology

1. Introduction

Clostridioides difficile infection (CDI) is the most common cause of diarrhea acquired
in acute healthcare settings. Hospital-acquired CDI increases healthcare costs 4 times
over matched hospitalization, resulting in an added annual cost of $1.1 billion in North
America [1,2]. Most patients with CDI have mild to moderate disease and respond to either
oral vancomycin or fidaxomicin; a subset of these patients may develop recurrent infections
necessitating a different therapeutic approach [3]. Severe infection is defined by an elevated
white blood cell count of over 15,000 cells/mL or serum creatinine level >1.5 mg/dL, while
fulminant infection is characterized by hypotension or shock, ileus or toxic megacolon [3].
These patients usually require hospital admission for treatment with oral vancomycin and
intravenous metronidazole or surgery if refractory to medical therapy. In CDI, perturbation
of the gut microbiome has a clear causation in disease pathogenesis, triggered by antibiotic
exposure [4,5]. Restitution of the gut microbiome with fecal microbiota transplant (FMT)
is highly effective in the treatment of recurrent CDI. To prevent mild-moderate CDI re-
currence, a single FMT is administered once vancomycin has been discontinued, and the
success rate is in the range of 80–90% [6]. In patients with antibiotic-refractory severe or
fulminant CDI (SFCDI) who are poor surgical candidates, treatment options are limited
and sequential FMT by colonoscopy with concomitant vancomycin has been shown to be
effective in several small case series and a single randomized trial [7–10]. However, despite
its effectiveness, significant knowledge gaps remain in our understanding of how FMT ex-
erts these beneficial effects, and what molecular features, particularly immunological, may
predict treatment outcomes in this unique population of antibiotic refractory SFCDI [11].

Previous data generated by our laboratory and collaborative network has demon-
strated that successful FMT for mild-moderate CDI is associated with significantly de-
creased stool levels of the primary bile acids chenodeoxycholic acid and cholic acid, and
significantly increased levels of the secondary bile acids deoxycholic acid and lithocholic
acid [12]. In addition to restoration of gut microbiota and bile acid profiles, these findings
were accompanied by increased levels of circulating fibroblast growth factor (FGF)-19,
consistent with the upregulation of the farnesoid X receptor (FXR)-fibroblast growth factor
(FGF) pathway [12]. Interestingly, microbially mediated production of certain secondary
bile acids, which predominate in post-FMT stool [13–15], has been demonstrated to pro-
mote the generation of peripheral regulatory T cells [16], linking these metabolites with
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colonic immunity. Furthermore, successful FMT for recurrent CDI is also associated with
restoration of short chain fatty acids (SCFA) and inhibition of C. difficile growth [17,18].
Similar to secondary bile acids, SCFA can regulate colonic regulatory T cell and modulate
regulatory B cell immunosuppressive function in mice, which has been directly demon-
strated to be a protective mechanism against colitis [19]. Our group has also detected
alterations in the circulating host N-glycome with successful FMT for recurrent CDI [20].

Beyond gut microbiota-metabolite changes, there is compelling evidence that the
immune response to C. difficile is a predominant factor determining clinical outcome. A
picture is emerging of an exaggerated host inflammatory immune response particularly
in the context of severe disease [21]. By contrast, natural antibody responses to C. difficile
toxins, the major virulence factors associated with disease pathogenesis in shaping clinical
outcomes, have been conflicting [5], suggesting that antibody titers may not be an accurate
predictor of natural immunity to CDI and recurrence [22]. Nonetheless, the recent success
of bezlotoxumab (a human monoclonal antibody that binds and neutralizes C. difficile
toxin B) and the promise of ongoing vaccine trials suggest that antibody, B cell, and T cell
responses to toxin B (TcdB), in particular, contribute to the protection against CDI [22].
Although most adaptive immunity CDI research has focused on components of humoral
immunity, we and others have detected TcdA- and TcdB-specific memory B cell responses
in CDI patients and a murine model of C. difficile disease recurrence [23–25].

Recent technological advancements in high throughput next-generation sequencing
technologies and omics-based sciences have expanded our fundamental understanding of
the complex biology and pathogenesis of CDI. The study of Clostridioides difficile, which
represents a severe perturbation of the gut microbiota, and the impact of sequential FMT,
provides a unique opportunity to directly interrogate microbiome-metabonome-immune
interactions directly in humans. Here, we present the observations of a highly multidi-
mensional analysis in a small case series including four adults with antibiotic refractory
SFCDI who were treated with sequential FMT during which blood and stool samples
were collected prospectively. We analyzed multiple host factors and intestinal microbiome
changes longitudinally and related these biological metrics to clinical outcomes in this
distinctive population.

2. Materials and Methods

2.1. Study Cohort, Treatment Regimen and Outcome Definitions

A total of 4 patients with SFCDI were included in this study, of which 3 patients
(patients 1–3) were enrolled into an open-label trial of sequential FMT by enemas with
fidaxomicin. Patient 4 was treated with sequential FMT via colonoscopy as part of usual
clinical care with vancomycin and metronidazole prior to the open-label study.

Three adult patients with SFCDI unresponsive to vancomycin and metronidazole
were eligible for this open label study (NCT03760484) at the University of Alberta. The
study protocol was approved by the local research ethics board (Pro81229) and Health
Canada (Control#220509). Key exclusion criteria were bowel perforation and planned
colectomy. Patients were treated with 2 cycles of FMTs and fidaxomicin; each cycle consists
of 3 consecutive days of FMT with fecal slurry (day 1 = 720 mL, day 2 = 260 mL and
day 3 = 180 mL) delivered by enema, with concomitant oral fidaxomicin 200 mg twice
daily up to 10 days. Worsening clinical symptoms and/or elevation in inflammatory
markers, including leukocyte count and C-reactive protein, triggered the second treatment
cycle. The protocol was intentionally flexible since it is not always predictable how quickly
or slowly a patient with SFCDI may respond to proposed intervention. We wanted to
suppress C. difficile burden as much as possible with fidaxomicin prior to initiating the next
FMT cycle, but we also did not want to persist in a fixed fidaxomicin treatment duration
in a treatment cycle if a patient was not clinically improving. With resolution of diarrhea
and normalization of inflammatory markers, fidaxomicin was discontinued and a final
enema of 180 mL was administered. Each patient was then assessed clinically at 1, 2, 4 and
8 weeks after final FMT. Blood and stool samples were collected at screening, at the end
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of each treatment cycle, and 1 and 2–4 weeks post-final enema and stored at −80·◦C until
analyses. Treatment success (response) was defined as resolution of diarrhea without the
need for anti-CDI therapy 2 weeks after final FMT. Treatment failure (non-response) was
defined as recurrence of diarrhea requiring anti-CDI therapy within 2 weeks of final FMT.

We also included a fourth patient with fulminant CDI who was treated with oral
vancomycin and intravenous metronidazole and sequential FMT by colonoscopy every
5–7 days until resolution of pseudomembranous colitis [7]. Blood and stool samples were
collected at similar intervals to the fidaxomicin patients.

2.2. FMT Preparation

A total of 3 universal stool donors registered with the Edmonton FMT program
(2 females aged 56 and 37 years and 1 male aged 31 years) provided stool. The donor
screening process complied with Health Canada regulations. Each donation of 100 g of
stool was manufactured into 360 mL of fecal slurry as previously described [26].

2.3. Multiomics Studies

Whole blood was separated into peripheral blood mononuclear cells (PBMCs) and
sera. Sera from all four patients was assayed for targeted epigenomic (microRNA; miR),
metabonomic (short-chain fatty acids; SCFA), glycomic (total serum N-glycans, IgG Fc
N-glycopeptides), and immune proteomic (cytokines, chemokines, total isotype, antigen-
specific and neutralizing antibodies to C. difficile toxins) changes. Multi-parameter flow
cytometry was used to profile PBMCs and the circulating PBMC TCRα and TCRβ repertoire
in the three patients who were treated with the fidaxomicin protocol. Fecal samples were
profiled for microbiota and metabolite (SCFA and bile acids; BAs) changes. Figure 1
describes the analytical pipeline.

−

α β

Figure 1. Schematic of pipeline. (A) Multidimensional, longitudinal assays performed in patients receiving sequential fecal
microbiota transplantation (FMT) either by enema or colonoscopy with severe or fulminant Clostridioides difficile infection;
(B) Delivery route for each patient; (C) Methodologies utilized; (D) Treatment and sampling strategy with timelines.

2.4. 16S rRNA Gene Sequencing

DNA extraction methods are described in the Supplementary Methods. Gene-sequencing
sample libraries for 16S rRNA gene were generated via Illumina’s 16S Metagenomic
Sequencing Library Preparation Protocol, but with modifications. Amplification was
performed of the V1-V2 16S rRNA gene regions from the fecal DNA, using primers as
previously described [27]. Products from the index PCR reactions were cleaned and
normalized via the SequalPrep Normalization Plate Kit (ThermoFisherSceintific, Waltham,
MA, USA; library quantification was performed using the NEBNext Library Quant Kit for
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Illumina (New England Biolabs, Ipswich, MA, USA). Sequencing data were obtained using
paired-end 300 bp chemistry on an Illumina MiSeq (Illumina Inc, San Diego, CA, USA),
with MiSeq Reagent Kit v.3 (Illumina). Processing of sequencing data was performed via
the DADA2 pipeline as previously described [28], using the SILVA bacterial database v.132
(https://www.arb-silva.de/, accessed on 25 May 2021).

2.5. Metabolomic Analysis

Both ultra-performance liquid chromatography-mass spectrometry (UPLC-MS; for
the profiling and analysis of fecal bile acids) and gas chromatography-mass spectrometry
(GC-MS; for detection, identification and quantification of short chain fatty acids in feces
and serum) were performed. Further details are within the Supplementary Methods.

2.6. Serum N-Glycome Analysis

Serum N-glycans were enzymatically released from proteins by PNGase F, fluores-
cently labelled with 2-aminobenzamide and cleaned up from the excess of reagents by
hydrophilic interaction liquid chromatography solid phase extraction (HILIC-SPE), as
previously described [29]. Fluorescently labelled and purified N-glycans were separated
by HILIC on a Waters BEH Glycan chromatography column, 150 × 2.1 mm i.d., 1.7 µm
BEH particles, installed on an Acquity ultra-performance liquid chromatography (UPLC)
H-class system (Waters, Mississauga, ON, Canada) under the control of Empower 3 build
3471 software (Waters). Obtained chromatograms were separated into 39 chromatographic
peaks, and the amount of N-glycans in each chromatographic peak was expressed as a
percentage of total integrated area. From 39 directly measured glycan peaks, we calculated
12 derived traits which average particular glycosylation traits across different individual
glycan structures and are, consequently, more closely related to individual enzymatic activ-
ities and underlying genetic polymorphisms. The derived traits used were the proportion
of low branching (LB) and high branching (HB) N-glycans; the proportion of a-, mono-,
di-, tri- and tetra-galactosylated N-glycans (G0, G1, G2, G3 and G4, respectively); and a-,
mono-, di-, tri- and tetra-sialylated N-glycans (S0, S1, S2, S3 and S4, respectively).

2.7. IgG Fc N-Glycopeptides Analysis

Sample preparation and analysis of IgG N-glycopeptides was done following a previ-
ously described protocol with minor changes [30]. Briefly, IgG was isolated from 90 µL of
serum samples by affinity chromatography using a CIM 96-well Protein G monolithic plate
(BIA Separations, Ajdovscina, Slovenia) and vacuum manifold. IgG N-glycopeptides were
prepared by trypsin digestion of 25 µg of IgG isolates and purified with reverse-phase solid
phase extraction (RP-SPE) using Chromabond C18 beads suspension applied to the wells
of an OF1100 96-well polypropylene filter plate (Orochem Technologies Inc., Naperville,
IL, USA) and vacuum manifold. Purified tryptic IgG N-glycopeptides were separated
and measured on a nanoAcquity chromatographic system (Waters) coupled to a Compact
Q-TOF mass spectrometer (Bruker, Bremen, Germany) equipped with an Apollo II source
and operated under HyStar software version 3.2. After calibration, the first four isotopic
peaks of doubly and triply charged signals belonging to the same glycopeptide species
were extracted and summed together, resulting in 20 Fc N-glycopeptides per IgG subclass.
Signals of interest were normalised to the total area of each IgG subclass.

2.8. RT-qPCR for miRNAs

We chose to undertake targeted profiling of a 6-plex panel of miRNAs that we had
previously determined to be most upregulated in the circulation of patients with recur-
rent C. difficile infection following successful FMT. These were comprised of Let-7b, miR-
16, miR-22-3p, miR-23a-3p, miR-4454, and miR-451a [31]. miRNAs were isolated from
200 µL of serum samples using the miRNeasy Serum/Plasma Kit (217184, Qiagen, Hilden,
Germany) upon addition of Serum/Plasma Spike-In Control (219610, Qiagen) according to
the manufacturer’s instructions. Eluted RNA from serum samples was further purified and
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concentrated by using Amicon Ultra YM-3 columns (3 kDa MWCO; UFC5003, Millipore,
Burlington, MA, USA). Reverse transcription was performed using a miRCURY LNA
RT Kit (339340) and quantitative polymerase chain reaction (qPCR) using a miRCURY
LNA SYBR Green PCR Kit (339346) and miRCURY LNA primer sets for hsa-let-7b-5p
(YP00204750), hsa-miR-16-5p (YP00205702), hsa-miR-22-3p (YP00204606), hsa-miR-23a-
3p (YP00204772), hsa-miR-4454 (YP02114119), hsa-miR-451a (YP02119305), cel-miR-39-3p
(YP00203952), RNU1A1 (YP00203909), and 5S rRNA (YP00203906, Qiagen) on a CFX384
real-time PCR detection system (Bio-Rad, Hercules, California, CA, USA). The qPCR condi-
tions applied were 95 ◦C for 10 min, and 40 cycles of 95 ◦C for 10 s and 60 ◦C for 1 min,
followed by melting curve analysis. qPCR reactions were performed in quadruplicates, and
miRNA levels were normalized against cel-miR-39-3p (spike-in), RNU1A1 and 5S rRNA.
Normalized miRNA levels are expressed as ‘Relative to 1st time point’, in comparison with
time point 0 (D0-Start) for each patient, or ‘Relative to 001_01-22′, in comparison with the
non-responder (patient 1) at D0-Start (set as 1).

2.9. Multiplex ELISA for Profiling Cytokine and Multi-Isotype Antibody Responses

Patient sera were analyzed for the quantifications of 37 key biomarkers of inflam-
mation from the TNF superfamily proteins, IFN family proteins, Treg cytokines, MMPs,
and immunoglobulins IgG1, IgG2, IgG3, IgG4, lgA, lgM using the Bio-Plex Pro Human
Inflammation Panel 1 (171AL001M) and Bio-Plex Pro Human Isotyping Panel (171A3100M,
Bio-Rad), respectively. Samples were analyzed in a Bio-Plex 200 System using the Bio-Plex
manager software according to manufacturer’s instructions. The concentrations were
calculated by standard curves developed in parallel and are expressed as pg/mL for the
inflammatory biomarkers and mg/mL for the immunoglobulins.

2.10. Antigen-Specific Microarray

We have previously established and validated a multiplex protein microarray system
to measure antibodies to specific C. difficile antigens in human sera [32–34]. Briefly and
unless otherwise stated, all target antigens and protein homogenates used in this procedure
were diluted to 100 µg/mL in sterile print buffer (1× PBS containing 50 mM trehalose,
0.01% Tween 20) prior to application to the antigen microarrays. Corner marker solution
was a 1:100 dilution of anti-mouse antibody-IR680 conjugate (Licor BioSciences, Lincoln,
NE, USA) in the print buffer. Information on control and test antigens and full microarray
experimental procedures is detailed in the Supplementary Methods.

2.11. Toxin Neutralization Assay

VERO cells were seeded at 1 × 104 per well in a 96-well plate in 50 µL phenol red-free
DMEM supplemented with 4.5 g/L D-glucose, 584 mg/L L-glutamine, 25 mM HEPES and
10% FBS and incubated for 18–20 h at 37 ◦C in 5% CO2. Sterile-filtered patient serum was
serially diluted 2-fold (1:4 to 1:32) in serum-free, phenol red-free DMEM and mixed with
either an equal volume of Toxin A at 200 ng/mL or Toxin B at 1 ng/mL for 1 h at 37 ◦C. The
serum-toxin mixtures were added to VERO cells to give a total well volume of 100 µL and
plates were incubated for 18 h at 37 ◦C. The final concentration of Toxin A and Toxin B was
50 ng/mL and 0.25 ng/mL, respectively. All combinations, including negative controls,
were carried out in triplicate. Toxin neutralization was assessed by counting the number of
rounded cells versus non-rounded cells in one randomly chosen field of view in each well.
Data is displayed as the percentage of cells protected against toxicity.

2.12. Isolation and Freezing of Peripheral Blood Mononuclear Cells

Peripheral blood mononuclear cells (PBMCs) were isolated from peripheral blood
by density centrifugation using Ficoll-Paque PLUS (GE Healthcare, Chicago, IL, USA).
Isolated PBMCs were frozen by re-suspending cells in freezing medium consisting of 10%
DMSO (Sigma Aldrich, St Louis, MO, USA) in heat-inactivated fetal calf serum (Biosera,
Marikina, Philippines and stored at −80 ◦C.
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2.13. Immunostaining via Flow Cytometry

Frozen PBMCs were thawed at 37 ◦C and washed in 10 mL of RPMI containing FCS
(10%) (Sigma Aldrich). The pelleted cells were re-suspended in PBS (1 × 106 cells/mL),
were stained with combinations of antibodies (Supplementary Table S1) for 30 min at
4 ◦C and followed by 2 washes with PBS. For intracellular transcription factor staining for
regulatory and follicular helper T cell staining, cells were surface-stained (anti-human CD3,
anti-human CD4) and fixed with Foxp3 Fix Perm solution (eBiosciences, San Diego, CA,
USA) for 30 min. This was followed by washing the cells, permeabilization with diluted
permeabilization buffer (eBiosciences) and staining with antibodies for anti-human foxp3
and anti-human bcl6 for 30 min at 4 ◦C followed by 2 washes with PBS.

Samples were acquired using a Cyan ADP flow cytometer (Dako, Glostrup, Denmark).
Data analysis was done using Summit V 4.3 software. Spectral overlap when using more
than one colour was corrected via compensation. Appropriate isotype controls were used
for setting gates. The gating strategy used to identify the T cell subset has been shown in
Figure S1; the gating strategy for B cell subset distribution has been published [35,36]. The
detailed methods for stimulation of PBMCs to induce cytokine production by CD4 T cells and
staining for toxin expressing immune cells can be found in the Supplementary Methods.

2.14. RNA Isolation, TCR Library Preparation and Sequencing

Total RNA was isolated from PBMCs using the RNAeasy mini kit (Qiagen) following
manufacturer instructions. Starting from up to 1500 ng of total RNA, molecular-barcoded
TCR cDNA libraries were prepared as previously described [37], with minor modifications
for both TCRα and TCRβ chains. See Supplementary Methods for a detailed protocol.
Libraries were pooled using 5 ng per library and sequenced on an Illumina NovaSeq6000
SP 2 × 150 bp flow cell. Custom sequencing primers were added to the Illumina primers.

2.15. TCR Data Analysis

PCR and sequencing error correction were performed through identification and
selection of unique molecular identifiers using the software MiGEC [38], version 1.2.6.
Filtered sequences were aligned on a TCR gene reference, clonotypes were identified and
grouped, and CDR3 sequence was identified using the software MiXCR [39], version 2.1.1.

Further analysis was performed using R software and packages Vegan [40] for diver-
sity analysis, Mfuzz [41] for temporal trajectory clustering, and ggplot2 for visualization.
For temporal trajectory clustering, the most abundant 50 clonotypes of each patient and
time point were selected. Clonotypes present in less than 3 time points were excluded from
temporal clustering analysis. For clustering of TCRs together with all other experimental
measures, K-means clustering was applied as described below.

2.16. Statistical Analysis

Time points for all patients were aligned (D0—Start, D1—Cycle 1, D2—Cycle 2, D3—
1WeekPost, D4—2/4WeeksPost), and features observed in the one non-responder patient
and at least one of the 3 FMT patient responders were then considered. Valid features
were normalized, and responders vs. non-responder were compared using statistical t-tests
between all time points, early time points (D0–D2), and post-FMT time points (D3–D4).
Measurements across time points were combined and evaluated using t-tests and did not
account for any potential correlation present within individuals. This combination of time
points was necessitated due to the single individual in the non-responder group. Features
were categorized into two groups: “divergent” features showed no significant difference
between responders and non-responder at the early time points but demonstrated signif-
icant difference at the post-FMT time-points; “convergent” features showed significant
difference at early time points and no difference at later time points. The measurements
of the same feature in each group were averaged before clustering. To harmonize the het-
erogeneous profiles for trendline clustering, min-max scaling was performed to map each
feature individually to the same range between zero and one. These change patterns were
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first categorized by K-means clustering and further grouped into 4 major response models
according to whether they increased, decreased, increased then recovered or decreased
and then recovered following treatment. Pairwise correlations were performed between
selected parameters using Spearman’s rank correlation. The features were reordered for
visualization using hierarchical clustering [42]. p-values ≤ 0.05 were considered statistically
significant. p-values were not adjusted for multiple testing due to the small sample size
and exploratory nature of this work. A heatmap was generated using MetaboAnalyst
(version 5.0, www.metaboanalyst.ca, accessed on 13 June 2021) to visualize the immune
parameters in the responders vs. non-responder [43].

3. Results

3.1. Clinical Outcomes

Four patients treated with sequential FMT and concurrent antibiotics for SFCDI were
included. Baseline characteristics of included patients are described in Table 1. A total of
3 patients (patients 1–3) followed a similar treatment protocol with the use of fidaxomicin
with FMT by enema, and the fourth patient had FMT by colonoscopy and used vancomycin
and metronidazole (Table 1). Information pertaining to multidimensional longitudinal
datasets, methodologies employed, and delivery routes for FMT, in addition to treatment
cycles and sampling time points, are outlined in Figure 1.

Table 1. Participant characteristics and treatment outcomes.

Participant ID Patient 1 Patient 2 Patient 3 Patient 4

Sex Male Female Female Male
Age 70 61 85 84

Comorbidities

Chronic pain, NASH
cirrhosis (MELD score
9), bariatric Roux-en-Y

surgery, chronic
obstructive pulmonary

disease, depression,
atrial fibrillation,
hypothyroidism

Congenital blindness in
left eye, anxiety

Hypertension,
moderate aortic

stenosis, oseoarthritis

Hypothyroidism, type
2 diabetes,

hypertension,
myocardial infarction

abdominal aortic
aneurysm, benign

prostatic hypertrophy,
chronic kidney disease,

prior laparotomy for
diverticulosis and small

bowel obstruction

Pertinent Medications

Hydromorphone,
Flomax, Furosemide,

Breo-Ellipta, Synthroid,
Apixaban

Temazepam,
Citalopram,
Gabapentin

Rosuvastatin,
Perindopril,

Hydrochlorothiazide

Lipitor, Fenofibrate,
Synthroid, Lopressor,

Flomax

Treatment outcome Failure Success Success Success
Number of prior CDI 4 1 None None
FMT prior to study

enrolment
>5 None None None

CDI Severity Fulminant Fulminant Severe Fulminant
Anti-CDI Antibiotics

during treatment cycles
(Total Days)

Fidaxomicin
(16 days)

Fidaxomicin
(18 days)

Fidaxomicin
(11 days)

Metronidazole IV and
Vancomycin PO

(25 days)
Number of treatment

cycles *
2 2 2

5 FMTs by
colonoscopy

* Each treatment cycle consists of 3 consecutive daily FMTs by retention enema plus concurrent fidaxomicin for up to 10 days. Pa-
tient 4 received FMT by colonoscopy every 5–7 days with concurrent IV metronidazole and oral (PO) vancomycin, until resolution of
pseudomembranous colitis. CDI: C. difficile infection; FMT: fecal microbiota transplant.

A total of 2 of the 3 fidaxomicin protocol patients achieved CDI resolution (responders)
with 2 treatment cycles (patients 2 and 3). The failure case (non-responder; patient 1) had
transient resolution of diarrhea after 2 treatment cycles, but diarrhea recurred within
2 weeks after the final FMT. Repeat C. difficile toxin testing was positive, requiring long-
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term vancomycin suppression after treating the active CDI episode with vancomycin and
metronidazole. Patient 4 achieved CDI resolution after 5 FMT cycles.

3.2. Extensive Multi-Analyte Changes Occur with Sequential FMT

681 features were examined (Table S1). After quality control and data completion fil-
tering, 562 features were used for analysis. 78 of these were significantly different (p < 0.05)
between responders and non-responder at all time points (Table 2). The trendlines and flow
cytometry plots for selected immune cell features are presented in Figure 2. Of particular in-
terest are selected immune features which showed the highest positive fold changes for the
FMT responders: % CD8 naïve T cells (Figure 2B), CD8 naïve:memory T cell ratio, % B cells
(Figure 2C), % unswitched memory B cells (Figure 2D), % regulatory B cells (Figure 2E),
in addition to other features, including microRNA-451a, microRNA-16 and toxin B IgG
(p < 0.05); see Table 2. Noteworthy features which showed higher fold changes for the non-
responder included: Phascolarctobacterium, unclassified Enterobacteriaceae, Pseudocitrobacter
and Enterococcus; p < 0.05.

Table 2. Features demonstrating statistically significant threshold difference between responders and non-responder
(average across all timepoints).

Feature Category p-Value
Fold Change

(log2) (Succ/Fail)
Mean Value

(Responders)

Features with higher mean in FMT responders
Naïve:memory CD8 T cell ratio Flow cytometry 0.0007 2.8982 0.1109 0.0149

Naïve CD8 T cells (%) Flow cytometry 0.0005 2.6972 9.4820 1.4620
miR-451a Serum microRNA 0.0040 2.3704 2.2922 0.4433

Regulatory B cells; Bregs (%) Flow cytometry 0.0008 2.1593 4.2080 0.9420

Toxin B IgG * Antigen-specific
antibody panel 0.0471 1.4260 8.7778 3.2667

Total B cell (%) Flow cytometry 0.0007 1.3481 7.6880 3.0200
miR-16 Serum microRNA 0.0071 1.3251 1.5138 0.6042

CD4:CD8 T cell ratio Flow cytometry 0.0002 1.2064 1.7049 0.7388
IgM Isotype panel 0.0395 0.9896 1.1970 0.6028

EMRA CD4 T cells (%) Flow cytometry 0.0390 0.9057 25.0740 13.3840
CD28 expression levels on CD4 T cells (MFI) Flow cytometry 0.0022 0.8997 44.6770 23.9460

Unswitched memory B cells (%) Flow cytometry 0.0106 0.8939 15.3640 8.2680
IL4+ve stimulated CD8 T cells (%) Flow cytometry 0.0323 0.8806 2.0290 1.1020

Glycodeoxycholic acid Stool bile acids 0.0221 0.7647 6.4343 3.7870
A027 IgM [‘A’ = surface layer proteins (SLP) of

ribotype 027]
Antigen-specific
antibody panel 0.0240 0.6851 5.1609 3.2099

Stimulated CD4 T cells IL4 expression levels
(MFI) Flow cytometry 0.0277 0.6786 10.0230 6.2620

IL4+ve stimulated CD4 T cells (%) Flow cytometry 0.0451 0.6227 2.5160 1.6340
Total CD4 T cells (%) Flow cytometry 0.0001 0.4822 55.8040 39.9500

CD28 expression levels on CD4 T cells (MFI) Flow cytometry 0.0001 0.4684 28.6430 20.7020
Total memory B cells (%) Flow cytometry 0.0241 0.4349 51.7350 38.2700

IgGII1H5N4F1S1: IgG2&3 glycopeptide with
digalactosylated and monosialylated glycan

with core fucose
IgG glycoprofiling 0.0289 0.3593 7.8840 6.1460

Stimulated CD8 T cells IL4 expression levels
(MFI) Flow cytometry 0.0030 0.3565 2.3670 1.8488

IgGII1H4N4F1: IgG2&3 glycopeptide with
monogalactosylated glycan with core fucose IgG glycoprofiling 0.0059 0.3545 14.2693 11.1605

CD28 expression levels on CD8 T cells (MFI) Flow cytometry 0.0315 0.3306 23.2890 18.5200
IgGIV1H5N4F1: IgG4 glycopeptide with
digalactosylated glycan with core fucose IgG glycoprofiling 0.0471 0.2910 4.0918 3.3443

Monosialylated glycans Serum glycan traits 0.0014 0.2556 16.6257 13.9260
NKG2D expression levels on CD4 T cells (MFI) Flow cytometry 0.0003 0.2181 5.2907 4.5483

IgGI1H4N4F1: IgG1 glycopeptide with
monogalactosylated glycan with core fucose IgG glycoprofiling 0.0140 0.1917 20.8725 18.2761

Candida IgM Antigen-specific
antibody panel 0.0009 0.1841 7.2038 6.3409
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Table 2. Cont.

Feature Category p-Value
Fold Change

(log2) (Succ/Fail)
Mean Value

(Responders)

Senescent CD4 T cells NKG2D expression levels
(MFI) Flow cytometry 0.0011 0.1781 5.2329 4.6252

Digalactosylated glycans Serum glycan traits 0.0042 0.1467 54.6643 49.3780
MMP-1: matrix metalloproteinase-1 Inflammation panel 0.0072 0.1443 7.3383 6.6399

Low-branching glycans Serum glycan traits 0.0155 0.1114 72.3240 66.9480
Features with higher mean in FMT non-responder

Acidaminococcaceae Family 0.0212 −3.6351 0.1625 2.0193
Phascolarctobacterium Genus 0.0212 −3.6351 0.1625 2.0193

Enterobacteriaceae_unclassified Genus 0.0013 −2.2113 1.0058 4.6577
Pseudocitrobacter Genus 0.0080 −2.2079 0.7009 3.2383
Enterococcaceae Family 0.0035 −1.8467 1.4509 5.2185

Enterococcus Genus 0.0035 −1.8467 1.4509 5.2185

L001 IgA (‘L’ = lysates of ribotype 001) Antigen-specific
antibody panel 0.0000 −1.5667 24.6667 73.0667

3-alpha-hydroxy-7,12-diketocholanic acid Stool bile acids 0.0189 −1.4326 2.0780 5.6094

CMV IgG Antigen-specific
antibody panel 0.0000 −1.0003 3350.2467 6702.0667

Toxin B IgA* Antigen-specific
antibody panel 0.0194 −0.9586 1.5437 3.0000

A001 IgA [‘A’ = surface layer proteins (SLP) of
ribotype 001]

Antigen-specific
antibody panel 0.0381 −0.8841 2.1246 3.9212

3 dehydrocholic acid Stool bile acids 0.0082 −0.8481 4.0741 7.3340
Beta muricholic acid Stool bile acids 0.0004 −0.8238 4.3596 7.7168

A027 IgG [‘A’ = surface layer proteins (SLP) of
ribotype 027]

Antigen-specific
antibody panel 0.0499 −0.7879 3.1054 5.3618

CD28−ve T cells (%) Flow cytometry 0.0000 −0.7757 35.0250 59.9640
sTNF-R1: soluble tumor necrosis factor

receptor-1 Inflammation panel 0.0019 −0.7465 3079.3947 5166.5200

IL-26 Inflammation panel 0.0267 −0.7191 1044.0507 1718.7220
Integrin+ve dendritic cells (%) Flow cytometry 0.0000 −0.7071 2.0863 3.4059

sTNF-R2 Inflammation panel 0.0150 −0.6979 1274.3983 2067.2920
Total CD8 T cells (%) Flow cytometry 0.0000 −0.6956 33.6670 54.5240
12 dehydrocholic acid Stool bile acids 0.0135 −0.6126 6.7393 10.3044

Chenodeoxycholic acid Stool bile acids 0.0000 −0.5788 8.4395 12.6054
CD28−veCD57+ve senescent CD8 T cells (%) Flow cytometry 0.0008 −0.5387 46.6120 67.7120

Antennary fucosylation Serum glycan traits 0.0017 −0.5289 9.8970 14.2800
CD28−ve senescent CD8 T cells (%) Flow cytometry 0.0002 −0.4370 61.7170 83.5540

CD28−veCD57+ve senescent CD4 T cells (%) Flow cytometry 0.0497 −0.4303 23.3810 31.5060
Tetragalactosylated glycans Serum glycan traits 0.0017 −0.4232 4.9430 6.6280

Cholic acid-3-sulfate Stool bile acids 0.0362 −0.4122 5.5642 7.4042
IgGIV1H3N5F1: IgG4 glycopeptide with

bisected agalactosylated glycan with core fucose IgG glycoprofiling 0.0161 −0.3958 8.3615 11.0012

Tetrasialylated glycans Serum glycan traits 0.0074 −0.3942 4.2567 5.5940
Chenodeoxycholic acid-3-sulfate Stool bile acids 0.0412 −0.3777 7.2848 9.4649
CD8 effector memory T cells (%) Flow cytometry 0.0009 −0.3580 58.0380 74.3860

CD57+ve senescent CD8 T cells (%) Flow cytometry 0.0290 −0.3452 55.0520 69.9360
IgGII1H3N4: IgG2&3 glycopeptide with

agalactosylated glycan without core fucose IgG glycoprofiling 0.0051 −0.3291 1.5296 1.9215

High-branching glycans Serum glycan traits 0.0071 −0.2972 25.0977 30.8400
IgGII1H4N4: IgG2&3 glycopeptide with

monogalactosylated glycan without core fucose IgG glycoprofiling 0.0276 −0.2911 3.3512 4.1005

Trisialylated glycans Serum glycan traits 0.0207 −0.2873 16.2837 19.8720
Trigalactosylated glycans Serum glycan traits 0.0327 −0.2646 20.1547 24.2120

Total T cells (%) Flow cytometry 0.0077 −0.2526 57.9910 69.0860
IgGII1H4N5S1: IgG2&3 glycopeptide with

bisected monogalactosylated and
monosialylated glycan without core fucose

IgG glycoprofiling 0.0458 −0.2491 1.8785 2.2325

MMP-2: matrix metalloproteinase-2 Inflammation panel 0.0000 −0.2025 9.3344 10.7411

Candida IgG Antigen-specific
antibody panel 0.0001 −0.1961 8.0645 9.2384

Total CD8 memory T cells (%) Flow cytometry 0.0015 −0.1777 87.0120 98.4160
TWEAK/TNFSF12: TNF-like weak inducer of
apoptosis/tumor necrosis factor superfamily Inflammation panel 0.0033 −0.1684 5.4639 6.1403

Integrin expression levels on dendritic cells
(MFI) Flow cytometry 0.0235 −0.1316 3.7044 4.0582

MFI—Median fluorescence intensity. * Whole toxins A and B purified from toxinotype 0, strain VPI 10463, Public Health England.
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Figure 2. Reversal of immunosenescence features in patients with severe or fulminant Clostridioides

difficile infection post-sequential FMT. (A) Representative flow cytometry plots show the kinetics of
peripheral CD28−ve CD57+ve senescent CD8 T cells in FMT responders (n = 2) (mean ± S.D data for
patient’s 2 and 3) and a non-responder patient (n = 1) (patient 1). Percentage of peripheral (B) naïve
CD8 T cells; (C) B cells; and (D) Unswitched memory B cells in responders at the start of the trial,
post-FMT cycle 1, post-FMT C\cycle 2, post-final FMT cycle, and 1 week and 2 weeks after FMT.
(E) Representative flow cytometry plots show the kinetics of peripheral CD24hi CD38hi regulatory
B cells in FMT responders and non-responder patient at the start of the trial, post final FMT cycle and
1 week after FMT.

Features demonstrating convergence and divergence are displayed in Tables S2 and S3.
A total of 114 immune parameters were profiled by multi-color flow cytometry in patients 1–
3 (Table S1). Further details of gating strategies for CD4 T cell subsets (Figure S1) and
antibodies used are detailed below. Temporal trends in the normalized % frequency values
of other selected immune cytometric parameters for responders (patient 2 and 3 combined)
and non-responder (patient 1) are presented in Figure 3. Higher normalized % frequencies
of CD4 T cells and naïve CD4 T cells were observed in the FMT responders. In contrast, the
non-responder’s peripheral immune system was composed of higher frequencies of total
T cells, CD8 T cells, memory CD4 and CD8 T cells, as well as senescent CD4 and CD8 T
cell populations. Of interest, circulating senescent T cells (CD28−veCD57+veCD4 T cell and
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NKG2D+ve CD4 T cell) peaked at the end of cycle 2 and final FMT timepoints, particularly
in the non-responder (Figure 3). Peripheral frequencies of anti-inflammatory regulatory
T cells peaked at the final FMT time point in the responders (Figure 3). Functional immune
assays revealed a higher proportion of anti-inflammatory cytokine IL4 production by CD4
T cells (Th2) and CD8 T cells post-stimulation in the FMT responders, particularly following
FMT treatment (Figure 3). Furthermore, anti-inflammatory cytokine IL10 production by
CD4 T cells peaked at the end of cycle 1 and was detectable in the circulation of the non-
responder until the end of the final FMT, when the patient relapsed, and thereafter fell. In
the responders, IL10-producing CD4 T cells peaked in frequency at the end of final FMT
before being maintained at a lower but detectable frequency, at least until 2–4 weeks post
FMT (Figure 3).

Figure 3. Heat map of normalized frequency values of selected immune subset parameters in the
responders (patient 2 and 3 combined) and non-responder patient (patient 1) at different time points.
Patients 1, 2 and 3 were clustered using hierarchical clustering (Euclidian distance based). High
and low normalized frequency values are indicated in red and blue, respectively. Different immune
subset percentages for FMT responders (n = 2; patients 2 and 3)) and non-responder (n = 1; patient 1)
are indicated at the end of the column.

In terms of functional antibody responses, interestingly, only patient 2 of the 4 patients
assessed displayed neutralizing anti-C. difficile toxin antibodies in their sera (Figure 4), and
thus, readouts from this assay were not incorporated into integrative analyses.

Further analysis of toxin-expressing immune cells revealed that the FMT responders
were characterized by a decline in peripheral frequency of Toxin A-expressing naïve CD4
T cells (Figure S2A) and Toxin A-expressing memory CD4 T cells (Figure S2B) at the end
of cycle 1 and post-final FMT, respectively. Similarly, a decline in peripheral Toxin A- and
B- expressing total B cells (Figure S2D,E) and memory B cells (Figure S2F,G) occurred
post-second cycle of FMT; the lowest frequencies were observed post-final FMT cycle and
thereafter increased 1 week post-FMT.
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Figure 4. In vitro evaluation of antibody-mediated neutralization of Toxin B (patient 2, FMT respon-
der). Sera were serially diluted and incubated with whole purified toxin B (toxinotype 0, strain
VPI 10463, ribotype 087) before addition to VERO cells. Cytotoxicity was assessed by counting the
number of rounded and non-rounded healthy cells, expressed as percentage protection. For patient 2,
detection of neutralization against Toxin B became apparent post-FMT cycle 2 with 100% protection
from Vero cell rounding observed with the most concentrated serum tested (1:4 dilution) compared
to 0% at the 2 earlier time points. The degree of protection increased from this point over the course
of treatment, with protective efficacy clearly detected even in the lowest dilution tested, 1:16. For 1:8
diluted sera, the mean percentage of healthy, non-rounded, protected cells increased from 36.57% at
post-FMT cycle 2 to 62.43% pre-final FMT to 66.42% 1 week post-final FMT to 100% 2 weeks post-final
FMT. Unlike this patient, patients 1 and 3 displayed no neutralization against Toxin B, and none
of the patients showed neutralization against Toxin A throughout the treatment. Controls for this
assay showed 100% rounding for cells incubated with the appropriate toxin alone and 100% healthy
non-rounding for cells incubated with the respective serum dilution alone. Sera from patients 1
and 3 showed no neutralization against Toxin B. No neutralization was shown against Toxin A for
patients 1, 2 or 3. Data from triplicate values +/− SD.

Changes in stool microbiota at the class, order, family and genus levels for all patients
are described in Figure S3A–D. At the phylum level, responders’ stool microbiota shifted
from Proteobacteria predominance at baseline to Bacteroidetes predominance 2–4 weeks
after treatment. Conversely, the non-responder demonstrated only a modest decrease in
Proteobacteria and no consistent enrichment of Bacteroidetes (Figure 5).

Stool donors’ microbial composition was predominated by Firmicutes and Bacteroidetes.
Severe or fulminant Clostridioides patients had higher relative abundance of Proteobacteria
or Actinobacteria prior to fecal microbiota transplantation (FMT). In treatment responders
(patient 2, 3 and 4), the relative abundance of Proteobacteria reduced, but this did not occur
in the non-responder (patient 1) after sequential FMT.
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Figure 5. Fecal metataxonomic changes at the phylum level in relation to sequential FMT in severe or
fulminant CDI patients. 16S rRNA gene sequencing of DNA extracted from stool samples, presented
as relative abundance plots. Participant samples presented as: three stool donors; patient 1(001),
earliest to latest timepoint; patient 2 (002), earliest to latest timepoint; patient 3 (003), earliest to latest
timepoint; and the fourth patient, earliest to latest timepoint.

3.3. Multiomics Longitudinal Patterns Possibly Associated with FMT Response

Analyzed features from FMT responders were longitudinally clustered and classified
into 13 temporal behavioral clusters, S0–S12. In total, 4 clusters (S2, S5, S9 and S11) included
features which increased, while clusters S10 and S12 decreased over the course of the study
intervention (Figure 6A and Table S4A). It was interesting to note that while some clusters
were dominated by certain categories of features, others contained mixed feature groups
with correlating behaviors. Among these, cluster S10 was particularly noteworthy. This
cluster contained features which sharply decreased in abundance from the end of cycle 1,
and comprised serum pro-inflammatory proteins; frequency of circulating CD8 memory T
cells; frequencies of senescent CD57+ve T cells and CD28−veCD57+veCD8 T cells; IFN+ve and
IL17+ve stimulated CD4 and CD8 T cells; IL-4 and IL-10 expression levels in CD8 and CD4
T cells, respectively; disialylated and trigalactosylated glycans; IgG Fc N-glycopeptides;
fecal 2-hydroxybutyrate; tauro- and glycoconjugated fecal bile acids; as well as bacterial
genera comprising Cutibacterium, Collinsella, Barnesiella, Prevotella_7, S5-A14a, Tyzzerella_4,
Fastidiosipila, Ruminoccocus_1, Phascolarctobacterium, Suterella, Citrobacter, and unclassified
Mollicutes_RF39.

The multiomics profile of the non-responder was classified into 12 clusters, F0-F11
(Figure 6B and Table S4B). Of note, features within cluster F1 of the non-responder in-
creased at the end of cycle 2, when the patient transiently improved clinically, before falling
to low pre-intervention baseline levels after 1–2 weeks post-FMT when the patient became
feverish and tested positive for fecal C. difficile toxin. This cluster was comprised of serum
butyrate, isobutyrate and fecal 2-hydroxybutyrate; several fecal bile acids; peripheral
memory T cells; plasmablasts; IL-4-producing CD8 T cells; and bacterial genera Faecalibac-
terium, Fusobacterium and Klebsiella. Other notable clusters (F7 and F10) comprised features
which gradually increased after the end of FMT cycle 2. F10 contained serum acetate,
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serum microRNA-4454, switched memory B cells, tauro- and glyco-conjugated fecal bile
acids, Enterococcus, Agathobacter, Tyzzerella, Dialister, Dorea, Collinsella, and members of the
Ruminococcaceae family.

α
β

Figure 6. K-means clustering of trendlines of 562 valid measurements. Results shown for FMT responders (n = 2) (success
group; (A)) and FMT non-responder (n = 1) (failure case; (B)) with each cluster indexed. Clusters are regrouped into four
categories as highlighted in each row of the subplots: increased after FMT (up, red), increased after FMT but recovered
(up-down, yellow), decreased after FMT but recovered or unchanged (down-up or unchanged, green), and decreased after
FMT (down, blue).

3.4. FMT Impact on T Cell Receptor Repertoire and Multiomics Integration

To investigate the T cell immune response more specifically, longitudinal TCRα and
TCRβ repertoire analysis was performed in PBMCS in patients 1–3 (no PBMCs available
for patient 4) and two FMT donors. Both FMT donors displayed lower clonality and higher
diversity compared to all patients. Both responders (patients 2 and 3) exhibited stable
clonality profiles over time. Interestingly, clonality was much higher at screening (pre-
FMT) but drastically declined following the first treatment cycle when diarrhea resolved
transiently in the only non-responder (patient 1) (Figure 7A). The most abundant TCRs
for each patient were clustered based on their temporal behavior using Mfuzz R software.
Clusters were identified which appeared to correlate with therapy response, based on the
observation that they contained TCRs which sharply increased or decreased after FMT
in patients 2 and 3. However, patient 1 (non-responder) did not show clear temporal
trajectories in any cluster, but was rather characterized by an intermittent or fluctuating
TCR temporal profile (Figure 7B,C and Figure S4A–C).
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Figure 7. Longitudinal TCR repertoire analysis. (A) TCR repertoire clonality calculated as the inverse of the Shannon entropy
on sampled peripheral blood mononuclear samples to 1000 TCR sequences. (B) Temporal clustering performed with Mfuzz
R package for the 50 most abundant TCRs, alpha and beta, for each time point for patient 1 (FMT failure/non-responder),
patient 2 (FMT success/responder) and patient 3 (FMT success/responder). The figure shows 3 exemplary clusters out
of 6 for each patient. Thin grey lines in the background represent single clonotypes. The median value of the temporal
trajectories of TCR alpha (violet) and beta (green) chains for each cluster is displayed. (C) Exemplary TCR CDR3 amino acid
sequences of the most interesting temporal clusters containing TCRs increasing or decreasing in abundance during and
after FMT for patients 2 and 3 and TCRs with high abundance at baseline and during disease recurrence for patient 1.

A dedicated integrative multiomics analysis was performed separately for each patient
to include the TCR information, which is unique to each individual. As described in the
multiomics paragraph, K-means clustering was performed, and TCRs showing correlative
temporal behavior with other increasing-decreasing features were identified (Figure S5A–C
and Table S5A–C).

3.5. Temporal Correlation among Features: A Closer Look at T Cell Immunosenescence Signatures,
Gut Microbiome and Immunometabolic Features

As an exploratory analysis to identify potentially correlating features which may be
associated with treatment outcome, Spearman’s rank correlation coefficients were assessed
between selected features of interest for disease pathogenesis and progression and all
omics measurements in patients 2 and 3 (FMT responders) (Table S6A) and patient 1 (non-
responder) (Table S6B). Of particular interest was the correlation analysis of peripheral
senescent T cells (Table S7). Observations in the non-responder included strong positive
associations of peripheral senescent T cells and several host factors, including fecal butyrate;
serum hydroxybutyrate; fecal urso-, iso- and hyodeoxycholic acids; serum IgG Fc N-
glycopeptides; and microbial taxa, particularly Pseudomonas at the genus, family and order
level, Coprococcus_1 and Ruminococcaceae_014, Solibacterium, and Mollicutes, which were
also positively associated with titers of serum IgA anti-toxin B.

249 | Page



Cells 2021, 10, 3234 17 of 24

4. Discussion

In this longitudinal multiomics study, we observed temporal changes in immune,
metabolic and gut bacterial features in a small cohort of patients with antibiotic refractory
SFCDI during sequential FMT. We identified 78 features which could help in differentiating
responders from the non-responder. Our results hint that non-response may be associated
with immunosenescent signals in the non-responder, including: a higher frequency of
circulating senescent T cells characterized by loss of CD28 surface antigen and acquisition
of CD57; lower B cell and regulatory B cell frequencies; and higher levels of MMP-2,
TWEAK, IL-26, sTNF-R1, sTNF-R2, and effector memory CD8 T cells. Furthermore, a
higher relative abundance of Enterococcus, unclassified Enterobacteriaceae, and a lower
peripheral TCR repertoire diversity coincided with CDI recurrence, higher levels of fecal
primary BAs, and agalactosylated serum IgG N-glycopeptides. In support of these immune
aging-related observations, enhanced expression of CD57 on CD8+ve T cells has been linked
to rejection in renal transplant recipients, highlighting a role of immunosenescence beyond
CDI [44]. Aging is accompanied by the decline of CD28 expression on CD4 and CD8 T
cells, loss of naïve cells, accumulation of memory T cells, and reduced diversity of the TCR
repertoire [45]. The increased secretion of circulating pro-inflammatory molecules, such as
MMP-2, sTNF-R1, and IL-26, the master regulator of inflammation in the non-responder,
provides further evidence of the senescence-associated secretory phenotype (SASP) [46]
and suggests immunosenescence may be a critical driver of treatment outcome in antibiotic
refractory CDI patients receiving FMT. Indeed, IL-26 is known to induce the production of
SASP proteins, including IL-1β, IL-6, and TNFα, by human monocytes and can trigger NK
cell activation, inducing expression of IL-1β, TNFα and type 1 and 2 interferons [47].

The positive correlations observed separately between butyrate, Pseudomonas and
T cell senescence in the non-responder is indirectly supported by recent studies which
demonstrate the ability of sodium butyrate and Pseudomonas aeruginosa to induce cellular
senescence in human glioblastoma cells and murine lung tissues [48,49], and supports
the contention that immunosenescence in the FMT non-responder may be driven by per-
sistent infections; the parallel and increased detection of anti-CMV IgG antibodies in the
non-responder provides additional support for this hypothesis. Cytomegalovirus may con-
tribute markedly to immune dysfunction with age [50] and CMV infection has emerged as a
pathogenic accelerant of immune cell proliferation underlying immune senescence [51,52].
Human CMV can also cause poor outcomes in solid organ transplant recipients [53,54], and
thus, anti-CMV antibody status may be useful in identifying the risk of immunosenescence
and FMT failure. Our correlation analysis showing positive associations between senescent
T cell frequencies and the Rikenellaceae family, which includes the Alistipes genus, are in
keeping with previous human studies which report that both are over-represented in older
adults [55].

Consistent with our findings, bacterially-derived primary bile acids (BAs), such as tau-
rocholic acid, promote C. difficile spore germination, while secondary BA inhibit vegetative
growth [56] and downregulate toxin activity [57]. Following successful FMT for recurrent
mild CDI, we and others have demonstrated that primary BA diminish and are replaced
by protective secondary BA [12,58,59]. Secondary BA deficiency in CDI and other forms
of colitis “cross-talk” to the host via changes in activation of TGR5- and FXR-mediated
signaling pathways [60]. SCFAs stably increase following FMT [17,18,59] and exert an
epigenetic effect on the host through the inhibition of histone deacetylases (HDACs); the
transcriptional changes arising through this inhibition result in a net anti-inflammatory
effect [61]. Valerate is among the SCFAs that have been demonstrated to diminish colitis
via HDAC inhibition [61]. Our results also align with our previous study, in which we
reported a significantly higher relative abundance of monosialylated and digalactosylated
serum N-glycans following successful FMT for rCDI [20], supporting a protective role
for these serum N-glycans. Our observation of a higher relative abundance of circulat-
ing IgG4 glycopeptides with agalactosylated and bisected N-glycans with core fucose in
non-response is in keeping with pathogenic pro-inflammatory and aging states [62].
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In contrast, the increase in CD8 naïve T cells in responders supports the notion that
these ‘foot soldiers’ of the immune system may be important players in CDI resolution,
although the role of the memory T cell response in CDI remains incompletely understood.
The detection of more abundant circulating B cells in responders is congruent with a previ-
ous report which showed that mucosal IgA-producing B cells are reduced in patients with
rCDI [63], and leads us to suggest that FMT may restore B cell frequencies. Nevertheless,
only one responder (patient 2) displayed detectable neutralizing antibodies, indicating that
other factors, such as the indigenous gut microbiota, may facilitate C. difficile clearance,
independent of adaptive immunity [64]. However, evidence suggests that, at least in the
context of certain viral infections, in vitro toxin neutralization studies may not accurately
predict in vivo protection [65,66]. Moreover, it is likely that study participants could have
been infected with a C. difficile strain other than the historical VPI-10463 strain, from which
toxins were derived for in vitro assays described herein. As such, their memory B cell-
encoded antibodies may not have been able to neutralize the VPI-10463 toxins. Toxin
concentration and the availability of neutralizing antibodies in the gut lumen as well as
the rate of toxin clearance may influence disease progression, severity and treatment of
CDI [67–69]. Interestingly, circulating toxin A- and B-expressing memory B cell frequencies
fell at the end of final FMT for the responders before recovering to lower frequencies than
those detected prior to FMT. These antigen-specific memory B cells may no longer be
required in the context of presumed C. difficile clearance and may have transited into the
lymphoid organs. Alternatively, these observations may reflect memory B cell apoptosis,
which has been reported to contribute to impaired germinal center formation of memory
B cells after allogeneic hematopoietic stem cell transplantation [70]. In contrast, periph-
eral toxin A- and B-expressing memory B cells seemed to peak in frequency two weeks
post-FMT for the non-responder. It is possible that a lack of T cell help may have limited
memory B cell expansion and differentiation into antibody-secreting plasma cells in this
non-responder, or that their toxin A- and B-expressing memory B cells, which increased
2 weeks post-final FMT, only encoded low-affinity antibodies incapable of toxin neutral-
ization. In support of this latter hypothesis, Shah and colleagues recently demonstrated
that human C. difficile toxin-specific memory B cell repertoires encode poorly neutralizing
antibodies, with limited class switching and IgM dominance [71]. These findings indicate
that memory B cells may be an important factor in C. difficile disease recurrence.

FMT responders also exhibited higher fold changes in frequency of tolerogenic regula-
tory B cell populations and IL-4 producing CD4 T cells across all time points compared to
the non-responder. These findings concur with evidence which demonstrates the protective
capacity of immunosuppressive Bregs in the prevention of allograft rejection in renal, liver
and lung transplantation recipients and in the development of graft-versus-host disease
in stem cell recipients, and with increased frequencies of CD4+ve T cells in the colons of
FMT-treated mice, respectively [72,73]. Our findings suggest that, in addition to glati-
ramer acetate, which is known to stimulate functional Bregs [74], IgG1 Fc N-glycopeptides
with bisected and non-bisected monogalactosylated and monosiaylated glycans without
core fucose may help induce this Breg tolerogenic phenotype, whereas certain taxa such
as Acidaminococcaceae, Phascolartobacterium and Fastiosipila, in addition to the fecal bile
acids 3-alpha-Hydroxy-7 ketolithocholic acid and chenodeoxycholic acid, may negatively
regulate Bregs.

Intriguingly, we observed a higher relative abundance of Enterobacteriaceae and Entero-
coccoceae in the non-responder, a finding which may indicate that such pro-inflammatory
bacterial taxa, which are more abundant in older adults [75], may play a part in driving
biological aging. Consistent with these findings, patients with progeria and progeroid mice
display an abundance of Proteobacteria. FMT could reverse this effect, restoring secondary
BA biosynthesis and enhanced health and lifespan in progeroid mice [76]. Moreover, the
defective germinal center response in aged mice can be rescued by replenishing the gut
microbiome of aged mice with that of a younger animal [77].
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Investigation of specific temporal clusters in the FMT non-responder also showed that
Faecalibacterium, Fusobacterium and Klebsiella increased in relative abundance at the time
the non-responder temporarily showed signs of clinical improvement. In keeping with
our observation, recent research has shown that specific bacterial genera strongly associate
with systemic immune cell dynamics, and that gut microbial taxa, including Faecalibac-
teruim as well as Ruminococcus 2 and Akkermansia, accelerate immune reconstitution after
allogeneic haematopoietic cell transplantation [78]. Moreover, members of Faecalibacterium,
Ruminococcus [79] in one study, and Akkermansia [80] in another have been associated with
better responses to anti-PD-1 immunotherapy.

The main strength of this study is in the deep longitudinal characterization of four
patients that have received sequential FMT for severe or fulminant CDI. However, the
small sample size of patients and multiple stool donors in this observational study pre-
clude generalization of the present findings. The single non-responder also has multiple
comorbidities, including liver cirrhosis, diabetes, and intestinal bypass for morbid obesity,
which may contribute to some of the observed differences from responders. For exam-
ple, one of the features distinguishing responders from the non-responder was decreased
CD4:CD8 ratios, which is known to be lower in liver cirrhosis due to lower CD4 counts [81].
Therefore, definitive conclusions regarding discriminating features of treatment outcomes
following FMT cannot be drawn. This unique patient population tends to have multiple
comorbidities [7], contributing to the heterogenous population included in our case se-
ries. Antibiotic refractory SFCDI fortunately occurs infrequently, contributing to our small
sample size. Nonetheless, the results we observed in this study may partially explain why
cirrhotic patients may have worse CDI outcomes and may provide multiple starting points
to further decipher FMT mechanisms of action. Larger multi-center studies are required to
confirm these observations and provide additional mechanistic insight.

Together, these cases provide novel and provocative evidence that extensive host-
microbial interactions occur following sequential FMT for SFCDI and suggest a potentially
important role for immunosenescence in shaping clinical outcomes. Thus, further studies
defining mechanistic and functional outputs of commensals are fundamental to the ad-
vancement of next-generation biotherapeutics to treat CDI and other disease states that
may be associated with immune aging.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cells10113234/s1, Supplementary methods, Figure S1: Gating strategy for CD4 T cell subsets,
Figure S2: Toxin-expressing T and B cells in patients with severe or fulminant CDI in relation to
sequential FMT, Figure S3: Fecal metataxonomic changes in relation to sequential FMT in patients
with severe or fulminant CDI, Figure S4: Temporal clustering of the most abundant TCRs for FMT
responders and non-responder, Figure S5: K-means integrative clustering of all measures, including
TCR alpha and beta clonotypes, for FMT responders and non-responder, Table S1: Dictionary of
longitudinal features assessed in the present multiomics study (n = 681), Table S2: Convergent
features identified for FMT responders and non-responder, Table S3: Divergent features identified for
FMT responders and non-responder, Table S4: K-means cluster analysis without TCR repertoire data
showing features within each indexed cluster, Table S5: K-means cluster analysis with TCR repertoire
data showing features within each indexed cluster, Table S6: Immunosenescent T cell parameter
correlations with omics features for FMT responders and non-responder, Table S7: Other selected
differentiating parameters and their omics correlations for FMT responders and non-responder.

Author Contributions: Conceptualization: T.M.M.; methodology: T.M.M., D.H.K., L.A.R., N.A.D.,
E.R., R.G., M.P.-B., P.T., B.H.M., C.P.; investigation: T.M.M., D.H.K., L.A.R., B.R., C.W., K.W., D.Y.Y.,
L.S., J.H., M.P.-B., F.V., F.K., P.T., N.A.D., M.H., E.R., N.X., T.D., Y.L., B.H.M., J.M.B., J.A.K.M., C.P.,
T.O.Y., N.C., M.H.; writing—original draft: T.M.M.; writing—review & editing: T.M.M., N.A.D., E.R.,
D.H.K., L.A.R., B.R., C.W., K.W., G.K.-S.W., D.Y.Y., L.S., R.G., M.P.-B., F.V., G.L., P.T., B.H.M., J.M.B.,
J.A.K.M., J.R.M., N.X., T.D., M.W., Y.L., A.A., J.H., M.P.-B., T.O.Y., N.C., M.H., A.F., C.P.; visualization:
T.M.M., N.A.D., R.G., E.R., J.H., M.P.-B., F.V., F.K., P.T., T.O.Y., N.C., M.H., B.H.M., J.M.B., J.A.K.M.,
A.A., M.W.; supervision: T.M.M., D.H.K., A.F., G.L., J.R.M.; project administration: T.M.M.; funding

252 | Page

https://www.mdpi.com/article/10.3390/cells10113234/s1
https://www.mdpi.com/article/10.3390/cells10113234/s1


Cells 2021, 10, 3234 20 of 24

acquisition: T.M.M., D.H.K., J.M.B., G.K.-S.W. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by multiple funding agencies outlined with author in brack-
ets. University of Nottingham Research Priority Area grant and the National Institute for Health
Research (NIHR) Nottingham Digestive Diseases Biomedical Research Centre at Nottingham Uni-
versity Hospitals NHS Trust and University of Nottingham (T.M.M.); Litwin Initiative, Crohn’s and
Colitis Foundation (C.P.); NTU Quality Research (QR) funds (C.P., M.H.); DFG grant 409096610003
and DFG Excellence Cluster Precision Medicine in Chronic Inflammation Exc2167 (E.R., A.F.); Al-
berta Health Services and University of Alberta Hospital Foundation (D.H.K.); Fidaxomicin was
provided by Merck (D.H.K.); Medical Research Council (MRC) Clinical Research Training Fellow-
ship MR/R000875/1 and NIHR Academic Clinical Lectureship CL-2019-21-002 (B.H.M.); MRC and
NIHR MC_PC_12025 (National Phenome Centre at Imperial College London); European Structural
and Investment Funds CEKOM KK.01.2.2.03.0006, IRI grant KK.01.2.1.01.0003, and Croatian Na-
tional Centre of Research Excellence in Personalized Healthcare grant KK.01.1.1.01.0010 (Genos Ltd.,
Zagreb, Croatia).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board of University of Alberta
(protocol Pro00081229, date of approval 27 November 2018).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All data can be found in supplementary material or can be made
available upon request.

Acknowledgments: We are grateful to Matt Emberg, Melanie Lingaya and Yirga Falcone for their
technical assistance in sample preparation. We would also like to thank Christine Loscher, Izabela
Marszalowska and Mark Lynch at Dublin City University, and April Roberts of Public Health England
for kindly gifting purified whole surface layer proteins for C. difficile ribotypes 001, 002 and 027
and whole toxins TcdA (Toxin A) and TcdB (Toxin B); toxinotype 0, strain VPI 10463, ribotype 087),
respectively. We are grateful to Lauren Roberts for her assistance in graphic abstract preparation.

Conflicts of Interest: T.M.M. has received consultancy fees from Takeda. B.H.M. has received
consultancy fees from Finch Therapeutics Group. J.R.M. has received consultancy fees from Cultech
Ltd. Port Talbot, UK, and Enterobiotix Ltd. Glasgow, Scotland. G.L. is founder and CEO of Genos, a
private research organization that specializes in high-throughput glycomic analysis and has several
patents in this field. M.P.-B. and F.V. are employees of Genos. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript; or in the decision to publish the results. The remaining authors declare that they have
no competing interests.

References

1. Gravel, D.; Miller, M.; Simor, A.; Taylor, G.; Gardam, M.; McGeer, A.; Hutchinson, J.; Moore, D.; Kelly, S.; Boyd, D.; et al. Health
Care–AssociatedClostridium difficileInfection in Adults Admitted to Acute Care Hospitals in Canada: A Canadian Nosocomial
Infection Surveillance Program Study. Clin. Infect. Dis. 2009, 48, 568–576. [CrossRef]

2. Kyne, L.; Hamel, M.B.; Polavaram, R.; Kelly, C.P. Health Care Costs and Mortality Associated with Nosocomial Diarrhea Due to
Clostridium difficile. Clin. Infect. Dis. 2002, 34, 346–353. [CrossRef]

3. McDonald, L.C.; Gerding, D.N.; Johnson, S.; Bakken, J.S.; Carroll, K.C.; E Coffin, S.; Dubberke, E.R.; Garey, K.W.; Gould, C.V.;
Kelly, C.; et al. Clinical Practice Guidelines for Clostridium difficile Infection in Adults and Children: 2017 Update by the
Infectious Diseases Society of America (IDSA) and Society for Healthcare Epidemiology of America (SHEA). Clin. Infect. Dis.

2018, 66, 987–994. [CrossRef] [PubMed]
4. Martin, J.S.; Monaghan, T.M.; Wilcox, M.H. Clostridium difficile infection: Epidemiology, diagnosis and understanding transmis-

sion. Nat. Rev. Gastroenterol. Hepatol. 2016, 13, 206–216. [CrossRef]
5. Monaghan, T.M. New Perspectives in Clostridium difficile Disease Pathogenesis. Infect. Dis. Clin. N. Am. 2015, 29, 1–11.

[CrossRef]
6. Baunwall, S.M.D.; Lee, M.M.; Eriksen, M.K.; Mullish, B.H.; Marchesi, J.R.; Dahlerup, J.F.; Hvas, C.L. Faecal microbiota transplan-

tation for recurrent Clostridioides difficile infection: An updated systematic review and meta-analysis. EClinicalMedicine 2020,
29–30, 100642. [CrossRef] [PubMed]

253 | Page

http://doi.org/10.1086/596703
http://doi.org/10.1086/338260
http://doi.org/10.1093/cid/ciy149
http://www.ncbi.nlm.nih.gov/pubmed/29562266
http://doi.org/10.1038/nrgastro.2016.25
http://doi.org/10.1016/j.idc.2014.11.007
http://doi.org/10.1016/j.eclinm.2020.100642
http://www.ncbi.nlm.nih.gov/pubmed/33437951


Cells 2021, 10, 3234 21 of 24

7. Fischer, M.; Sipe, B.; Cheng, Y.-W.; Phelps, E.; Rogers, N.; Sagi, S.; Bohm, M.; Xu, H.; Kassam, Z. Fecal microbiota transplant in
severe and severe-complicated Clostridium difficile: A promising treatment approach. Gut Microbes 2016, 8, 289–302. [CrossRef]
[PubMed]

8. Weingarden, A.R.; Hamilton, M.J.; Sadowsky, M.J.; Khoruts, A. Resolution of Severe Clostridium difficile Infection Following
Sequential Fecal Microbiota Transplantation. J. Clin. Gastroenterol. 2013, 47, 735–737. [CrossRef] [PubMed]

9. Alukal, J.; Dutta, S.K.; Surapaneni, B.K.; Le, M.; Tabbaa, O.; Phillips, L.; Mattar, M.C.; Philips, L. Safety and efficacy of fecal
microbiota transplant in 9 critically ill patients with severe and complicated Clostridium difficile infection with impending
colectomy. J. Dig. Dis. 2019, 20, 301–307. [CrossRef]

10. Ianiro, G.; Masucci, L.; Quaranta, G.; Simonelli, C.; Lopetuso, L.R.; Sanguinetti, M.; Gasbarrini, A.; Cammarota, G. Randomised
clinical trial: Faecal microbiota transplantation by colonoscopy plus vancomycin for the treatment of severe refractory Clostridium
difficile infection-single versus multiple infusions. Aliment. Pharmacol. Ther. 2018, 48, 152–159. [CrossRef] [PubMed]

11. Khoruts, A.; Staley, C.; Sadowsky, M.J. Faecal microbiota transplantation for Clostridioides difficile: Mechanisms and pharmacol-
ogy. Nat. Rev. Gastroenterol. Hepatol. 2020, 18, 67–80. [CrossRef] [PubMed]

12. Monaghan, T.; Mullish, B.H.; Patterson, J.; Wong, G.K.; Marchesi, J.R.; Xu, H.; Jilani, T.; Kao, D. Effective fecal microbiota
transplantation for recurrent Clostridioides difficile infection in humans is associated with increased signalling in the bile
acid-farnesoid X receptor-fibroblast growth factor pathway. Gut Microbes 2018, 10, 142–148. [CrossRef] [PubMed]

13. Weingarden, A.R.; Chen, C.; Bobr, A.; Yao, D.; Lu, Y.; Nelson, V.M.; Sadowsky, M.; Khoruts, A. Microbiota transplantation restores
normal fecal bile acid composition in recurrentClostridium difficileinfection. Am. J. Physiol. Liver Physiol. 2014, 306, G310–G319.
[CrossRef] [PubMed]

14. Mullish, B.H.; McDonald, J.A.K.; Pechlivanis, A.; Allegretti, J.R.; Kao, D.; Barker, G.F.; Kapila, D.; Petrof, E.O.; Joyce, S.A.;
Gahan, C.; et al. Microbial bile salt hydrolases mediate the efficacy of faecal microbiota transplant in the treatment of recurrent
Clostridioides difficile infection. Gut 2019, 68, 1791–1800. [CrossRef]

15. Allegretti, J.R.; Kearney, S.M.; Li, N.; Bogart, E.; Bullock, K.; Gerber, G.K.; Bry, L.; Clish, C.; Alm, E.J.; Korzenik, J. Recurrent-
Clostridium difficileinfection associates with distinct bile acid and microbiome profiles. Aliment. Pharmacol. Ther. 2016, 43,
1142–1153. [CrossRef] [PubMed]

16. Campbell, C.; McKenney, P.T.; Konstantinovsky, D.; Isaeva, O.; Schizas, M.; Verter, J.; Mai, C.; Jin, W.-B.; Guo, C.-J.; Violante,
S.; et al. Bacterial metabolism of bile acids promotes generation of peripheral regulatory T cells. Nature 2020, 581, 475–479.
[CrossRef] [PubMed]

17. Seekatz, A.M.; Theriot, C.M.; Rao, K.; Chang, Y.-M.; Freeman, A.E.; Kao, J.Y.; Young, V.B. Restoration of short chain fatty acid and
bile acid metabolism following fecal microbiota transplantation in patients with recurrent Clostridium difficile infection. Anaerobe

2018, 53, 64–73. [CrossRef] [PubMed]
18. McDonald, J.; Mullish, B.; Pechlivanis, A.; Liu, Z.; Brignardello, J.; Kao, D.; Holmes, E.; Li, J.; Clarke, T.B.; Thursz, M.; et al.

Inhibiting Growth of Clostridioides difficile by Restoring Valerate, Produced by the Intestinal Microbiota. Gastroenterology 2018,
155, 1495–1507.e15. [CrossRef]

19. Smith, P.M.; Howitt, M.R.; Panikov, N.; Michaud, M.; Gallini, C.A.; Bohlooly-Y, M.; Glickman, J.N.; Garrett, W.S. The Microbial
Metabolites, Short-Chain Fatty Acids, Regulate Colonic Treg Cell Homeostasis. Science 2013, 341, 569–573. [CrossRef]
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BACKGROUND AND AIMS: The molecular mechanisms un-

derlying successful fecal microbiota transplantation (FMT) for

recurrent Clostridioides difficile infection (rCDI) remain poorly

understood. The primary objective of this study was to char-

acterize alterations in microRNAs (miRs) following FMT for

rCDI. METHODS: Sera from 2 prospective multicenter ran-

domized controlled trials were analyzed for miRNA levels with

the use of the Nanostring nCounter platform and quantitative

reverse-transcription (RT) polymerase chain reaction (PCR). In

addition, rCDI-FMT and toxin-treated animals and ex vivo hu-

man colonoids were used to compare intestinal tissue and

circulating miRs. miR inflammatory gene targets in colonic

epithelial and peripheral blood mononuclear cells were evalu-

ated by quantitative PCR (qPCR) and 30UTR reporter assays.

Colonic epithelial cells were used for mechanistic, cytoskeleton,

cell growth, and apoptosis studies. RESULTS: miRNA profiling

revealed up-regulation of 64 circulating miRs 4 and 12 weeks

after FMT compared with screening, of which the top 6 were

validated in the discovery cohort by means of RT-qPCR. In a

murine model of relapsing-CDI, RT-qPCR analyses of sera and

cecal RNA extracts demonstrated suppression of these miRs, an

effect reversed by FMT. In mouse colon and human colonoids, C

difficile toxin B (TcdB) mediated the suppressive effects of CDI

on miRs. CDI dysregulated DROSHA, an effect reversed by FMT.
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Correlation analyses, qPCR ,and 30UTR reporter assays revealed

that miR-23a, miR-150, miR-26b, and miR-28 target directly the

30UTRs of IL12B, IL18, FGF21, and TNFRSF9, respectively. miR-

23a and miR-150 demonstrated cytoprotective effects against

TcdB. CONCLUSIONS: These results provide novel and pro-

vocative evidence that modulation of the gut microbiome via

FMT induces alterations in circulating and intestinal tissue

miRs. These findings contribute to a greater understanding of

the molecular mechanisms underlying FMT and identify new

potential targets for therapeutic intervention in rCDI.

Keywords: Fecal Transplantation; C difficile; microRNA; DROSHA.

F ecal microbiota transplantation (FMT) is a well

established treatment for recurrent Clostridioides

difficile infection (rCDI). Accumulating evidence also sup-

ports FMT as a potential treatment for other disorders

associated with intestinal dysbiosis, including inflammatory

bowel diseases, cancer, metabolic syndrome, and neuro-

psychiatric disorders.1

Despite the effectiveness of FMT in rCDI, its mechanisms

of action remain poorly explored. Current evidence suggests

the success of FMT may be attributed in part to the recon-

stitution of intestinal microbiota, restoration of secondary

bile acid metabolism, and modulation of immune-mediated

inflammatory responses.2,3 We have previously reported

that effective FMT for rCDI is associated with activation of

the bile acid–farnesoid X receptor–fibroblast growth factor

(FGF) pathway and decreased serum C-X-C motif chemokine

11 (CXCL11), interleukin-18 (IL18), tumor necrosis factor

(TNF)–related activation–induced cytokine, IL12B, CXCL6,

and tnf receptor superfamily member 9 (TNFRSF9).4 The

gut microbiota can modify host cell responses to stimuli (eg,

metabolites) through alterations in the host epigenome and,

ultimately, gene expression.5 MicroRNAs (miRNAs) are

thought to be one way in which the gut microbiota com-

municates with the human host. These short noncoding RNA

molecules (containing w22 nucleotides) are expressed as

individual genes or as parts of longer transcripts and are

processed by machinery involving DROSHA and DICER nu-

cleases, which generate the mature miRNAs. Mature miR-

NAs are loaded on Argonaute AGO–containing complexes

and bind to complementary sequences in the 30-untrans-

lated region (30UTR) of messenger RNAs (mRNAs), resulting

in transcript degradation and translational suppression of

target genes.6 Bacterial pathogens clearly alter host miRNA

expression,7 but less is known regarding the effect of

commensal bacteria on the host miRNAome. A recent study

has demonstrated how host fecal miRNAs, normal compo-

nents of feces, can enter certain bacteria (eg, Fusobacterium

nucleatum and Escherichia coli) and regulate bacterial gene

transcription and growth.8 However, the alterations in

circulating miRNAs of rCDI patients undergoing FMT and

the functional effects they may exert on downstream targets

remain unknown.

Herein, we characterize the impact of FMT on circu-

lating miRNA signatures to better understand

immunological mechanisms relevant to FMT in the treat-

ment of rCDI. Our findings suggest a conserved mechanism

involved in regulating host miRNAs by C difficile and

identify new miRNA inflammatory targets in response to

FMT.

Materials and Methods

Participants’ Clinical Data, Sample Collection,

and Storage
Randomly selected rCDI subjects participating in 2 clinical

trials (capsule- vs colonoscopy-delivered FMT9 and fresh vs

frozen enema-delivered FMT10) comprised the discovery and

replication cohorts, respectively. Blood samples were collected

from October 2014 to December 2016 (discovery cohort) and

from July 2012 to September 2014 (replication cohort) and

stored at �80�C. Only sera with sufficient volume were selected

for miRNA analysis. Healthy control subjects (n ¼ 42; mean ±

SD age 53.3 ± 20.7 years; 30 women [71.4%]) were defined as

asymptomatic adults undergoing screening colonoscopy

recruited in Edmonton, Canada. Clinical and demographic in-

formation were collected from medical records. Participant
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baseline characteristics are presented in Table 1. All partici-

pants provided written informed consent under the approvals

granted by the Research Ethics Boards of the University of

Alberta (Pro 1994 and 49006), St. Joseph’s Healthcare (11-

3622), and Hamilton Health Sciences (12-505) in Canada.

Mouse Model of rCDI
A mouse model of rCDI was used to assess miRNA, mRNA,

and protein levels following infection and treatment with FMT,

as described previously.11 Animal work was approved by the

Clemson University Institutional Animal Care and Use Com-

mittee (IACUC). Additional details are available in the

Supplementary Methods. Briefly, 6–8-week-old C57BL/6 mice

were given 0.5 mg/mL cefoperazone (MP Biochemicals; cat. no.

199695) in sterile drinking water (Gibco Laboratories; cat. no.

15230) ad libitum for 5 days (n ¼ 42). Two days after cessation

of antibiotics, the mice received 103 C difficile strain 630 spores

resuspended in 1 mL sterile water, prepped as described

previously (day 0; n ¼ 36).12 A subset of mice were killed 4

days after infection (dpi) to assess miRNA during acute infec-

tion (n ¼ 9). The remainder of the mice received 0.4 mg/mL

vancomycin (Sigma; cat no. V2002) starting at 4 dpi for 5 days

(4–9 dpi) ad libitum in sterile drinking water (n ¼ 27). At 11

dpi, FMT prepped from untreated (n ¼ 8) healthy age-matched

mice (mFMT) was administered via oral gavage to a group of

mice. Each mouse received 100 mL FMT material diluted in

phosphate-buffered saline solution (PBS) (w0.2 g fresh fecal

material in 1.5 mL prereduced PBS, homogenized via mixing

and gravity filtering). One group of mice received all antibiotics

and mFMT but no C difficile inoculum (handling and experi-

mental control; n ¼ 6). The remainder of infected mice (n ¼ 12)

did not receive FMT (noFMT). Fecal sampling was conducted

throughout the experiment, and end point cecal sampling to

assess C difficile load was determined by plating 20 mL of

content from individual samples in 1:10 PBS and serially

diluted on taurocholate cycloserine cefoxitin fructose agar un-

der anaerobic conditions (Coy Laboratory Products, Grass Lake,

Table 1.Participant Baseline Characteristics for the Discovery and Replication Cohorts

Discovery cohort—NCT02254811 Replication cohort—NCT01398969

Capsule

(n ¼ 25)

Colonoscopy

(n ¼ 17) P value

Fresh

(n ¼ 11)

Frozen

(n ¼ 13) P value

Age, y 59.0 ± 19.7) 56.4 ± 8.7 .6624 74.3 ± 14.1 71.6 ± 18.6 .7363

Female 21 (84.0%) 9 (52.9%) .0659 4 (36.4%) 9 (69.2%) .2305

Charlson comorbodity index 3 (2–5) 3 (0–4) .4353

Immunosuppressed patients 2 (8.0%) 3 (17.6%) .6439 3 (27.3%) 1 (7.7%) .4637

Use of immune modulator

Costicosteroid 0 (0%) 1 (5.9%) .8443

Immunosuppresant 1 (4.0%) 1 (5.9%) 1 4 (36.4%) 3 (23.1%) .7926

Biologic 2 (8.0%) 1 (5.9%) 1 5 (45.5%) 4 (30.8%) .751

Body mass index, kg/m2 25.3 ± 6.6 27.0 ± 4.1 .3113

Inpatient status at screening 3 (12%) 0 (0%) .3833 7 (63.6%) 6 (46.2%) .6561

PPI use prior to FMT 4 (16%) 1 (5.9%) .6111 5 45.5%) 5 (38.5%) 1

No. of RCDI episodes before FMT; median 3 (3–4) 3 (3–4) .3893 3 (2.5–4.0) 3 (3–4) .4641

Duration of rCDI before FMT 65 (49–96) 70 (57–135) .2648

No. of CDI-related hospital admissions 1 (0–2) 0 (0–0) .0057

Inflammatory bowel disease

Ulcerative colitis 2 (8.3%) 3 (1.8%) .6439

Crohn’s disease 2 (8.3%) 1 (5.9%) 1 2 (18.2%) 2 (15.4%) 1

Hemoglobin, g/dL 137 (129–144) 138 (132–144) .6079

WBC, 109/L 8 (6.8–8.6) 6.5 (5.1–6.9) .0143 15.30 (8.35–21.70) 8.9 (6.7–12.6) .2212

Albumin, g/L 40.5 (38.8–43.3) 40 (38–42) .5857 31 (28–34) 30 (24–34) .8557

CRP, mg/L 1.9 (0.9–5.8) 6.2 (1.3–10.2) .244

Creatinine (mg/dL) 70 (58.75–76) 70 (59–84) .7404 88 (69.5–127) 85 (64–128) .6849

Values are mean ± SD, n (%), or median (range).
CDI, Clostridioides difficile infection; CRP, C-reactive protein; FMT, fecal microbiota transplantation; PPI, proton pump in-
hibitor; rCDI, recurrent Clostridioides difficile infection; WBC, white blood count.
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MI, USA). The colony-forming units (CFU)/mL content was

determined after overnight incubation at 37�C. Mice were killed

at 21 dpi, and cecal contents, tissue, and serum were flash

frozen in liquid nitrogen and kept at �80�C for downstream

analyses.

Mouse Toxin Challenge Model
The animal protocol was approved by the Vanderbilt Uni-

versity Medical Center IACUC; 6–8-week-old C57BL/6 mice

(Jackson Labs) were observed from arrival to ensure normal

health. Mice were separated into 3 groups (n ¼ 6 per group) to

receive intrarectal instillations of either purified recombinant

whole C difficile toxin B(TcdB), TcdA and TcdB, or Hank’s

Balanced Salt Solution (HBSS) vehicle control, as described

elsewhere.13 Further details on the purification of the toxins are

described in the Supplementary methods. Toxins were derived

from the VPI 10463 C difficile reference strain and prepared as

15 mg in a total volume of 100 mL per instillation. Mice were

anesthetized with isofluorane and confirmed to be sedated by

toe pinch. One mL HBSS was instilled intrarectally to evacuate

stools with a flexible plastic gavage applicator (20 G � 30 mm;

gavageneedle.com). Instillation was performed over 30 seconds

while lightly pinching closed the anus, which was held for an

additional 30 seconds as previously described.13 Mice were

returned to cages to recover. After 2–5 hours, mice were killed

by CO2 inhalation and cervical dislocation. Whole blood was

extracted via cardiac puncture and allowed to clot in RNAse-

free microcentrifuge tubes for 15 minutes at room tempera-

ture before centrifugation for 15 minutes at 1500g at 4�C.

Serum was transferred to a fresh tube and flash frozen in liquid

nitrogen. The colon was isolated and dissected from sur-

rounding visceral tissue. The whole colon was washed in chilled

sterile 1� PBS before portions of the middle and distal colon

were combined and flash frozen for protein and miRNA

analysis.

Treatment of Human Colonoids With C difficile

Toxins
Deidentified human colon tissue was obtained through the

Cooperative Human Tissue Network. On the day of colon

resection surgery, normal marginal colon mucosa was resected

and placed into Dulbecco’s Modified Eagle Medium (DMEM) at

4�C. Within hours, the tissue was prepared into normal human

colonoids with Intesticult Organoid Growth Medium (Stem Cell

Technologies) according to the manufacturer’s protocol

(https://cdn.stemcell.com/media/files/pis/DX21423-PIS_1_0_0

.pdf). Colonoids were suspended in Matrigel matrix (Corning)

with standard growth factor concentration for maintenance and

passage. Matrigel with reduced growth factors was used for

suspending colonoids in the final passage for the experiment.

Eight hours before toxin exposure, organoids were serum

starved with DMEM and no growth serum. Colonoids were

exposed to TcdA (10 pmol/L), TcdB (10 pmol/L), or DMEM

vehicle negative control for either 30 minutes or 6 hours.

Colonoid-containing Matrigel was washed once with 1� PBS

and flash frozen in liquid nitrogen for protein analysis. For

miRNA analysis, colonoids were removed from Matrigel with

the use of Gentle Cell Dissociation Reagent (Stem Cell Tech-

nologies) and resuspended in RNAlater (Invitrogen). Colonoids

in RNAlater were stored at 4�C overnight before freezing

at �80�C.

Serum miRNA Isolation and High-Content

Analysis
Human serum was isolated by centrifugation (2200g for 10

minutes at room temperature) from whole blood and snap-

frozen. RNA was isolated from human and animal serum sam-

ples (200 mL) with the use of the miRNeasy Serum/Plasma Kit

(Qiagen) according to the manufacturer’s instructions. Eluted

RNA from serum samples was further purified and concen-

trated with the use of Amicon Ultra YM-3 columns (3000 kDa

MWCO; Millipore).

For high-content miRNA analysis, RNAs after hybridization

reactions were processed with the use of the nCounter Prep

Station and nCounter Digital Analyzer. miRNA levels (n ¼ 800)

were analyzed with the use of the nSolver software v3.0

(Nanostring Technologies, Seattle, WA, USA). Normalization

was performed with the use of all miRNAs (n ¼ 110) with

coefficients of variation <70%.14

Additional information is available in the Supplementary

Methods.

Statistical Analysis
All statistical analyses were performed in SPSS v24 and R

v3.5.1. Descriptive statistics for participant characteristics at

baseline were reported using mean ± SD and percentages. All

data are expressed as mean and SEM. Systematic within-week

changes for each miRNA were examined using a nonpara-

metric longitudinal method (nparLD in R package) followed by

Wilcoxon signed rank test for pairwise comparisons. The as-

sociation between the metavariables and miRNAs was assessed

by means of Spearman correlation. Heatmaps for capsule and

colonoscopy combined and separately for capsule and colo-

noscopy delivered FMT were generated in the R package

ComplexHeatmap2.15 Normality was checked by means of the

Kolmogorov-Smirnov test. Graph generation, fold changes, and

=

Figure 1. Fecal microbiota transplantation (FMT) in patients with Clostridioides difficile infection regulates the levels of
circulating microRNAs (miRNAs). (A) Heatmap representation of the significantly up-regulated circulating miRNAs 4 and 12
weeks after FMT treatment compared with the screening time point (n ¼ 42), as assessed with the nCounter Nanostring
platform. (B) Representative box plots depicting the miRNAs with highest levels of detection. Box plots denote mean %
change ± SEM, inner boxes represent mean, and error bars represent 95% confidence intervals (CIs). Statistical significance of
FMT effect on circulating miRNAs was determined by nonparametric longitudinal method followed by Wilcoxon signed-rank
test for pairwise comparisons. **P < 0.01; ***P < 0.001. (C) The overlapping top 3 miRNA-regulated pathways, as assessed
with the Metacore network analysis software. (D) Validation of the top 6 up-regulated miRNAs in the replication cohort 2 and 4
weeks after FMT as assessed with reverse-transcription quantitative polymerase chain reaction (RT-qPCR). Fold changes and
statistical significance in circulating levels of miRNAs were determined with OriginPro and Wilcoxon matched-pairs signed
rank test. ***P < 0.001.
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statistical significance in levels of circulating miRNAs were

assessed with the use of quantitative polymerase chain reaction

(qPCR) by means of OriginPro and Wilcoxon matched-pairs

signed rank test. Significance differences were considered

when *P < 0.05; **P < 0.01; ***P < 0.001.

Results

FMT Modifies Circulating miRNAs in rCDI

Patients
For miRNA profiling, we first analyzed serum samples

derived from the discovery cohort.9 Table 1 describes pa-

tient baseline characteristics. Sera obtained at screening and

4 and 12 weeks after FMT from 42 participants who ach-

ieved a clinical cure after FMT were subjected to miRNA

analysis using the Nanostring nCounter platform. miRNA

profiling of 126 samples revealed the significant up-

regulation of 64 circulating miRNAs 4 and 12 weeks after

FMT compared with screening (Figure 1A). The miRNAs

with the highest levels detected are depicted in Figure 1B.

Similar changes in miRNA levels were detected in recipients

of either by-capsule or colonoscopic FMT (Supplementary

Figure 1). Pathway enrichment analysis identified overlaps

between the top 3 miRNA-regulated pathways, B-cell lym-

phoma 2, Runt-related transcription factor 2 (linked to nu-

clear factor kB inhibitor b), and phosphoinositide 3-kinase

(regulatory class 1A p55-g), linking inflammatory signaling

to immune cell survival and differentiation (Figure 1C).

Pathway analysis also uncovered commonalities with other

diseases (eg, inflammatory bowel disease and multiple

sclerosis) and cell functions such as apoptosis

(Supplementary Figures 2 and 3).

We next sought to validate our discovery cohort results.

For the replication cohort, we assessed 24 patients at 3 time

points: screening and 2 and 4 weeks after FMT.10 Table 1

describes patient baseline characteristics. The top 6 up-

regulated miRNAs from the discovery cohort analysis

(Figure 1B) were selected for reverse-transcription (RT)

qPCR validation in our replication cohort. Individual miR-

NAs were found to be up-regulated in 78%–94% of samples

analyzed, with the average changes ranging from 3- to 12-

fold (Figure 1D).

FMT Modifies Intestinal Tissue miRNAs in a

Mouse Model of rCDI
The concerted increase of circulating miRNAs by FMT

suggests that C difficile–associated dysbiosis may regulate

miRNAs through a conserved mechanism. We tested this

hypothesis with the use of a mouse model of rCDI.8 Animals

pretreated with cefoperazone received 103 C difficile spores,

and at 4 dpi were exposed to vancomycin. At 11 dpi, a group

of mice received fresh FMT derived from healthy mice. Sera

collected 21 dpi were subjected to RT-qPCR. Parallel to what

we found in rCDI patients, the same top 5 miRNAs (miR-

4454 has not been characterized in mice) and in addition 2

potentially functional miRNAs were up-regulated after FMT.

C difficile recurrence (Supplementary Figure 4) resulted in

down-regulation of the tested circulating miRNAs in mice

(Figure 2A) concomitant with a decrease in animal body

weight (Supplementary Figure 5). To examine the time

dependence of miRNA regulation by CDI, we assessed

miRNA levels during the acute phase of infection (4 dpi).

RT-qPCR analysis revealed that the suppression of circu-

lating host miRNAs may be an early sign of CDI

(Supplementary Figure 6). Importantly, the inhibitory ef-

fects of rCDI on miRNA levels was reversed 10 days after

FMT (Figure 2A).

We next tested whether the circulating miRNA changes

reflect the effects of rCDI on colonic tissue. RNA extracts

from the ceca were analyzed by means of RT-qPCR. Our

results showed that tissue miRNA levels altered similarly to

circulating miRNAs (Figure 2B). Comparisons of the changes

of individual miRNA levels in matched tissue and serum

samples, from all animals, showed significant and positive

correlation between circulating and ceca-expressed miRNAs

(Supplementary Figure 7). This supports the notion that

alterations in circulating miRNAs may be originating from

colonic tissues. Furthermore, we found even stronger posi-

tive correlation between matched colonic and circulating

miRNAs derived from an 84-year-old male patient with

fulminant CDI treated with FMT by colonoscopy

(Supplementary Figure 8). In mice, tissue miRNA levels

down-regulated by rCDI reached statistical significance in

the early phase of infection (Supplementary Figure 9) and

FMT up-regulated the tissue miRNAs, coinciding with the

reduction of C difficile load (Supplementary Figure 4) and

the recovery of animal body weight (Supplementary

Figure 5).

Toxin B Suppresses miRNAs in the Intestinal

Mucosa
C difficile pathogenicity is primarily mediated by exo-

toxins that induce cell death. We investigated the effects of

purified TcdA and TcdB on host miRNA regulation. Mice

were treated by intrarectal instillation with a combination

of TcdB and TcdA, TcdB alone (15 mg), or vehicle (HBSS),

and colonic tissues and sera were collected 2–5 hours after

instillation. RT-qPCR analysis of serum RNA extracts

showed that the toxins had no effect on circulating miRNAs

(Supplementary Figure 10). However, expression of the

same miRNAs was suppressed in colonic tissues of C

difficile–infected mice. Notably, TcdB alone suppressed

miRNA levels, an effect enhanced by its combination with

TcdA (Figure 3A). The discrepancy between circulating and

tissue miRNAs in this model suggests that the impact of the

toxins is luminally confined and may not lead to changes in

circulating miRNA levels owing to local and time-restricted

exposure of animals to toxins at early time points (2–5

hours).

The above findings suggest the effect of CDI on miRNA

regulation is mediated by the direct effect of TcdA and/or

TcdB on colonic epithelial cells and the observed alterations

in circulating miRNAs in FMT-treated patients may result

from changes at the tissue level. To test this hypothesis, we

exposed normal human colon organoids (colonoids) to TcdA

or TcdB and analyzed miRNA expression. Colonoids from
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freshly isolated human colon mucosa were treated with

TcdA (10 pmol/L), TcdB (10 pmol/L), or vehicle (DMEM),

and cell extracts were obtained 30 minutes and 6 hours

later. RT-qPCR analysis showed that 30 minutes after

exposure to TcdB, all miRNAs studied were reduced

(Figure 3B), an effect sustained for 6 hours (Figure 3C).

These results show that miRNA suppression in CDI is

attributed to the activity of TcdB and further support the

Figure 2. FMT reverses the effects of C difficile on circulating and tissue miRNAs in a mouse model of recurrent C difficile
infection (CDI). Box plots depicting the changes in miRNA levels in (A) sera and (B) ceca from animals treated with FMT,
infected with C difficile (CDI), and infected with C difficile and treated with FMT (CDIþFMT) compared with FMT donors. Box
plots denote mean % change ± SEM, inner boxes represent mean, and error bars represent 95% CIs. miRNA levels were
assessed with RT-qPCR and normalized against (A) RNU1A1 and cel-miR-39 (spike-in) or (B) RNU5G and 5S rRNA, and
compared with control (donor) samples set as 100%. Statistical significance was determined by Student t test. Compared with
donor: *P < 0.05; **P < 0.01; ***P < 0.001. Compared with CDI: #P < 0.05; ##P < 0.01; ###P < 0.001. Other abbreviations as
in Figure 1.
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hypothesis that FMT-mediated up-regulation of circulating

miRNAs is driven, at least in part, at the epithelial level.

FMT Counteracts C difficile Effects on miRNA

Biogenesis
The evidence collectively show that the miRNAs stud-

ied adhere to a common mode of regulation, although they

are encoded by different genes and controlled by different

mechanisms at the level of transcription. In fact, the

miRNAs studied are located in different chromosomes, are

intragenic (exonic or intronic) or intergenic, and their

expression is under the control of distinct regulatory el-

ements. Therefore, their regulation may be the result of a

universal mechanism. Following transcription, miRNA

maturation is a process shared by most miRNAs, and their

concerted up-regulation by FMT suggests that miRNA

processing may be affected by C difficile–associated dys-

biosis. Therefore, we analyzed the effects of C difficile and

FMT on the expression of enzymes playing a central role in

miRNA biogenesis (DROSHA, DICER1, AGO2). RT-qPCR

analysis of cecal RNA extracts from rCDI mice suggested

that CDI suppresses Drosha expression by 50% (Figure 4A,

left), with minor changes on Dicer1 and Ago2 mRNA levels

(Supplementary Figure 11). A more pronounced effect

(>80% decrease) on Drosha expression was evident at the

protein level (Figure 4A, right). Importantly, the effects on

both Drosha mRNA and protein were reversed by FMT

(Figure 4A). Similarly, in colonic tissues of mice treated

with exotoxins, Drosha mRNA levels dropped by 40%

(Figure 4B). In human colonoids, TcdB showed small but

significant effects on DROSHA mRNA (Figure 4C, left),

while Western blot analysis revealed a robust decrease

(>60%) in protein levels (Figure 4C, right).

To investigate the role of drosha suppression in medi-

ating the CDI effects on the regulation of miRNA levels, we

knocked down drosha in colonic epithelial cells (NCM356)

by means of small interfering RNA. We verified that the

knockdown of drosha mimics the effects of TcdB on drosha

protein levels in these cells (Figure 4D). RNA extracts from

these cells were subjected to RT-qPCR for the levels of the

primary transcripts (pri-miRNAs) and the mature forms of 3

different miRNAs, known to be transcriptionally regulated

by distinct mechanisms.16�18 The results showed that on

DROSHA inhibition, the levels of the pri-miRNAs (Figure 4E,

top) are increased with the concurrent and significant

decrease in mature miRNA levels (Supplementary

Figure 12). We then measured the levels of these pri-

miRNAs in colonoids treated with TcdB. In the same line,

we found that although the mature miRNAs are suppressed

by TcdB (Figure 3), the levels of the respective pri-miRNAs

are increased (Figure 4E, bottom).

Combined, these data suggest that drosha expression is

decreased in response to CDI, a phenomenon regulated at

both the transcriptional and post-transcriptional level.

Furthermore, they attribute the concerted changes in

miRNA levels to the dysregulation of miRNA biogenesis

machinery (proposed model shown in Figure 4E) by rCDI

and its recovery by FMT treatment.

FMT-Regulated miRNAs Possess Functional

Properties
We next investigated the downstream effects of FMT-

regulated circulating miRNAs in our rCDI patient cohorts

compared with healthy control subjects. We assessed miR-

NAs predicted to target specific chemokines and cytokines,

which we previously found to be down-regulated by FMT.4

Based on TargetScan prediction analyses we found that the

levels of 6 miRNAs in FMT-treated rCDI patients inversely

correlate with the serum levels of FGF21, IL12B, IL18, and

TNFRSF9 proteins (Supplementary Figure 13). miR-23a,

miR-26b and miR-130a are predicted to target the 30UTR

of FGF21 mRNA, miR-23a is predicted to target the 30UTR of

IL12B, and miR-150 the 30UTR of IL18, whereas miR-20a

and miR-28 are the 30UTR of TNFRSF9. Overexpression of

these miRNAs in colonic epithelial cells showed that miR-

26b, miR-23a, miR-150, and miR-130a suppress the mRNA

levels of FGF21, IL12B, IL18, and TNFRSF9, respectively

(Figure 5A). These findings were further validated by 30UTR

reporter assays, where mutations in their target sequences

within the 30UTRs reversed their suppressive effects

(Figure 5B), suggesting that the 4 miRNAs directly target

these mRNAs.

In addition to the changes observed for these miRNAs in

the mouse model of rCDI human colonoids (Figure 2), in

mouse colonic tissues treated with TcdB (Figure 3), and in

FMT-treated rCDI patients (Figure 1A), we found that rCDI

decreases the levels of these 4 miRNAs in sera compared

with healthy control samples (Figure 5C). The use of miRNA

inhibitors against miR-26b and miR-150, in peripheral blood

mononuclear cells derived 4 weeks after FMT treatment,

partly (FGF21) or completely (IL18) reversed the effect of

FMT on their expression, suggesting a functional role for

these 2 miRNAs in FMT therapy (Supplementary Figure 14).

Pretreatment of colonic epithelial cells with these cytokines

revealed that though FGF21, IL12B, and TNFRSF9 had no

effects (Supplementary Figure 15), IL18 sensitizes cells to

=

Figure 3. Down-regulation of miRNAs in mouse colonic tissues and human colonoids treated with C difficile toxins (Tcds). (A)
Box plots depicting the changes in miRNA levels in colonic tissues from animals treated with TcdB and combination of TcdA
with TcdB, compared with HBSS-treated control animals (Vehicle). Box plots denote mean % change ± SEM, inner boxes
represent mean, and error bars represent 95% CIs. miRNA levels were assessed with RT-qPCR, normalized against RNU5G
and 5S rRNA, and compared with control samples (Vehicle) set as 100%. Changes in miRNA levels after (B) 30 minutes and (C)
6 hours in colonoids treated with TcdA or TcdB, compared with DMEM-treated control samples (Vehicle). miRNA levels
assessed with RT-qPCR were normalized against RNU1A1 and 5S rRNA and expressed as mean ± SEM compared with
control samples set as 1. Statistical significance was determined by Student t test. *P < 0.05; **P < 0.01; ***P < 0.001. HBSS,
Hank’s Balanced Salt Solution; other abbreviations as in Figure 1.
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TcdB but not TcdA (Figure 5D), an effect validated in a

second mucosal cell line (Figure 5E). The identified miRNA-

target interactions provide novel links between inflamma-

tion and metabolism (Supplementary Figure 16).

FMT-Regulated miRNAs Modulate Susceptibility

to C difficile Toxin Effects
We next examined whether miRNAs up-regulated by

FMT can affect the colonic epithelial response to C difficile
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toxins. First, we tested the effect of miRNA up-regulation,

alone or in combination with TcdB, on cell survival. The

results showed that individual miRNAs had minor effects on

TcdB cytotoxicity. However, combination of miR-23a-3p and

miR-150-5p significantly increased cell survival (Figure 6A).

A live-cell analysis assay verified the above findings

(Supplementary Figure 17) and suggested that miR-23a-3p

and miR-150-5p alone (Supplementary Figure 18) or in

combination confer a growth advantage to cells treated with

TcdB (Figure 6B). In accordance, the viability of a second

mucosal cell line exposed to TcdB was significantly

increased by the combined overexpression of miR-23a-3p

and miR-150-5p (Figure 6C).

Although miR-23a-3p and miR-150-5p had minor effect

on the early TcdB-mediated cytotoxicity, they promoted cell

survival (Supplementary Figure 19). Using a real-time cas-

pase-3/7 detection assay, we found that TcdB induces cell

apoptosis in a dose-dependent manner (Supplementary

Figure 20); miR-23a-3p and miR-150-5p had additive ef-

fects in reducing susceptibility to TcdB-induced apoptosis

over time (Figure 6D). A major cytopathic effect attributed

to TcdB is the induction of cell morphologic and cytoskel-

eton changes, which can be visualized by staining colonic

epithelial cells with fluorescence-conjugated phalloidin.

Using this method, we observed major morphologic changes

to epithelial cells, such as loss of actin stress fibers, spindle-

like formation, and cell rounding, when exposed to both

TcdA and TcdB. Quantification of the ratio of rounded and

spindle-like cells revealed that TcdB-induced cytopathic ef-

fects were significantly counteracted by the overexpression

of miR-23a-3p and miR-150-5p (Figure 6E and

Supplementary Figure 21).

Discussion
This is the first study to examine the effects of FMT for

rCDI on miRNA signatures. Our findings in a clinical rCDI

cohort demonstrate the concerted regulation of miRNA

expression by FMT. Validating these observations in a

mouse model of rCDI and organoids, we provide evidence

that miRNA processing in colonic epithelial cells is directly

altered by C difficile toxins and may be affected by C

difficile–associated dysbiosis. Conditional knockout of the

miRNA-processing enzyme Dicer in murine intestinal

epithelial cells, which secrete fecal miRNAs, has been

shown to modulate the gut microbiota and exacerbate

colitis. This phenotype can be rescued via wild-type fecal

transplantation.8 From this observation, we hypothesized

that colitis due to CDI can suppress circulating miRNAs,

which can be restored by FMT. In support of our hy-

pothesis, predominant suppression of miRNAs was

observed in 2 independent cohorts of rCDI patients but

was differentiated from observed miRNA suppression in

other colitis patient cohorts, such as in patients with

chronic inflammatory bowel diseases (ulcerative colitis14

and Crohn’s disease19) and associated colorectal can-

cer.20 For example, miR-30 family members are up-

regulated in both ulcerative colitis and Crohn’s disease,

but suppressed in rCDI, although miR-23a-3p is up-

regulated only in ulcerative colitis and down-regulated

in rCDI. These differences may be leveraged for future

diagnostic purposes and could help identify patients with

inflammatory bowel disease who can benefit from bio-

therapeutic products such as FMT, which currently

demonstrate variable efficacy compared with patients

with CDI.

The miRNA signature in the mouse models suggest that

changes in circulating miRNAs reflect alterations in the

intestinal epithelial cells. Importantly, the effects of C

difficile infection on miRNA levels are reversed in both

sera and tissues after FMT, paralleling the post-FMT

serum miRNA changes observed in patients with CDI af-

ter FMT. TcdA and TcdB have been causally linked to the

pathogenetic mechanisms of CDI.21 At the cellular level,

toxins induce cytoskeleton reorganization and tight junc-

tion disruption resulting in cell rounding and cell death.22

Here, we show that TcdB suppresses key inflammation-

related miRNAs in murine intestinal tissues and human

colonoids. Moreover, we identify 2 miRNAs up-regulated

by FMT, miR-23a and miR-150, which exert cytopro-

tective effects against TcdB. Interestingly, we found that

IL18, previously shown to contribute to mucosal dam-

age,23 sensitizes colonic epithelial cells to TcdB. In addi-

tion, we show that IL18 is a direct target of miR-150,

suggesting a new mechanism by which FMT may coun-

teract C difficile–induced epithelial disruption. Additional

miRNA-regulated cytokines may be involved in the regu-

lation of anti-inflammatory effects of FMT. We found that

=

Figure 4. C difficile infection suppresses DROSHA expression and miRNA processing. (A) Drosha mRNA and protein levels in
ceca from animals treated with FMT, infected with C difficile (CDI), infected with C difficile and treated with FMT (CDIþFMT),
compared with FMT donors. (B) Drosha mRNA levels in colonic tissues from animals treated with TcdB or combination of TcdA
with TcdB, compared with control samples (Vehicle). (C) Drosha mRNA and protein levels in colonoids treated with TcdA or
TcdB, compared with DMEM-treated control subjects (Vehicle). (D) DROSHA protein levels in NCM356 colonic epithelial cells
on knockdown of DROSHA by means of short interfering (si) RNA (left) and treated with TcdB (right), compared with non-
targeting siRNA (siControl) and DMEM-treated control samples (Vehicle), respectively. (E) Primary (pri) miRNA transcript levels
in NCM356 cells on knockdown of DROSHA (top) and in colonoids treated with TcdA or TcdB bottom), compared with
nontargeting siRNA (siControl) and DMEM-treated control samples (Vehicle), respectively. mRNA and pri-miRNA levels
assessed with RT-qPCR were normalized against b-Actin and GAPDH and expressed as mean ± SEM compared with control
samples set as 1. DROSHA protein levels were assessed with immunoblot analysis. alpha-Tubulin was used as the loading
control. Bottom right: schematic representation of the proposed model of miRNA regulation by CDI. Statistical significance
was determined by Student t test. *P < 0.05; **P < 0.01; compared with CDI: #P < 0.01. DMEM, Dulbecco’s Modified Eagle
Medium; other abbreviations as in Figure 1.
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miR-23a targets IL12B, an essential activator of TH1-cell

development, associated with CDI recurrence.24 Collec-

tively, these data support a role for miRNAs suppressed by

toxins as a new pathogenic mechanism for CDI. We pro-

pose that the restoration of these miRNAs by FMT con-

tributes to the protection of epithelial barrier integrity.

Changes in circulating miRNAs may also contribute to

extracolonic manifestations of CDI including cardiac, renal,

and neurologic impairment.22

Our analyses of the miRNA biogenesis machinery illus-

trate that down-regulation of miRNAs is likely through the

suppression of DROSHA by CDI/TcdB and is restored

following FMT. Inhibition of DROSHA results in defective

miRNA processing with accumulation of pri-miRNAs. Our

findings suggest the biphasic regulation of the micropro-

cessor by CDI. The temporal effect of TcdB suggests that

early miRNA regulation is attributed to a nontranscriptional

mechanism. In fact, DROSHA protein is reduced in response

to TcdB before its mRNA levels are suppressed. Different

types of stress have been associated with the stability of

DROSHA protein. Under oxidative stress, DROSHA is phos-

phorylated by p38 MAPK at the N-terminus. This results in

disruption of its interaction with DGSCR8, relocation to the

cytoplasm, and protein degradation.25 Indeed, the cytotoxic

effect of TcdB has been shown to depend on assembly of the

host epithelial cell NADPH oxidase complex and the pro-

duction of reactive oxygen species.26 Other metabolic inputs

may be involved. The mammalian Target of Rapamycin

nutrient/amino acid sensor activates MDM2, which cata-

lyzes DROSHA ubiquitination, marking it for degradation.27

The long-term suppression of both DROSHA mRNA and

protein may involve a gene transcription regulatory mech-

anism. The transcription factor c-MYC activates DROSHA

gene and up-regulates DROSHA protein,28 and is under the

control of the WNT/b-catenin pathway, which is suppressed

by both toxins.29,30

The regulation of miRNA levels by C difficile may not

rely solely on the effects of toxins on mucosal cells.

miRNA suppression, mediated by surface layer proteins

of specific C difficile ribotypes, has been proposed to

attenuate the host’s immune response, resulting in a

more persistent infection in mice.31 Interestingly, the

suppression of circulating miRNAs on depletion of regu-

latory T cells (Tregs), reported in mouse models of

autoimmune diseases,32 suggests potential links between

Treg function, CDI, miRNAs, and FMT. Recent experi-

mental evidence has linked the effectiveness of FMT for

colitis with the induction of IL10 and Transforming

Growth Factor b, cytokines critical for Treg accumulation

in the intestine.33 Whether FMT-directed immunosup-

pression aids in the recovery from C difficile requires

further investigation.3

Intriguingly, in C difficile–naïve animals treated with

FMT we observed a trend toward higher Drosha and Dicer

mRNA levels and alterations in the miRNA profiles. These

control animals were conditioned with cefoperazone (an

antibiotic against both gram-positive cocci and gram-

negative bacteria) to facilitate C difficile colonization. This

observation proposes that host-microbe interactions regu-

late the host miRNA biogenesis machinery, which in turn

may affect directly or indirectly, through the immune

response, gut microbiota composition.

Conclusion
We here reported changes in circulating and colonic

miRNAs in the context of FMT for rCDI, validating our ob-

servations across 2 independent randomized trials. Using 2

different animal models and human colonoids and colonic

epithelial cells, we substantiated that C difficile highjacks

miRNA biogenesis and showed how miRNA restoration

contributes to the therapeutic effects of FMT. Our findings

strongly support the need for further mapping of the epi-

transcriptomic changes associated with FMT. While our data

in rCDI mice suggest that TcdB affects Drosha rather than

Dicer1 or Ago2 expression, studies with conditional

knockout mice of the miRNA-processing machinery, such as

Dicer or Drosha, may reveal additional molecular mecha-

nisms or metabolic pathways affected by CDI-induced

colitis.

Together, these results provide novel and provocative

evidence that modulation of the gut microbiome via FMT

=

Figure 5. Effects of FMT-regulated miRNAs on circulating proteins in patients with CDI. (A) Effects of miR-26b-5p, miR-23a-3p,
miR-150-5p, andmiR-28-5p overexpression on the levels of FGF21, IL12B, IL18, and TNFRSF9mRNAs, respectively, in colonic
epithelial cells.Gene expressiondata normalized againstb-Actin andGAPDHare expressed asmean±SEMcomparedwithmiR-
C–transfected cells set as 1. (B) Effects ofmiR-26b-5p,miR-23a-3p,miR-150-5p, andmiR-28-5p on the activity of FGF21, IL12B,
IL18, and TNFRSF9 mRNA 30UTRs, as assessed with luciferase reporter assays. 30UTR sequences were cloned in a reporter
vector downstream of the Renilla Luciferase gene. The reporter vector was transfected in colonic epithelial cells and luciferase
activity wasmeasured 24 hours after the overexpression of the respectivemiRNAs in the same cells. Direct targeting of the 30UTR
by the miRNA was validated with assays using deletion mutants (DMs) of the respective miRNA target sequences. Renilla
Luciferase activity was normalized against the activity of the Firefly Luciferase gene expressed by the same vector. miR-C (cel-
miR-39–3p), a nontargeting miRNA, was used as negative control. (C) CDI effect on the levels of circulating miR-26b-5p, miR-
23a-3p,miR-150-5p, andmiR-28-5p in patients. The levels of serummiRNAs inCdifficile patients comparedwith healthy control
subjects (n ¼ 42), as assessed with the nCounter Nanostring platform. Box plots denote mean % change ± SEM, inner boxes
represent mean, and error bars represent 95% CIs. (D) Effects of IL18 on toxin-mediated cell growth inhibition. NCM356 cell
growth was monitored in real time as % of confluence (IncuCyte). (E) Effects of il18 on TcdB-mediated cell growth inhibition.
NCM460 cell survival was assessed by measuring metabolically active cells (Cell-Titer Glo) and expressed as mean ± SEM
compared with untreated cells set as 100%. Statistical significance was determined by Student t test. Compared with miR-C (A
and B), healthy control samples (C), and TcdB alone (D and E): *P < 0.05; **P < 0.01; ***P < 0.001. Compared with wild-type
30UTRs: ##P < 0.01; ###P < 0.001. UTR, untranslated region; other abbreviations as in Figures 1 and 2.
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induces changes in circulating miRNAs, and that a subset of

these miRNAs down-regulates inflammatory protein

expression and protects epithelial cells. These findings add

new insight into the molecular mechanisms underlying C

difficile pathogenesis and FMT and identify new potential

targets for therapeutic intervention.

Supplementary Material

Note: To access the supplementary material accompanying

this article, visit the online version of Gastroenterology at

www.gastrojournal.org, and at https://doi.org/10.1053/

j.gastro.2021.03.050.

Figure 6. Functional effects of FMT-regulated miRNAs on colonic epithelial cells. (A) Effects of FMT-regulated miRNA over-
expression on TcdB-mediated cell growth inhibition. NCM356 cell survival was assessed by measuring metabolically active
cells (Cell-Titer Glo) and expressed as mean ± SEM compared with miR-C transfected cells set as 100%. (B) Effects of miR-
23a-3p and miR-150-5p overexpression on TcdB-mediated NCM356 cell growth inhibition. Cells were monitored in real time
as % of confluence (IncuCyte). (C) Effects of miR-23a-3p and miR-150-5p overexpression on TcdB-mediated NCM460 cell
growth inhibition. Cell survival was assessed by measuring metabolically active cells (Cell-Titer Glo) and expressed as mean ±

SEM compared with miR-C transfected cells set as 100%. (D) Effects of miR-23a-3p and miR-150-5p overexpression on
TcdB-induced cell apoptosis. NCM356 cell apoptosis was monitored in real time as activated caspase3/7 fluorescence
(IncuCyte). (E) Effects of miR-23a-3p and miR-150-5p overexpression on TcdB-mediated cytoskeleton rearrangements.
NCM356 cytoskeleton organization was studied by fluorescence microscopy after phalloidin staining. miR-C (cel-miR-39–3p),
a nontargeting miRNA, was used as negative control. Statistical significance was determined by Student t test. *P < 0.05; **P
< 0.01. Abbreviations as in Figures 1 and 2
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Qiaoyi Liang,1,2,* Xiaotian Yao,3,* Senwei Tang,3 Jingwan Zhang,1,2 Tung On Yau,1,2

Xiaoxing Li,1,2 Ceen-Ming Tang,4 Wei Kang,5 Raymond W. M. Lung,5 Jing Woei Li,6

Ting Fung Chan,6 Rui Xing,7 Youyong Lu,7 Kwok Wai Lo,5 Nathalie Wong,5 Ka Fai To,5

Chang Yu,3 Francis K. L. Chan,1,2 Joseph J. Y. Sung,1,2 and Jun Yu1,2

1Institute of Digestive Disease and Department of Medicine and Therapeutics, State Key Laboratory of Digestive Disease, Li Ka
Shing Institute of Health Sciences, 5Department of Anatomical and Cellular Pathology, 6School of Life Sciences, Hong Kong
Bioinformatics Centre, The Chinese University of Hong Kong, Hong Kong, China; 2The Chinese University of Hong Kong
Shenzhen Research Institute, Shenzhen, China; 3BGI-Shenzhen, Shenzhen, China; 4Department of Pharmacology, University of
Oxford, Oxford, United Kingdom; 7Laboratory of Molecular Oncology, Key Laboratory of Carcinogenesis and Translational
Research (Ministry of Education), Peking University Cancer Hospital/Institute, Beijing, China

BACKGROUND & AIMS: The mechanisms by which

Epstein–Barr virus (EBV) contributes to the development of

gastric cancer are unclear. We investigated EBV-associated

genomic and epigenomic variations in gastric cancer cells

and tumors. METHODS: We performed whole-genome, tran-

scriptome, and epigenome sequence analyses of a gastric

adenocarcinoma cell line (AGS cells), before and after EBV

infection. We then looked for alterations in gastric tumor

samples, with (n ¼ 34) or without (n ¼ 100) EBV infection,

collected from patients at the Prince of Wales Hospital, Chi-

nese University of Hong Kong (from 1998 through 2004), or

the First Affiliated Hospital of Sun Yat-sen University,

Guangzhou, China (from 1999 through 2006). RESULTS:

Transcriptome analysis showed that infected cells expressed

9 EBV genes previously detected in EBV-associated gastric

tumors and 71 EBV genes not previously reported in gastric

tumors. Ten viral genes that had not been reported previously

in gastric cancer but were expressed most highly in EBV-

infected cells also were expressed in primary EBV-positive

gastric tumors. Whole-genome sequence analysis identified

45 EBV-associated nonsynonymous mutations. These muta-

tions, in genes such as AKT2, CCNA1, MAP3K4, and TGFBR1,

were associated significantly with EBV-positive gastric tumors,

compared with EBV-negative tumors. An activating mutation

in AKT2 was associated with reduced survival times of patients

with EBV-positive gastric cancer (P ¼ .006); this mutation was

found to dysregulate mitogen-activated protein kinase

signaling. Integrated epigenome and transcriptome analyses

identified 216 genes transcriptionally down-regulated by EBV-

associated hypermethylation; methylation of ACSS1, FAM3B,

IHH, and TRABD increased significantly in EBV-positive tu-

mors. Overexpression of Indian hedgehog (IHH) and TraB

domain containing (TRABD) increased proliferation and colony

formation of gastric cancer cells, whereas knockdown of these

genes reduced these activities. We found 5 signaling pathways

(axon guidance, focal adhesion formation, interactions among

cytokines and receptors, mitogen-activated protein kinase

signaling, and actin cytoskeleton regulation) to be affected

commonly by EBV-associated genomic and epigenomic alter-

ations. CONCLUSIONS: By using genomic, transcriptome, and

epigenomic comparisons of EBV infected vs noninfected

gastric cancer cells and tumor samples, we identified alter-

ations in genes, gene expression, and methylation that affect

different signaling networks. These might be involved in EBV-

associated gastric carcinogenesis.

Keywords: Genome Sequencing; Transcriptome; Methylation;

AKT2.

Epstein–Barr virus (EBV) is a human herpes virus

that infects more than 90% of the world population

before adolescence. This oncogenic virus has been identified

in epithelial malignancies including gastric cancer.1 EBV-

associated gastric cancer accounts for 8%–10% of all

gastric cancer cases and is estimated to occur in more than

90,000 patients annually.2 EBV-associated (EBV(þ)) gastric

cancer represents a distinct subtype of gastric cancer, with

unique clinicopathologic features as compared with EBV-

negative (EBV(-)) gastric cancer. However, the molecular

genetic changes that account for the malignant behavior of

EBV-associated gastric cancer remain largely unclear.

Clonal EBV is present in nearly all neoplastic cells and

thus suggests a causal role in gastric carcinogenesis. In

healthy individuals, EBV infection of gastric epithelial cells is

a rare event. Even if EBV infects gastric epithelial cells, EBV

usually is cytotoxic and induces cell death. However, once

triggered, EBV infection will evolve into a persistent latent

infection, which initiates progression into gastric cancer.

Previous studies on EBV-associated gastric cancer by us3

*Authors share co-first authorship.

Abbreviations used in this paper: AGS-hygro, AGS cells with hygro vector
producing hygromycin-resistance; AP-1, activator protein-1; 5-Aza,
5-Aza-2’deoxycytidine; CCNA1, cyclin A1; DNMT, DNA methyltransferase;
ERK, extracellular signal–regulated kinase; EBV, Epstein–Barr virus;
EBV(-), Epstein–Barr virus negative; EBV(D), Epstein–Barr virus positive;
LMP2A, latent membrane protein 2A; MAPK, mitogen-activated protein
kinase; p-AKT, phosphorylated AKT; qPCR, quantitative polymerase chain
reaction; RPKM, reads per kilobase per million; RT, reverse transcription;
SNV, single-nucleotide variant; indel, small insertion and deletion; SV,
structural variation; TGFBR1, transforming growth factor b receptor 1.
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and others4 have focused mostly on aberrant host gene

methylation, which is a consequence of increased activity of

DNA methyltransferases caused by EBV gene expression

such as latent membrane protein 2A (LMP2A). Other studies

also have investigated host genetic abnormalities including

gene mutation,5 microsatellite instability,6 and cytogenetics7

in EBV-associated gastric cancer. These findings collectively

infer that EBV infection affects host cells at both epigenomic

and genomic levels during gastric carcinogenesis.

However, systematic and integrative analyses concerning

the impact of EBV on host cell alterations have not been per-

formed to date. The AGS–EBV cell model with stable EBV

infection has been applied successfully to study the effects of

EBV infection in gastric cancer by us3,8 and others.9,10 Suc-

cessful identification of EBV-associated methylated genes in

gastric cancer using the AGS–EBV cell model highlights the

feasibility of studying EBV-associated aberrations in gastric

cancer using this cell model. The purpose of this study was to

systematically elucidate the molecular genetic characteristics

of EBV-associated gastric cancer by cataloguing the genomic

and epigenomic alterations detected by whole-genome se-

quencing, transcriptome sequencing, and epigenome analysis

in AGS–EBV cells as comparedwith the parental EBV-negative

AGS cells, with an emphasis on identifying EBV-associated

genomic/epigenomic events and aberrant molecular path-

ways. The identified important molecular abnormalities were

verified further in primary EBV(þ) gastric cancers.

Materials and Methods

AGS–EBV Cell Model
The AGS–EBV cell model stably infected with a recombinant

EBV strain (added with a hygromycin-resistance gene for se-

lective maintenance of EBV-positive cells during culture) was a

gift from Dr Shannon C. Kenney (University of Wisconsin School

of Medicine and Public Health).3 The uninfected AGS cells, and

AGS cells stably transfected with the empty pRI-GFP/Hygro

vector producing hygromycin-resistance (AGS-hygro), were

used as controls in this study.

Human Gastric Samples
Gastric cancer samples were collected in the Prince of

Wales Hospital, The Chinese University of Hong Kong from

1998 to 2004, and the First Affiliated Hospital of Sun Yat-sen

University in Guangzhou from 1999 to 2006. The presence of

EBV was determined by in situ hybridization analysis of EBV-

encoded small RNA, and quantitative polymerase chain reac-

tion (qPCR) examination of BamH1W and EBNA1 regions at the

DNA level as described previously.1 Gastric cancer samples

with positive results for both in situ hybridization and qPCR

examination were considered EBV-positive (n ¼ 34), whereas

those with negative results for both were considered EBV-

negative (n ¼ 100). Informed consent was provided by all

participants, and this study was approved by both the ethics

committee of the Chinese University of Hong Kong and the

Clinical Research Ethics Committee of Sun Yat-sen University.

Other details and additional experimental procedures are

provided in the Supplementary Materials and Methods.

Results

EBV Copies and Viral Gene Expression in

AGS–EBV Shown by Whole Genome and

Transcriptome Sequencing
Whole-genome sequencing reads were mapped to both

the human reference genome (UCSC hg19) and the EBV

reference genome (NC_007605). Whole-genome sequencing

of the AGS–EBV and AGS cells showed a sequencing depth of

59-fold in AGS–EBV, and 42-fold in AGS for the human

genome. A total of 91.59% and 91.57% of the whole genome

region in AGS–EBV and AGS, respectively, were covered

with more than 10 reads. Moreover, an 897-fold sequencing

depth covering 91.38% of the whole EBV genome was ob-

tained in AGS–EBV cells only (Supplementary Figure 1A).

Therefore, approximately 15 EBV episomes in 1 AGS–EBV

cell could be inferred (897-fold EBV/59-fold human¼ 15.2),

consistent with the findings by others.11

In an attempt to uncover the EBV gene expression status

in gastric cancer cells, 154.09 Mb reads of the AGS–EBV

transcriptome were mapped to the EBV genome, with

sequencing reads distributed across the entire EBV genome

(Figure 1A). Visualization of transcriptome sequencing

coverage across the EBV genome showed an EBV tran-

scription profile in AGS–EBV cells with active regions

similar to those identified in type I latency Burkitt’s lym-

phoma cells (Supplementary Figure 1B).12 Robust viral gene

expression was yielded in AGS–EBV cells, with a median

expression level of all genes being 255.4 reads per kilobase

per million (RPKM) (Figure 1B). Transcriptome analysis of

AGS–EBV identified the expression of 9 EBV genes (BARF0,

BARF1, BcLF1, BHRF1, BLLF1, BRLF1, BZLF1, EBNA1, and

LMP2A) previously detected in EBV(þ) gastric tumors, and

71 EBV genes not reported previously in gastric cancer. The

expression levels of these 71 genes are higher than that of

LMP2A (27.0 RPKM), which could be well validated by

reverse-transcription (RT)-PCR (Figure 1B and

Supplementary Tables 1 and 2).

EBV Gene Expression Identified in AGS–EBV Is

Verified in EBV(þ) Gastric Cancer Cell Lines and

Primary Gastric Cancer Tissues
The top 11 EBV genes (BNLF2a, BNLF2b, BHRF1, BFRF1,

BFRF2, BFRF3, BKRF4, BMRF2, BKRF3, BMRF1, and BFRF1A)

were verified in AGS–EBV and 2 other EBV(þ) gastric can-

cer cell lines with natural EBV infection (SNU719 and

YCCEL1) by RT-PCR. The expression of all 11 genes was

detected in the 3 EBV(þ) gastric cancer cell lines, but not in

EBV(-) AGS cells (Figure 1B). Notably, BHRF1, a viral

oncogene detected in EBV(þ) gastric cancer,13,14 was the

third most highly transcribed EBV gene in AGS–EBV (5103.9

RPKM). The other 10 genes have not been examined pre-

viously in primary gastric cancer, including the DNA repli-

cation or repair enzyme BKRF3, capsid or tegument coding

genes (BFRF1, BFRF3, and BKRF4), the gene facilitating viral

attachment to cells (BMRF2), 2 uncharacterized EBV genes

(BFRF2 and BFRF1A), and 3 lytic genes (BNLF2a, BNLF2b,

and BMRF1). We performed immunofluorescence
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examination using the antibody against the immediately

early lytic gene BRLF1, and found that 2% of the AGS–EBV

cells were positive for BRLF1, which are entering the lytic

phase of EBV replication (Supplementary Figure 1C). The 10

EBV genes verified in AGS–EBV, SNU719, and YCCEL1 were

verified further in primary EBV(þ) gastric cancer tissues

with a positive detection rate between 7.7% and 46.2% by

RT-PCR (Figure 1C). Expression of EBV genes may

contribute to EBV-associated gastric carcinogenesis.

EBV-Associated Host Genomic Alteration

Landscape Identified by Whole-Genome

Sequencing
We compared the whole genome sequences of AGS–EBV

and AGS to identify EBV-caused host genomic alterations,

including single-nucleotide variants (SNVs)/point muta-

tions, small insertions and deletions (indels), and structural

variations (SVs) (Supplementary Tables 3–8). A total of 139

EBV-associated SNVs covering 131 genes were identified to

be of interest, including 45 nonsynonymous SNVs (affecting

44 genes), and 94 SNVs located at important regulatory

regions (splice sites, 5- or 3-untranslated regions, and pro-

moter regions; affecting 87 genes). We also found 56 indels

covering 54 genes in AGS–EBV and 48 AGS–EBV–specific SV

events affecting 24 genes and other nongene regions.

Seven randomly selected SNVs in 6 genes (AKT2, CCNA1,

TGFBR1, ACVR1C, MAP3K4, and NRXN1) were well validated

in AGS–EBV, but not in AGS or AGS-hygro by PCR followed

by Sanger sequencing (Supplementary Figure 2A). Among

them, AKT2, the putative oncogene documented with

important functions in the cancer pathway of mitogen-

activated protein kinase (MAPK) signaling, harbors 2 EBV-

associated nonsynonymous SNVs. Two randomly selected

indels (FAM35A and ADAMTS12) and 4 randomly selected

SVs (GGT7-IRS1, KMD3A-KMD3A, SMAD5-STXBP5, and

NA-KDM3B) also were well validated in AGS–EBV by PCR

followed by Sanger sequencing, but were not detected in

AGS or AGS-hygro cells (Supplementary Figure 2B and C).

Mutation Validation Refined Mutated Genes in

Primary EBV(þ) Gastric Cancers
By comparing the 45 EBV-associated nonsynonymous

host SNVs/point mutations (covering 44 genes) (Figure 2A)

identified in AGS–EBV with the Catalogue of Somatic Muta-

tions in Cancer database, which collects somatic mutations in

human cancers, we found that all 44 genes had been recor-

ded, but none of the 45 mutation sites had been documented

(Supplementary Table 4), inferring the novelty and potential

importance of these mutations caused by EBV infection.

To clarify if the EBV-associated mutations in AGS–EBV

also occurred in primary EBV(þ) gastric cancers, we per-

formed Sanger sequencing to compare the prevalence of

mutations in AKT2, CCNA1, TGFBR1, ACVR1C, and MAP3K4

between EBV(þ) and EBV(-) gastric cancer samples. These

genes were chosen for validation because they are func-

tionally important in human cancers15–25 and their EBV-

associated mutations were located within conserved

domains (Supplementary Figure 3). When compared with

EBV(-) gastric cancers, somatic mutations occurred signifi-

cantly more frequently in EBV(þ) gastric cancers in AKT2

(38.2% vs 3%; P < .0001), CCNA1 (25% vs 4%; P ¼ .004),

MAP3K4 (20.8% vs 4%; P ¼ .013), and TGFBR1 (25% vs 8%;

P ¼ .029) (Figure 2B and Supplementary Figures 4–7).

Mutations in AKT2 Are Associated With

Reduced Survival Times of Patients With

EBV(þ) Gastric Cancer
We further evaluated the clinical implication of muta-

tions in the putative oncogene AKT2, which is the only gene

harboring 2 EBV-associated nonsynonymous mutations in

AGS–EBV cells, and mutation in which the most significant

association with primary EBV(þ) gastric cancer was shown.

In the examined cohort of 34 EBV(þ) gastric cancers with

known follow-up data, the mutation frequency of AKT2 was

38.2% (13 of 34) (Supplementary Tables 9 and 10). Inter-

estingly, as shown in the Kaplan–Meier survival curves

(Figure 2C), EBV(þ) gastric cancer patients with an AKT2

mutation had significantly reduced survival times (median,

3.27 y) than those with wild-type AKT2 (median, 4.72 y;

P ¼ .006, log-rank test).

Integrative Analysis of Epigenome and

Transcriptome Showed Genes Dysregulated by

Aberrant Methylation
To systematically identify genes directly dysregulated by

epigenetic alterations induced by EBV infection, tran-

scriptome of AGS–EBV, and AGS were analyzed integratively

with the epigenome data. Integrated analysis showed that

216 genes were hypermethylated and transcriptionally

down-regulated in AGS–EBV relative to AGS cells, whereas

only 46 genes were demethylated and transcriptionally

up-regulated in AGS–EBV (Figure 3A and Supplementary

Table 11). Six randomly selected genes (ACSS1, FAM3B,

IHH, NEK9, SLC7A8, and TRABD) were confirmed to be down-

regulated significantly in AGS–EBV compared with AGS and

AGS-hygro cells by semiquantitative RT-PCR and quantitative

RT-PCR (Figure 3B). Down-regulation of these genes could be

restored successfully in AGS–EBV cells by demethylation

treatment using 5-Aza-2’deoxycytidine (5-Aza) (Figure 3B).

=

Figure 1. EBV viral gene expression in AGS–EBV and in EBV(þ) gastric cancer tissues. (A) Visualization of transcriptome
sequencing coverage across the EBV reference genome (NC_007605). The vertical axis shows the sequencing depth of
mapping reads to each location of the EBV genome. The upper horizontal axis denotes the location of the EBV genome, and
the EBV genes at each site are annotated at the lower panel using the Integrative Genomics Viewer (v2.1; Broad Institute,
Cambridge, MA). (B) RPKM values for EBV gene expression levels. Expression of the top 11 genes was evaluated further in
AGS and 3 EBV-positive gastric cancer cells (AGS-EBV, SNU719, and YCCEL1) by RT-PCR. (C) Expression of 10 EBV genes,
unreported in EBV(þ) gastric cancer previously, was evaluated in 13 primary EBV(þ) gastric cancer samples by RT-PCR.

December 2014 EBV-Associated Alterations in Gastric Cancer 1353

B
A
S
IC

A
N
D

T
R
A
N
S
L
A
T
IO
N
A
L
A
T

282 | Page



Higher methylation levels of these genes in AGS–EBV as

compared with AGS and AGS-hygro cells were confirmed by

bisulfite genomic sequencing, and the methylation levels

were decreased successfully by 5-Aza treatment (Figure 3C).

We have shown that DNA methyltransferase 3b (DNMT3b)

was up-regulated in AGS–EBV compared with AGS cells.3

There were no differences in messenger RNA expression;

nuclear protein expression of DNMT1, DNMT3a, and

DNMT3b; and the activity of DNMT3b between uninfected

AGS and the vector-transfected, hygromycin-resistant AGS

cells (Supplementary Figure 8). These findings suggest that

EBV infection causes a genome-wide aberrant methylation

composed mainly of promoter/CpG island hypermethylation,

which directly lead to gene transcriptional down-regulation.

Validation Confirmed Genes Methylated

Preferentially in Primary EBV(þ) Gastric Cancers
To clarify if aberrant methylation caused by EBV infec-

tion in AGS–EBV cells also occurred in primary gastric

cancers, promoter methylation statuses of ACSS1, FAM3B,

IHH, and TRABD were examined in EBV(þ) and EBV(-)

Figure 2. EBV-associated host gene mutations in primary gastric cancers. (A) Chromosomal location of 45 AGS–EBV–specific
nonsynonymous SNVs covering 44 genes. The 5 genes screened further in primary gastric cancer samples are denoted. (Bi)
Comparison of mutation frequencies in EBV(þ) and EBV(-) gastric cancer samples by the chi-square or Fisher exact tests.
*Sample size later was increased for AKT2 genotype examination. (Bii) Schematic illustration of mutations found in AKT2.
Mutation sites found in EBV(þ) and EBV(-) gastric cancer samples are denoted with red arrows and black arrows in the upper
lanes and lower lanes, respectively. The mutation sites identified in AGS–EBV cells also are shown with blue arrows in the
upper lane. Nucleotide and amino acid changes are indicated for each mutation site. The frequencies (number of cases) of
each mutation are indicated by the height of the arrow. (C) Kaplan–Meier survival curves show that EBV(þ) gastric cancer
patients with mutated AKT2 had reduced survival times compared with patients with wild-type AKT2. This difference was
statistically significant based on the log-rank test (P ¼ .006). GC, gastric cancer.
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Figure 3. Identification and validation of aberrantly methylated genes involved in EBV-associated gastric cancer. (A) Dot plots
of genes of differential transcription and methylation between AGS and AGS–EBV cells shown by methylated DNA immu-
noprecipitation microarray chip and transcriptome sequencing, respectively. (B) Transcriptional down-regulation of the
selected genes in AGS–EBV and restoration by demethylation treatment using 5-Aza were shown. (C) Bisulfite genomic
sequencing confirmed that selected candidates were methylated at significantly higher levels in AGS–EBV cells than in AGS
cells, and could be demethylated by 5-Aza treatment. The location of CpG island and bisulfite genomic sequencing target
regions was shown for each gene, with black bars denoting the first exons. TSS, transcription start site. (D) Comparison of
promoter methylation of 4 EBV-associated methylated genes in 20 EBV(þ) and 20 EBV(-) primary gastric cancers by bisulfite
genomic sequencing. Average methylation levels at each site for EBV(þ) and EBV(-) samples are shown. P values were ob-
tained by paired t tests. Knock-down of (Ei) IHH and (Fi) TRABD expression was performed by transfecting short hairpin RNAs
(shRNAs) specifically targeting 2 different regions of each gene in cells of high expression, AGS and GES-1, respectively.
Overexpression of (Eii) IHH and (Fii) TRABD in BGC823 cells was achieved by stable transfection of expression vectors. Cell
growth and colony formation ability were compared correspondingly.
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gastric cancers using bisulfite genomic sequencing. Signifi-

cantly higher methylation levels were observed in EBV(þ)

gastric cancers as compared with EBV(-) gastric cancers in

ACSS1 (12.6% vs 2.0%; P ¼ .004), FAM3B (44.6% vs 34.0%;

P ¼ .017), IHH (30.1% vs 0.0%; P ¼ .005), and TRABD

(20.9% vs 3.0%; P ¼ .000) (Figure 3D).

EBV-Associated Methylated Genes Possess

Tumor-Suppressive Potentials
We further investigated the function of 2 genes methyl-

ated in EBV(þ) gastric cancers (IHH andTRABD). Gene knock-

down or ectopic expression was obtained by stable trans-

fection of specific short hairpin RNA or open reading frame–

expressing vectors in cells with high or low endogenous

expression of the corresponding gene. Knock-down of IHH by

short hairpin RNA transfection in AGS cells significantly

increased cell growth and colony formation ability compared

with the control cells, whereas overexpression of IHH in the

silenced cell line BGC823 significantly inhibited cell growth

and colony formation (Figure 3E). Similarly, knock-down of

TRABD significantly increased cell growth and the colony

formation ability of GES-1 cells, whereas overexpression of

TRABD in BGC823 cells significantly inhibited cell growth and

colony formation (Figure 3F). These results show that IHH

and TRABD possess potential tumor-suppressive properties

and their down-regulation by hypermethylation may play

roles in EBV-associated gastric carcinogenesis.

Host Genetic and Epigenetic Alterations Caused

by EBV Infection Commonly Involve Five

Intercorrelated Cancer Pathways
To investigate the dysregulated pathways by EBV infec-

tion–induced host genomic and epigenomic changes, enrich-

ment analysis for Kyoto Encyclopedia of Genes and Genomes

pathways was conducted using 205 genes with genetic al-

terations and 262 genes with aberrant methylation-mediated

transcriptional changes, respectively (Figure 4A). Genetically

changed genes were found to be enriched in 13 pathways,

whereas epigenetically changed genes were enriched in 15

pathways (with�4 genes involved in each pathway; adjusted

P < .05). Notably, hypermethylated genes were found to be

enriched in only 10 pathways (�4 genes; P < .05). Eight

pathwayswere dysregulated significantly by both genetic and

epigenetic changes. Interestingly, these 8 pathways also were

dysregulated significantly by hypermethylation only

(Figure 4B and Supplementary Table 12). Because pathways

in cancer and metabolic pathways can be hit easily by

enrichment analysis, and all altered genes in the colorectal

cancer pathway are included in pathways in cancer, we paid

attention to the remaining 5 important affected pathways,

including axon guidance, focal adhesion, cytokine-cytokine

receptor interaction, MAPK signaling, and regulation of

actin cytoskeleton.

Diagrams showing genetically or epigenetically altered

genes in the 5 core pathways are shown in Figure 5.

Remarkably, these 5 pathways are intercorrelated. The

axon guidance pathway correlates with cytokine-cytokine

receptor interaction, regulation of actin cytoskeleton, and

MAPK signaling pathways; focal adhesion also correlates

with cytokine-cytokine receptor interaction, regulation

of actin cytoskeleton, and MAPK signaling pathways

(Supplementary Figure 9). Importantly, the putative onco-

gene AKT2, mutation of which was found to be associated

with reduced survival times of patients with EBV(þ)

gastric cancer, is involved in 2 of the 5 core pathways

(focal adhesion and MAPK signaling) (Figure 5). Collec-

tively, axon guidance, focal adhesion, cytokine-cytokine

receptor interaction, MAPK signaling, and regulation of

actin cytoskeleton pathways are the core pathways dysre-

gulated during EBV-associated gastric carcinogenesis.

AKT2 Was Activated by Mutation and

Participated in Dysregulating MAPK Signaling
We investigated the effects of AKT2 mutation on AKT2

activity through assessing AKT2 phosphorylation byWestern

blot and total AKT kinase activity by activity assays. Our re-

sults showed that the phosphorylated AKT2 (p-AKT2) level

was significantly higher in AGS–EBV as compared with AGS,

and inmutant AKT2-transfected AGS than inwild-type AKT2-

transfected AGS cells (Figure 6A). In concordance with

enhanced p-AKT2, total AKT kinase activity was increased

significantly in mutant AKT2-carrying AGS–EBV compared

with AGS, and in mutant AKT2-carrying AGS compared with

wild-type AKT2-overexpressed AGS (Figure 6A).

Activator protein-1 (AP-1) and extracellular signal–

regulated kinase (ERK) are pivotal mediators in MAPK

signaling involving AKT2. We evaluated the effects of AKT2

mutation on the activities of AP-1 and ERK by promoter

luciferase activity assays using promoter reporters con-

taining AP-1 and serum response element (SRE) binding

elements, respectively. Results showed that both AP-1 and

ERK activities were increased significantly in mutant AKT2-

carrying cells compared with wild-type AKT2-carrying cells

(Figure 6B). To further confirm the role of AKT2 mutation

on AP-1 and ERK activity, mutant and wild-type AKT2 were

expressed ectopically in the immortalized normal gastric

epithelial cell line GES-1 with low endogenous AKT2

expression. Again, a higher p-AKT2 level, increased total

AKT kinase activity, and promoted AP-1 and ERK activities

were detected in mutant AKT2-transfected GES-1 cells

compared with wild-type AKT2-transfected GES-1 cells

(Figure 6C and D). Moreover, mutant AKT2 was found to

promote cell growth and colony formation ability of GES-1

cells as compared with wild-type AKT2. These results

imply that AKT2 was activated by mutation and participated

in dysregulating MAPK signaling.

Discussion
The AGS–EBV cell model, a gastric epithelial cell model

with stable EBV infection, has been applied successfully to

study the effect of EBV infection on host gene transcription

and methylation.3,8–10 This cell model also has facilitated

our integrative genome-wide scan for alterations in EBV-

associated gastric cancer in this study by comparison with

its parental AGS cells.
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Transcriptome sequencing showed 9 well-documented

EBV genes (BARF0, BHRF1, BcLF1, BHRF1, BLLF1, BRLF1,

BZLF1, EBNA1, and LMP2A) in EBV-associated gastric can-

cer,14,26–29 and, notably, 71 EBV genes unreported in gastric

cancer. Importantly, the 10 top unreported EBV genes all

were verified in other EBV(þ) gastric cancer cells and pri-

mary EBV(þ) gastric cancer samples (Figure 1B and C). The

frequencies of these EBV genes in EBV(þ) gastric cancers all

were significant except the one for the BKRF3 gene (7.7%)

when compared with those in EBV(-) gastric cancers (0%;

n ¼ 20, chi-square test). Expression of previously unre-

ported EBV genes may be involved in EBV-associated gastric

cancer. Expression of EBV genes with potential oncogenic

function has been reported in EBV-associated gastric

carcinogenesis, including BARF1,29 BHRF1,13,14 and RPMS1

(encoding BARTs microRNAs).30 Expression of the latent

gene LMP2A has been reported to up-regulate survivin,

contributing to the survival advantage of EBV-associated

gastric cancer cells,31 and activate cellular DNMT3b,

causing the genome-wide aberrant methylation of host

cells.3 EBV resides in the host cell nucleus as an episome

during latency infection and the EBV genome is too large

(approximately 170 kb) to be integrated into the host

genome. Therefore, EBV might induce host genetic and

epigenetic variants through executing its repertoire of gene

expression programs, subsequently contributing to the

unique pathobiology of virus-associated gastric cancer.

Identification of the previously unreported EBV genes in

Figure 4. Pathways dysregulated by EBV-associated host genomic and epigenomic alterations. (A) Circos illustration of EBV-
associated epigenetic and genetic changes identified in AGS–EBV as compared with AGS cells. (B) Enrichment of Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways with genetically or epigenetically changed genes. Pathways with 4 or
more genes involved and a P value less than .05 are considered as significantly affected. Fc gamma R, Fc gamma receptor;
Jak-STAT, Janus kinase/signal transducers and activators of transcription; VEGF, vascular endothelial growth factor.
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this study will add new insight into the role of EBV

infection in contributing to this subtype of gastric

carcinogenesis.

By analyzing the epigenome data integratively with

transcriptome data in this study, we identified 216 genes

transcriptionally down-regulated by EBV-caused hyper-

methylation and 46 genes transcriptionally up-regulated by

demethylation. Genes with inconsistent changes in methyl-

ation and transcription might be the result of involvement

of other regulatory mechanisms such as microRNAs and

transcription factors.10,32 Further validation has confirmed

that promoter methylation levels of ACSS1, FAM3B, IHH, and

TRABD were significantly higher in primary EBV(þ) than in

EBV(-) gastric cancers, with tumor-suppressive potential

shown by gain-of-function and loss-of-function experiments

in vitro (Figure 3). Previous reports from us and others have

shown that promoter methylation of SSTR1, REC8, p14, p15,

p16, p73, APC, E-cadherin, and PTEN are associated with

EBV-associated gastric cancer.3,8,33–35 These results suggest

that EBV infection causes hypermethylation of a specific

group of genes, and silencing of these genes may favor

malignant transformation of gastric epithelial cells during

development of this unique subtype of gastric cancer.

Whole-genome sequencing of the AGS–EBV and AGS

cells identified EBV infection–associated genetic alterations

affecting 205 host genes. Among the 44 genes harboring

amino acid–changing mutations, we confirmed that muta-

tions of AKT2, CCNA1, MAP3K4, and TGFBR1 were associated

significantly with EBV(þ) gastric cancers (Figure 2B).

No mutations in these genes were detected in the

Figure 5. Diagram illustra-
tion of the 5 core pathways
commonly dysregulated by
epigenetic and genetic
changes. Genetically or
epigenetically altered
genes in the 5 core path-
ways are denoted with a
yellow background. Muta-
tion frequencies of AKT2,
TGFBR1, and MAP3K4
in primary EBV(þ) gastric
cancers are indicated.
ECM, extracellular matrix;
PIP3, phosphatidylinositol
3,4,5-trisphosphate. The
other abbreviations listed
are gene names.
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Figure 6. AKT2 was activated by mutation and functioned in dysregulating MAPK signaling. (A) Total and phosphorylated
AKT2 protein levels were assessed by Western blot. Total AKT kinase activity was evaluated by AKT kinase activity assay. (B)
Luciferase reporter assays indicated that the important MAPK signaling mediators (AP-1 and ERK) were both activated in
mutant AKT2-carrying cells as compared with wild-type AKT2-carrying cells. (C) After ectopic expression in GES-1 cells,
mutant AKT2 was phosphorylated at a higher level, and accompanied by increased total AKT kinase activity as compared with
wild-type AKT2. (D) Mutant AKT2 activated AP-1 and ERK signaling as compared with wild-type AKT2. (E) Mutant AKT2
promoted cell viability and colony formation ability as compared with wild-type AKT2. GAPDH, glyceraldehyde-3-phosphate
dehydrogenase.
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corresponding nontumor tissues or in 30 noncancerous

stomach samples (data not shown).

AKT2 is a putative oncogene encoding a protein that

participates in important cancer pathways such as MAPK

signaling. Mutation of AKT2 has been investigated in human

cancers,15,16 but not in EBV-associated gastric cancer. Cyclin

A1 (CCNA1) belongs to the cyclin family, and primarily

functions in the control of the germline meiotic cell cycle.

Previous studies have shown that CCNA1 play different

roles in virus-related and non–virus-related malig-

nancies.17–20 However, mutation of CCNA1 has never been

reported. CCNA1 mutations in EBV(þ) gastric cancer as

identified by us might suggest another mechanism of the

role of CCNA1 in human malignancies. Transforming growth

factor-b–receptor 1 (TGFBR1) is a serine/threonine protein

kinase and receptor for TGF-b. Mutations in TGFBR1 have

been found in skin and colorectum cancers.21,22 MAP3K4

functions as a major mediator of environmental stressors

that activate the p38 MAPK pathway,23 and its mutation has

been reported in endometrial cancer.24 Recognizing the

functional importance of these genes in human cancers,

mutations of these genes caused by EBV infection may

contribute at least in part to the pathogenesis of EBV-

associated gastric cancer.

Finally, 5 intercorrelated core pathways (axon guidance,

focal adhesion, cytokine-cytokine receptor interaction,

MAPK signaling, and regulation of actin cytoskeleton) were

found to be commonly enriched with genetically and

epigenetically changed genes caused by EBV infection. In

addition to the several epigenetically or genetically changed

up-stream and down-stream targets of focal adhesion ki-

nase in the focal adhesion pathway we identified (Figure 5),

focal adhesion kinase phosphorylation has been reported to

be increased by EBV infection and the subsequently

increased cell motility in AGS cells.36 This finding further

supports the importance of the focal adhesion pathway in

EBV-associated gastric cancer. Promoted anchorage-

independent growth of EBV-infected AGS in soft agar, a

hallmark phenotype of cellular transformation, has been

reported by others.10 We also have observed a more un-

differentiated morphology of AGS–EBV as compared with

AGS when both cells were cultured in the same F12

medium (not shown). These phenotype changes might be

associated with the focal adhesion pathway. Although the

other 4 pathways have never been reported in EBV-

associated cancer, 3 of them (cytokine-cytokine receptor

interaction, MAPK signaling, and regulation of actin cyto-

skeleton) have been reported to be affected by EBV

Figure 7. Study summary. EBV gene expression profile, EBV-associated host genomic and epigenomic alterations were
indentified in a cell model and validated further in primary EBV(þ) gastric cancers. Our previous study showed that EBV viral
gene LMP2A expression activates DNMT3b and causes genome-wide aberrant methylation in AGS–EBV. Five core pathways
were found to be enriched significantly with genetically and epigenetically altered genes caused by EBV infection. The
functional importance of selected methylated and mutated genes as well as the pathway was shown.

1360 Liang et al Gastroenterology Vol. 147, No. 6

B
A
S
IC

A
N
D

T
R
A
N
S
L
A
T
IO
N
A
L
A
T

289 | Page



infection in lymphoblastoid cell lines and in primary B

cells,37,38 suggesting common dysregulation of these path-

ways by EBV infection in different cell types during disease

initiation. Dysregulation of the 5 core pathways through

both genetic and epigenetic modulation of host genes by

EBV infection may play important roles during this subtype

of gastric carcinogenesis.

Among all the host genes altered by EBV infection iden-

tified in this study, AKT2 is the most notable one. AKT2 was

the only gene (of 44 genes) harboring 2 nonsynonymous

point mutations identified in AGS–EBV cells. AKT2 mutation

was also the highest in frequency and associated most

significantly with primary EBV(þ) gastric cancer as

comparedwith EBV(-) gastric cancer. Importantly, we further

confirmed that mutations in AKT2 were associated with

reduced survival in EBV(þ) gastric cancer patients. Inter-

estingly, AKT2 is also the only gene involved in 2 of the 5 core

pathways (focal adhesion and MAPK signaling). The mutant

form of AKT2 identified in AGS–EBV possessed higher kinase

activity, increased activities of the important mediators of the

MAPK signaling pathway (AP-1 and ERK), and exerted a

promoting effect on cell growth as compared with wild-type

AKT2 (Figure 6). All these findings emphasize the importance

of AKT2 in connection with EBV(þ) gastric cancer.

In summary, as shown in Figure 7, this study systemati-

cally showed the EBV-associated genomic and epigenomic

alterations in gastric cancer. Expression of EBV genes in

gastric cancer was shown by transcriptome analysis of the

EBV-infected cell model and further confirmed in EBV(þ)

primary gastric cancers. Whole-genome sequencing showed

EBV-associated host mutations in genes such as AKT2, CCNA1,

MAP3K4, and TGFBR1, and mutations in AKT2 are associated

with reduced survival times of patients with EBV(þ) gastric

cancer. Epigenome analysis uncovered hypermethylation of

genes including ACSS1, IHH, FAM3B, and TRABD through EBV

infection. Five core pathways were shown to be dysregulated

by EBV-associated host genomic and epigenomic aberrations

in gastric cancer. Moreover, the functional importance of

selected genes (IHH, TRABD, and AKT2) and pathway (MAPK)

were shown further. These findings provide a systematic

view of EBV-associated host genomic and epigenomic ab-

normalities and signaling networks that may govern the

pathogenesis of EBV-associated gastric cancer.

Supplementary Material
Note: To access the supplementary material accompanying

this article, visit the online version of Gastroenterology at

www.gastrojournal.org, and at http://dx.doi.org/10.1053/
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Akt activation up-regulates the intracellular levels of reactive oxygen

species (ROS) by inhibiting ROS scavenging. Of the Akt isoforms, Akt3

has also been shown to up-regulate ROS by promoting mitochondrial

biogenesis. Here, we employ a set of isogenic cell lines that express

different Akt isoforms, to show that themost robust inducer of ROS is

Akt3. As a result, Akt3-expressing cells activate the DNA damage re-

sponse pathway, express high levels of p53 and its direct transcrip-

tional target miR-34, and exhibit a proliferation defect, which is

rescued by the antioxidant N-acetylcysteine. The importance of the

DNA damage response in the inhibition of cell proliferation by Akt3

was confirmed by Akt3 overexpression in p53−/− and INK4a−/−/Arf−/−

mouse embryonic fibroblasts (MEFs), which failed to inhibit cell pro-

liferation, despite the induction of high levels of ROS. The induction

of ROS by Akt3 is due to the phosphorylation of the NADPH oxidase

subunit p47phox, which results in NADPH oxidase activation. Expres-

sion of Akt3 in p47phox−/−MEFs failed to induce ROS and to inhibit cell

proliferation. Notably, the proliferation defect was rescued by wild-

type p47phox, but not by the phosphorylation site mutant of p47phox.

In agreement with these observations, Akt3 up-regulates p53 in hu-

man cancer cell lines, and the expression of Akt3 positively correlates

with the levels of p53 in a variety of human tumors. More important,

Akt3 alterations correlatewith a higher frequency of mutation of p53,

suggesting that tumor cells may adapt to high levels of Akt3, by

inactivating the DNA damage response.

Akt isoforms | NADPH oxidase | oxidative stress | DNA damage | cancer

The utilization of oxygen by all aerobic organisms gives rise to
a heterogeneous group of molecules and radicals with distinct

chemical properties, levels of reactivity, and biological impact,
which are collectively known as reactive oxygen species (ROS).
Under this term we include oxygen anions and radicals [superoxide
(O−

2) and hydroxyl radical (OH·)], singlet oxygen (1O2), hydrogen
peroxide (H2O2), nitric oxide (NO·), peroxynitrite anions
(ONOO−), and various peroxides (ROOR′) and hydroperoxides
(ROOH) (1, 2). Reactive oxygen species are generated by multiple
mechanisms. Prominent among them are: 1) The escape of electrons
during oxidative phosphorylation in the mitochondria. At least 2%
of the electrons traveling along the respiratory chain in mito-
chondria escape and target oxygen to form superoxide (3, 4). 2)
The enzymatic activation of the NOX family of NADPH oxidases.
The multisubunit enzyme NADPH oxidase is most abundant in
leukocytes, where it becomes activated when the cells engulf in-
vading microorganisms. The activation of this enzyme promotes
the rapid generation of superoxide whose sharp increase in these
cells is known as the “respiratory burst” (5–7). Enzymes related to
the leukocyte-specific NADPH oxidase are also present in other
cell types (8). The preceding mechanisms produce ROS via pro-
cesses endogenous to the cell (SI Appendix, Fig. S1). In addition to

the endogenous sources of ROS, there are exogenous sources such
as environmental pollutants (4, 9).
NOX2, the first characterized NOX isoform, is an enzyme

complex that mediates the transfer of electrons to molecular ox-
ygen through the action of flavocytochrome b558, which is com-
posed of two proteins gp91phox and p22phox and is located at the
plasma membrane. Activation of the enzyme is induced via its
association with a trimeric cytosolic protein complex, composed of
p40phox, p47phox, and p67phox. Upon stimulation by external sig-
nals, p47phox undergoes phosphorylation and the trimeric complex
translocates to the membrane to form the active oxidase by
binding to b558 (10). The activation of the complex also requires
two guanine nucleotide-binding proteins, cytosolic Rac2 and
membrane-bound Rap1A (5, 11, 12). There are seven isoforms of
gp91phox, the catalytic transmembrane subunit of NOX. Based on
this, the NOX family of oxidases consists of seven members, with
each member exhibiting a distinct tissue distribution.
Signals originating in membrane receptors have been shown to

induce ROS in a variety of cell types (13–15). ROS produced in

Significance

Although the three Akt isoforms share mechanisms of activa-

tion and exhibit overlaps in their downstream signaling path-

ways, significant differences are now being uncovered. Here,

we show that among Akt isoforms, Akt3 preferably phos-

phorylates p47phox and activates NADPH oxidase, resulting in

robust induction of reactive oxygen species (ROS). Akt3-

induced ROS activate the DNA damage response and upregu-

late p53 expression. Consequently, the proliferation rate of

Akt3-expressing cells is reduced, an effect reversed by p53 loss.

In cancer, Akt3 expression correlates with the abundance of

p53; however, tumors can adapt to high Akt3 activity by

inactivating the DNA damage response. These findings reveal

differences in the regulation of ROS by Akt isoforms, which

may be exploited therapeutically for Akt3-driven cancers.
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response to such signals function as second messengers by in-
ducing reversible oxidation of a number of signaling molecules,
including peroxiredoxins (16, 17) and various phosphatases, such
as PTP-1B, SHP-2, and the tumor suppressor PTEN (18–20).
Most relevant as a second messenger among ROS is H2O2, which
is relatively stable and diffuses easily across biological mem-
branes (21, 22). A critical target of ROS-producing signals
originating in membrane receptors is the NADPH oxidase. Thus,
ROS-producing insulin signals in adipocytes depend on NOX-4,
a homolog of gp91Phox, the catalytic subunit of NADPH oxidase
(23). Although the function of some ROS may be physiologically
important, persistence of ROS is generally harmful (3, 21). Their
toxicity is due to irreversible oxidation of a variety of macro-
molecules such as DNA, lipids, carbohydrates, and proteins. To
prevent ROS toxicity, cells employ a variety of detoxification
mechanisms, which collectively are responsible for the very short
half-life of ROS. The main mechanisms of ROS detoxification
include: 1) ROS-induced oxidation of small antioxidant mole-
cules; and 2) enzymatic conversion of ROS to less reactive spe-
cies. Examples include the conversion of superoxide to H2O2 by
superoxide dismutase, the conversion of H2O2 to H2O and ox-
ygen by catalase, and the action of peroxiredoxins. The overall
levels of ROS in cells are determined by the balance between the
rate of production and the rate of conversion (3, 17, 24, 25).
Akt1, also known as protein kinase Bα (PKBα), is the founding

member of a protein kinase family composed of three members,
Akt1, Akt2, and Akt3. Akt family members regulate a diverse
array of cellular functions and play important roles in most types
of human cancer. Akt activation depends on PtdIns-3,4,5-P3, and
to a lesser extent on PtdIns-3,4-P2, both of which are products of
phosphoinositide 3-kinase (26, 27). The interaction of PtdIns-
3,4,5-P3 with the PH domain of Akt, promotes the transloca-
tion of Akt to the plasma membrane where it undergoes phos-
phorylation at two sites, one in the activation loop and one in the
carboxyl-terminal tail (26–28). Phosphorylated Akt may translo-
cate from the plasma membrane to the cytosol or the nucleus.
Activated Akt ultimately undergoes dephosphorylation by phos-
phatases and returns to the inactive state (29).
Recently, we and others showed that despite their sequence

similarity, Akt isoforms exhibit dramatic signaling differences
(30–35). Data in this study show that although all Akt isoforms
up-regulate the cellular levels of ROS, it is Akt3, which exhibits
maximum activity. Akt2-expressing cells are also characterized
by relatively high levels of superoxide. However, the levels of
H2O2 in these cells are very low, perhaps because they express
low levels of superoxide dismutase 1 and 2 (SOD1 and SOD2).
Akt3 promotes the accumulation of superoxide and H2O2 by
preferentially activating the NADPH oxidase through p47phox.
The high levels of ROS in Akt3-expressing cells induce DNA
damage. This activates the DNA damage response, which in-
hibits cell proliferation. The levels of Akt3 in several types of
human cancer correlate with the levels of p53. More important,
Akt3 amplification correlates positively with the mutation of p53.
Our data suggest that tumor cells may adapt to Akt3 expression
by inactivating the DNA damage response pathways.

Experimental Procedures
Expression Constructs. Expression constructs ofMyc-Akt1, Myc-Akt2, andMyc-

Akt3 in the retroviral pBabe vectors were described earlier (30, 32, 33).

Human p47phox was cloned in the vector pBabe-bleo. Ser and Thr to Ala

mutations were introduced into this vector by the QuikChange II Site-

Directed Mutagenesis Kit (Agilent, Inc.).

Cells and Culture Conditions. Akt1-, Akt2-, and Akt3-expressing and Akt1/

Akt2/Akt3 triple knockout (TKO) lung fibroblasts have been described pre-

viously (30, 32, 33). Briefly, lung fibroblasts cultured from an Akt1fl/fl/Akt2−/−/

Akt3−/− mouse were spontaneously immortalized via a 3T3-type protocol.

The immortalized cells were transduced with retroviral constructs of Myc-

Akt1, Myc-Akt2, or Myc-Akt3 in the retroviral vector pBabe-puro, neo, bleo,

or GFP. Subsequently, they were transduced with a MigR1-Cre-hygro con-

struct to ablate the floxed Akt1 allele. This gave rise to isogenic Akt1-, Akt2-,

or Akt3-expressing cells. To generate the TKO cells, the Akt1fl/fl/Akt2−/−/

Akt3−/− lung fibroblasts were transduced with the MigR1-Cre-hygro con-

struct and the transduced cells were selected with hygromycin. Cells were

used soon after selection, because they do not proliferate but remain viable

for about a week (33). The Akt1-, Akt2-, Akt3-, and Akt1/2/3-expressing cells

and the TKO lung fibroblasts were cultured in DMEM (Dulbecco’s Modified

Eagle Medium) supplemented with 10% FBS (fetal bovine serum) and anti-

biotics. Selected cultures were treated with 5 mM of the antioxidant

N-acetylcysteine (NAC, A7250, Sigma-Aldrich).

P47phox−/− mice were previously described (36). Mouse embryonic fibro-

blasts (MEFs) derived from these and wild-type C57BL/6 mice were cultured

and spontaneously immortalized by serial passaging. The immortalized

p47phox−/− MEFs were transduced with the wild-type or mutant p47phox

constructs. P53−/− (37) and INK4a/Arf−/− (38) MEFs were previously described.

Primary and spontaneously immortalized MEFs were cultured in DMEM

supplemented with 10% FBS and antibiotics. The breast cancer cell lines

MDA-MB-231, and T-47D (ATCC) were cultured in RPMI 1640 supplemented

with 10% FBS and antibiotics. Melanoma cell lines SKMEL2, LoxMVII, and

UACC62 were cultured in DMEM supplemented with 10% FBS and antibiotics.

Quantitative RT-PCR. qRT-PCR was used to measure the levels of expression of

the microRNAs miR34a, miR34b, and miR34c and the SOD isoforms, SOD1,

SOD2, and SOD3. For the measurement of the microRNA levels, we used

miRCURY LNA Universal RT and LNA PCR primer sets for miR-34a, miR-34b,

miR-34c (204486, 204005, and 204407 respectively, Exiqon). For the measurement

of the SOD levels, we used the following primer pairs: CCAGCATGGGTTCCACGT-

CCAT and CGCCGGGCCACCATGTTTCTT (SOD1), TCGCTTACAGATTGCTGCCTG-

CT and AAGCGTGCTCCCACACGTCA (SOD2), and CTCTAGCTGGGTGCTGGC-

CTGA and GCCGCCAGTAGCAAGCCGTAG (SOD3). Gene expression levels

were normalized against U6, and b-actin and GAPDH for microRNAs and

SODs, respectively.

Intracellular Levels of ROS, Protein and Glutathione Oxidation, and Antioxidant

Activity. Cells were treated with 5-(and-6)-carboxy-2′,7′dichlorofluorescein

diacetate (carboxy-DCFDA) (10 μM), dihydroethidium (DHE) (5 μM), or

Mitotracker Red CM-H2XRos (MitoROS) (Invitrogen) (2 μM), in DMEM

without phenol red. ROS-induced fluorescence in these cells was measured

by flow cytometry. Global protein oxidation, reduced glutathione/glutathi-

one disulfide (GSH/GSSG) ratios, and total cell antioxidant activity were

measured with the OxyBlot Protein Oxidation Detection Kit (S7150), Gluta-

thione Assay Kit (CS0260), and Antioxidant Assay Kit (CS0790, Sigma), re-

spectively, according to the instructions of the manufacturer.

Single-Cell Gel Electrophoresis Assay. DNA damage was measured using

the CometAssay (Trevigen), as previously described (39). Akt1- and Akt3-

expressing lung fibroblasts were suspended in molten low-melting-point

agarose and spread onto the CometSlide. Cells were lysed, and following

alkaline gel electrophoresis, they were stained with SyBrGreen I. Fluorescent

SyBrGreen I-bound DNA was photographed using a Nikon Eclipse 80i mi-

croscope with a 20× objective and a spot charge-coupled device camera

(Diagnostic Instruments). To measure DNA damage, the comet tail intensity

and length were quantified using Comet Assay IV software (Perceptive

Instruments).

TUNEL Assay. Apoptosis was measured using a terminal deoxynucleotidyl-

transferase biotin-dUTP nick end labeling (TUNEL) kit (Roche) (39).

Antibodies, Immunoprecipitation, and Western Blotting. Akt1-, Akt2-, and

Akt3-specific antibodies, as well as antibodies against p53, flag-tag, phos-

phorylated Akt substrate (RXXS/T), and phosphorylated histone H2AX on

Ser139, were purchased from Cell Signaling Technology. Cells were lysed

using radioimmunoprecipitation assay (RIPA) cell lysis buffer (Cell Signaling

Technology) supplemented with protease and phosphatase inhibitors (Roche).

Immunoprecipitation (IP) assays were performed with mouse DYKDDDDK Tag

(9A3) antibody and Protein G magnetic beads and Western blots of electro-

phoresed immunoprecipitates were probed with rabbit Phospho-Akt substrate

and TrueBlot secondary antibodies (Rockland, Inc.). Western blots of electro-

phoresed cell lysates were probed with the indicated antibodies, following

standard procedures.
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Results

Triple Akt Knockout Lung Fibroblasts, Rescued by Akt3, Grow Slower

than the Akt1- or Akt2-Rescued Cells. Lung fibroblasts and kidney-
derived cells from Akt1fl/fl/Akt2−/−/Akt3−/− mice were spontane-
ously immortalized, as previously described (32, 33). The im-
mortalized cells were transduced with retroviral constructs of
Akt1, Akt2, or Akt3, or with the empty retroviral vector.
Knocking out the floxed Akt1 allele in these cells with Cre, gave
rise to otherwise identical cell lines that express one Akt isoform
at a time, or they are Akt-null. The physiological relevance of
exogenous Akt expression was confirmed by experiments com-
paring the rate of proliferation of Akt1-rescued cells with the
rate of proliferation of Akt1fl/fl/Akt2−/−/Akt3−/− and Akt-null cells.
These experiments showed that cells expressing endogenous and
exogenous Akt1 exhibit similar rates of proliferation (SI Ap-
pendix, Fig. S2). Monitoring the expression of the three Akt
isoforms in serially passaged cells by Western blotting revealed
that although all Akt isoforms were expressed well in early
passage cells, Akt3 expression decreased progressively in subse-
quent passages (Fig. 1A). This observation suggested that cells
expressing high Akt3 levels may proliferate slower and may
therefore be counterselected over time. To address this hy-
pothesis, Akt1-, Akt2-, Akt3-, and Akt1/2/3-expressing cells were
plated at equal densities and their proliferation rates were
monitored by counting them daily for 3 d. The results confirmed
that the proliferation of Akt3-expressing cells lagged behind the
proliferation of cells expressing Akt1, Akt2, or Akt1/2/3 (Fig. 1B).
The slow proliferation of Akt3-rescued cells did not depend on the
cell type, as it was also observed in Akt3-rescued kidney-derived
cell lines (SI Appendix, Fig. S3).

Akt3 Expression Activates the DNA Damage Response. Our earlier
studies showing that spontaneously immortalized lung fibroblasts
from triple Akt knockout mice engineered to express Akt1, Akt2,
or Akt3, exhibit dramatic differences in microRNA profiles (33),
provided a potential explanation for the inhibitory effects of
Akt3 on cell proliferation and survival. One microRNA family
that is induced upon IGF1 stimulation in Akt3-, and to a lesser
extent in Akt2-expressing cells is the miR-34 family (Fig. 2A). The
real time RT-PCR data in Fig. 2B confirmed the results of the
microarray analysis. Given that the miR-34 microRNA family is a
direct transcriptional target of p53 (40), we examined the ex-
pression of p53 in these cells. The results in Fig. 2C revealed that
p53 is also up-regulated by Akt3.
Given that p53 and the miR-34 microRNAs inhibit cell pro-

liferation (40–42), we hypothesized that the inhibitory effects
of Akt3 on cell proliferation may be mediated by p53 and its

transcriptional target, miR-34. The data in Fig. 2 D and E show
that high Akt3 expression coincides with high levels of p53 and
low cell proliferation rates and they support the hypothesis that
p53 and miR-34 are the mediators of the Akt3-induced inhibi-
tion of cellular proliferation.
P53 is induced by DNA damage (43, 44). The high levels of

p53, in Akt3-expressing cells, therefore, suggested that Akt3
expression may promote DNA damage and the activation of the
DNA damage response. To address this question, we examined
the phosphorylation of histone variant H2A.X (γ-H2A.X) (45,
46) in passaged Akt3-rescued cells expressing progressively lower
levels of Akt3 and p53. The results showed that the phosphor-
ylation of H2A.X, an established marker of DNA damage, de-
creases with each passage, in parallel with the Akt3 and p53
(Fig. 2F). In agreement with this observation, DNA damage was
more pronounced in Akt3-expressing cells, as determined by the
Comet assay. The same cells were also characterized by a higher
apoptotic index, as determined by the TUNEL assay (SI Ap-
pendix, Fig. S4). These data suggest that Akt3 expression is in-
deed associated with DNA damage and with the activation of the
DNA damage response.

Akt Isoforms Differentially Regulate the Generation of ROS. Given
that Akt-transduced signals have been linked to the up-regulation
of the cellular levels of ROS (44, 47–51), we hypothesized that the
DNA damage and the induction of p53 and miR-34 in Akt3-
expressing cells may be caused by reactive oxygen species induced
differentially by Akt isoforms. To address this hypothesis, the triple
Akt knockout lung fibroblasts and their derivatives expressing Akt1,
Akt2, or Akt3, were loaded with DCFDA or DHE and analyzed by
flow cytometry. DCFDA fluoresces upon interaction with a variety
of reactive oxygen species (primarily H2O2), while DHE exhibits
significant specificity for superoxide (52). The results in Fig. 3A
show that the highest levels of DCFDA-specific ROS (H2O2)
were detected in Akt3-expressing cells and the lowest in Akt2-
expressing cells. The Akt1-expressing cells harbored intermedi-
ate levels of H2O2. The results in Fig. 3B show that the highest
levels of DHE-specific ROS (superoxide) were detected again in
Akt3-expressing cells. Akt2-expressing cells, however, which har-
bored low levels of H2O2 (Fig. 3A), had increased superoxide
levels, slightly lower than those detected in Akt3-expressing cells.
The levels of superoxide in Akt1-expressing cells were low, relative
to its levels in Akt2- and Akt3-expressing cells. Fig. 3C shows that
platelet-derived growth factor (PDGF) and serum stimulation of
serum-starved cells induce DCFDA-detectable ROS (H2O2). In
agreement with data in Fig. 3A, H2O2 induction was again highest
in Akt3- and lowest in Akt2-expressing cells.
The relationship of DCFDA- and DHE-detectable ROS (H2O2

and superoxide, respectively) in Akt-expressing cells may be due to
differences in the level and activity of SOD, the enzyme that
converts superoxide into H2O2. There are three isoforms of SOD:
SOD1 or Cu/ZnSOD, which is localized in the nucleus and the
cytoplasm; SOD2, or MnSOD, which is localized in the mito-
chondria; and SOD3, which is membrane bound (53). Based on
the preceding data, we hypothesized that the expression of SODs
may be lower in Akt2-rescued cells. Quantitative RT-PCR con-
firmed the prediction by showing that Akt2-rescued cells indeed
express lower levels of the two main isoforms of this enzyme,
SOD1 and SOD2 (Fig. 3D).
Reactive oxygen species modulate the cellular phenotype in

part by oxidizing glutathione and cellular proteins. We therefore
examined the GSH/GSSG ratio and the abundance of oxidized
proteins in cellular extracts of triple Akt knockout lung fibroblasts
and their derivatives expressing Akt1, Akt2, or Akt3. To determine
the GSH/GSSG ratio, we measured the levels of reduced and
oxidized glutathione in deproteinized extracts derived from equal
numbers of these cells. The results showed that, following serum
starvation for 6 h, the ratio was similar in all of the cell lines.

Fig. 1. Triple Akt knockout lung fibroblasts engineered to express Akt3

proliferate more slowly than isogenic lung fibroblast lines expressing Akt1 or

Akt2. (A) Whereas the expression of Akt1 and Akt2 remains stable, Akt3

expression declines with cell passaging. Western blots of cell lysates of

passaged Akt-null lung fibroblasts engineered to express Akt1, Akt2, or Akt3

were probed with Akt isoform-specific antibodies. Tubulin was used as the

loading control. (B) Growth curves of the same cells show that the Akt3-expressing

cells grow more slowly, while Akt2-expressing cells grow at an intermediate rate.

Akt1/2/3: Akt null cells engineered to express all three isoforms.
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However, in cells growing in serum-supplemented media, the
GSH/GSSG ratio was the lowest in cells expressing Akt3 (SI Ap-
pendix, Fig. S5), as expected. In agreement with these data, the
abundance of oxidized proteins, detected by probing immunoblots
of whole cell extracts with an antibody that recognizes carbonyl
groups in cellular proteins, was also the highest in the Akt3-,
followed by the Akt1-rescued cells (Fig. 3F).

The Activation of the DNA Damage Response in Akt3-Rescued Cells Is

ROS Dependent. The preceding data (Figs. 1–3) suggested that the
slow growth of Akt3-expressing cells is due to the accumulation
of ROS, which induces DNA damage and consequently activates
the p53 response pathway. To address this hypothesis, we ex-
amined the effects of the ROS scavenger NAC on the proliferation
of Akt1-, Akt2-, and Akt3-expressing cells. The results revealed that
NAC stimulates cellular proliferation in the Akt3-rescued, but not
in the Akt1- and Akt2-rescued cells (Fig. 4 A, B, and C). Moreover,
NAC suppresses the expression of p53 (Fig. 4D) and miR-34
(Fig. 4E) in Akt3-expressing cells. These data support the proposed
hypothesis.

The Akt3-Mediated Suppression of Cellular Proliferation via ROS Is

p53 and INK4a/Arf Dependent. To determine whether the induc-
tion of p53 by ROS in Akt3-expressing cells is required for the
Akt3-mediated inhibition of cellular proliferation, wild-type MEFs
and p53−/− MEFs were transduced with retroviral constructs of

Akt1 or Akt3. Western blot analysis verified that Akt3 over-
expression induces the expression of p53 (SI Appendix, Fig. S6),
while cell growth assays revealed that Akt3 overexpression in-
hibits the proliferation of wild-type MEFs (Fig. 5A), but does not
affect the proliferation of p53−/− cells (Fig. 5B). Measurements
of DHE- and DCFDA-detectable ROS (superoxide and H2O2,
respectively) by flow cytometry confirmed that both are selectively
induced by Akt3 in both wild-type and p53−/− cells (Fig. 5 C and
D). Based on these data we conclude that the inhibition of cellular
proliferation by Akt3-induced ROS is indeed p53 dependent. To
investigate the involvement of p53 in miR-34 regulation down-
stream of Akt3, we examined the effects of Akt3 overexpression
on the levels of miR-34 family members in wild-type and p53−/−

MEFs. qRT-PCR analysis revealed that the induction of miR-34a,
b and c, depends at least in part on p53 (SI Appendix, Fig. S7). To
assess the role of miR-34 in Akt3-mediated suppression of cell
proliferation, we inhibited miR-34 activity by antisense oligos.
Inhibition of miR-34 increased the rate of proliferation of Akt3-
rescued cells by 15% with no effects on Akt1-expressing cells (SI
Appendix, Fig. S8), suggesting that miR-34 plays a minor role,
relative to other p53-dependent mechanisms.
In addition to p53, DNA damage activates the INK4a/ARF

locus, which encodes the p16INK4a, p15INK4b, and p19Arf proteins
(p14Arf in humans) (54, 55). The cyclin-dependent kinase in-
hibitors p16INK4a and p15INK4b regulate the phosphorylation of
the retinoblastoma (Rb) family members, in cells traversing the

Fig. 2. Akt3 expression activates the DNA damage response. (A) Heatmap showing that treatment with IGF1 induces miR-34a, miR-34b, and miR-34c in Akt3-

expressing, and to a lesser extent, in Akt2-expressing cells. (B) Quantitative RT-PCR comparing the expression of miR-34a, miR-34b, and miR-34c in Akt1-,

Akt2-, and Akt3-expressing cells growing in serum-containing media. (C) Western blot showing the expression of p53 in cell lysates of Akt1-, Akt2-, and

Akt3-expressing cells growing in serum-supplemented media. Tubulin was used as the loading control. (D) Western blot showing the expression of p53 in

independent cultures of lung fibroblasts expressing high and low levels of Akt3 (two independent cultures of each). Tubulin was used as the loading control.

(E) Growth curves of cells expressing high and low levels of Akt3. (F) Serial passage of Akt3-expressing cells selects for cells expressing progressively lower

levels of Akt3. Western blots show that Akt3 expression correlates with the expression of p53 and with the level of H2A.X phosphorylation on Ser139. Tubulin

was used as the loading control.
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G1 phase of the cell cycle, while p19Arf regulates the abundance
of p53. Based on these considerations, we examined whether the
Akt3-mediated inhibition of cell proliferation depends also on
the INK4/ARF locus. To this end, MEFs in which both INK4
and ARF were ablated (INK4a−/−/Arf−/−), and MEFs in which
ARF was selectively ablated (Arf−/−), were transduced with ret-
roviral constructs of Akt1 or Akt3. The results confirmed that
the expression of Akt3 does not suppress the proliferation of
these cells (Fig. 5 E and F). We conclude that the inhibition of
cellular proliferation by Akt3 depends not only on p53, but also
on the INK4a/ARF locus. Collectively, our data indicate that
the ROS-mediated inhibition of cellular proliferation in Akt3-
expressing cells depends on the activation of the DNA damage
response.

Akt3 Inhibits Cell Proliferation by Promoting ROS Production via

Phosphorylation of p47phox and Activation of the NADPH Oxidase.

The levels of ROS in cells expressing different Akt isoforms
may be due to the differential regulation of ROS production or
ROS detoxification by Akt1, Akt2, and Akt3 (SI Appendix, Fig.
S1). To address this question, we employed an assay that mea-
sures the overall antioxidant activity in cell lysates. The results
(SI Appendix, Fig. S9) revealed that Akt3-expressing cells exhibit
high, rather than low antioxidant activity, suggesting that Akt3
may up-regulate ROS by promoting ROS production rather than by
inhibiting ROS detoxification and that feedback mechanisms up-
regulate antioxidant activity to detoxify the increased levels of ROS.
Akt3 may stimulate ROS production by one of twomechanisms: 1)

It may stimulate mitochondrial biogenesis and mitochondrial

Fig. 3. ROS are differentially regulated by the three Akt isoforms. (A) Flow cytometry of TKO, Akt1-, Akt2-, and Akt3-expressing cells growing in serum-

supplemented media and treated with DCFDA. (B) Flow cytometry of TKO, Akt1-, Akt2-, and Akt3-expressing cells growing in complete serum-supplemented

media and treated with DHE. (C) DCFDA-detectable fluorescence in TKO, Akt1-, Akt2-, and Akt3-expressing cells, 10 min after treatment with PDGF or serum.

(D) Expression of SOD1, SOD2, and SOD3 was determined by qRT-PCR in Akt1-, Akt2-, and Akt3-expressing cells growing in complete serum-supplemented

media. (E) Ratio of reduced-to-oxidized glutathione (GSH/GSSG) in TKO, Akt1-, Akt2-, and Akt3-expressing cells growing in complete serum-supplemented

media was determined by spectrophotometric (412 nm) measurement of 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB) reduction to 2-nitro-5-thiobenzoic acid

(TNB) in deproteinized cell lysates and are expressed in nanomoles per milliliter (nmol/mL). Cells pretreated with oxidative menadione (40 μM) to increase

GSSG, were used as positive controls. (F) Western blot of cell lysates from TKO, Akt1-, Akt2-, and Akt3-expressing lung fibroblasts, probed with an antibody

recognizing carbonyl groups on protein side chains. Such groups reflect the oxidation status of proteins. Tubulin was used as the loading control. TKO: Akt-

null (triple knockout) cells.
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oxidative phosphorylation. This mechanism appears to play an
important role in Akt3-mediated ROS production in VEGF-
stimulated endothelial cells (56). 2) It may activate the NADPH
oxidase by phosphorylating components of the enzyme complex.
Phosphorylation of p47phox, one of the regulatory components of
the NADPH oxidase, at Ser304 and Ser328, had indeed been
observed in earlier studies addressing the effects of Akt on the
activity of purified NADPH oxidase in vitro (51, 57, 58). Experi-
ments using the ROS-activated fluorescent dye mitotracker, which
monitors ROS levels in the mitochondria, revealed that all Akt
isoforms up-regulate mitochondrial ROS with similar efficiencies
(SI Appendix, Fig. S10). Moreover, parallel experiments revealed
that the induction of DCFDA-detectable ROS (H2O2), which is
more robust in Akt3-expressing cells, is completely blocked by the
NADPH oxidase inhibitors 4-(2-aminoethyl)benzenesulfonyl
fluoride hydrochloride (AEBSF) and diphenyleneiodonium (DPI)
(SI Appendix, Figs. S11 and S12). These observations combined
suggested that ROS are produced in response to growth factor
signals that are transduced by Akt (primarily Akt3), and activate
the NADPH oxidase. To test this hypothesis, we expressed the
Flag-tagged p47phox in lung fibroblasts expressing one Akt isoform
at a time. Cell lysates were immunoprecipitated by anti-Flag
(p47phox), and Western blots were probed with the phosphorylated
Akt substrate (RXXS*/T*) antibody. This approach demonstrated
that Akt3 phosphorylates p47phox more efficiently than Akt1 or
Akt2 (Fig. 6A). Importantly, in Akt3-expressing cells, p47phox

phosphorylation was lost by treatment with the Akt inhibitor MK2206
(SI Appendix, Fig. S13).

To link p47phox phosphorylation and NADPH activity, spon-
taneously immortalized p47phox−/− MEFs were transduced with
Akt1 or Akt3 retroviral constructs. Transduced cells were sub-
sequently compared to determine whether they differ in p53
expression, cell proliferation rates, and in DCFDA- and DHE-
detectable ROS levels. The results showed that both the rates of
proliferation (Fig. 6B) and p53 protein levels (Fig. 6C) were
similar in Akt1-and Akt3-expressing p47phox−/− MEFs, and ac-
cordingly, the ability of Akt3 to induce miR-34 was impaired (SI
Appendix, Fig. S14). Importantly, the differences between Akt1-
and Akt3-induced ROS observed in wild-type MEFs (Fig. 5C)
were diminished in p47phox−/− MEFs (Fig. 6 D and E). We
conclude that Akt3 induces ROS and subsequently p53 expres-
sion by activating the NADPH oxidase.
To determine whether NADPH oxidase is preferentially reg-

ulated by Akt3, we transduced p47phox−/− MEFs with wild-type
p47phox and retroviral constructs of Akt1 or Akt3. Control
p47phox-rescued p47phox−/− cells were transduced with the empty
retroviral vector (pBabe puro). DHE (superoxide) fluorescence
monitored by flow cytometry was significantly more robust in
cells transduced with Akt3 than in cells transduced with Akt1 or
with the empty vector (Fig. 6F). To determine whether Akt3
enhances ROS production by phosphorylating p47phox, we mutated
both phosphorylation motifs of p47phox (Fig. 6G). Spontaneously
immortalized MEFs from p47phox−/− mice were transduced with
retroviral constructs of Flag-tagged wild-type p47phox or the Flag-
tagged phosphorylation site mutants [p47phoxS304A, p47phoxS328A,
or p47phoxS304A/S328A (DMp47phox)]. The same cells were
superinfected with retroviral constructs of Akt1 or Akt3. Trans-
duced cells were analyzed for p47phox phosphorylation by probing
anti-Flag immunoprecipitates with the Akt phosphosubstrate an-
tibody. The same cells were treated with DHE and they were
analyzed by flow cytometry. The results confirmed that the Ser304
and Ser328 sites were both phosphorylated by Akt (primarily
Akt3) in vivo. Notably, although the phosphorylation of the single
mutants is higher in the Akt3 than in the Akt1-expressing cells, the
background phosphorylation of the double mutant by Akt1 and
Akt3 is equal (Fig. 6H). They also confirmed that, whereas Akt3
significantly up-regulates superoxide in p47phox−/− MEFs rescued
with the wild-type p47phox, neither Akt3 nor Akt1 up-regulates
superoxide in MEFs rescued with the phosphorylation site mu-
tant of p47phox (Fig. 6I). We conclude that ROS induction by Akt3
depends on the NADPH oxidase which is preferentially activated
by Akt3 via phosphorylation of p47phox at Ser304 and Ser328.

Akt3 Regulates the Expression of p53, and Cancer Cells Adapt to the

Akt3-p53 Axis. The link between Akt3 and p53 was also observed
in human cancer cell lines. Comparison of the p53 levels in three
melanoma cell lines, of which one (SKMEL2) expresses high
levels of Akt3 and two (LoxMVII and UACC62) express low
levels of Akt3, revealed that the levels of Akt3 correlate with the
levels of p53 (SI Appendix, Fig. S15A). More important, knock-
down of Akt3 in SKMEL2 cells suppressed p53 levels (SI Appendix,
Fig. S15B), suggesting that p53 expression is under the control of
Akt3. The above observation was validated in breast cancer cell
lines expressing all Akt isoforms (T-47D, MDA-MB-231). Whereas,
silencing of Akt3 in both cell lines resulted in suppression of p53,
knockdown of Akt1 or Akt2 had minimal effects (Fig. 7 A and B).
Akt3 is highly expressed in several tumor types (68–70). In-

terrogation of cancer genomics datasets (TCGA: The Cancer
Genome Atlas) through the cBioportal website (71, 72), revealed
that the Akt3 gene is genetically altered, most commonly am-
plified, in numerous types of human cancer (SI Appendix, Fig.
S16). Given the antiproliferative effects of Akt3, the selection of
tumor cells with an amplified and/or overexpressed Akt3 gene is
a paradox. To address this paradox, we hypothesized that cells adapt
to the overexpression of Akt3 by inactivating the DNA damage
response pathway. To address this hypothesis, we employed data

Fig. 4. The slow proliferation of Akt3-expressing cells is ROS dependent.

(A–C) Growth curves of Akt1-, Akt2-, and Akt3-expressing cells before and

after treatment with the antioxidant NAC. The antioxidant was renewed

every 3 d. (D) Western blot showing the expression of p53 in Akt1-, Akt2-,

and Akt3-expressing cells before and after treatment with NAC. Tubulin was

used as the loading control. (E) Quantitative RT-PCR comparing the ex-

pression of miR-34a, miR-34b, and miR-34c in Akt3-expressing cells before

and after treatment with NAC.
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extracted from the Oncomine database to examine the correlation
between Akt3 and p53 expression. These analyses revealed that in
three types of human cancer [melanomas (Fig. 7C), breast
(Fig. 7D), and lung carcinomas (Fig. 7E)], the expression of Akt3
exhibits an excellent positive correlation with the expression of
p53. Moreover, the frequency of p53 mutation is significantly
higher in tumors with Akt3 amplification than in tumors without
Akt3 alterations (Fig. 7F).

Discussion

Data presented in this report address the role of individual Akt
isoforms in the generation of ROS. The initial experiments were

carried out in immortalized lung fibroblasts, which were engi-
neered to express one Akt isoform at a time, but were otherwise
identical (30–33). A screen comparing these cells with each other
and with isogenic Akt-null cells for the abundance of ROS
showed that although all Akt isoforms contribute to ROS gen-
eration, it is Akt3 that is the most robust ROS inducer. These
studies were initiated because of the observation that Akt3-
expressing cells grow significantly slower than Akt1- or Akt2-
expressing isogenic cells and their slow growth is associated
with high levels of p53 and high levels of the microRNAs miR-
34a, miR-34b, and miR-34c, which are direct transcriptional
targets of p53. The elevation of p53 was due to the activation of

Fig. 5. The growth inhibitory effects of Akt3 are p53 and INK4A/ARF dependent. (A and B) Growth curves of wild-type (A) and p53−/− (B) MEFs transduced

with Akt1, Akt3, or the empty vector, and growing in complete serum-supplemented media. (C and D) DCFDA- and DHE-detectable ROS were measured by

flow cytometry in the Akt1- and Akt3-expressing wild-type (C) and p53−/− (D) MEFs. (E and F) Growth curves of Arf−/− (E) or INK4a/Arf−/− (F) MEFs, expressing

Akt1 or Akt3 and growing in serum-supplemented media.
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the DNA damage response by reactive oxygen species, whose
levels were significantly higher in the Akt3-expressing cells. The
importance of ROS in the activation of the DNA damage re-
sponse in the Akt3-expressing cells was confirmed both by
pharmacologic and genetic experiments. Specifically, we showed
that the antioxidant NAC reduced the levels of p53 and pro-
moted cell proliferation selectively in Akt3-expressing cells.
Moreover, Akt3 expression failed to inhibit cell proliferation
when expressed in p53−/−, INK4aA−/−/Arf−/−, and Arf−/− cells,
despite the fact that the loss of these genes had no effect on the
up-regulation of ROS by Akt3. Further studies revealed that the
robust up-regulation of ROS by Akt3, as opposed to Akt1 and
Akt2, is due to differences between Akt isoforms in the gener-
ation rather than the clearance of ROS.
The induction of ROS by Akt has been described previously

(48–51). However, most of the earlier studies do not distinguish
between Akt isoforms and they focus primarily on the role of Akt
in the regulation of ROS detoxification mechanisms. Thus, it has
been observed that Akt phosphorylates and inactivates the FOXO
family of transcription factors, which normally promote the ex-
pression of the mitochondrial enzyme MnSOD (SOD2) (73, 74).
ROS induction by Akt and other oncogenes also promotes the
expression of FOXM1, another member of the forkhead family of
transcription factors, which induces the expression of several ROS
detoxifying enzymes, including MnSOD, catalase, and PRDX3
(75). Importantly, Akt also stabilizes NRF2 and promotes the

expression of regulators of glutathione synthesis, resulting in glu-
tathione up-regulation (76). These Akt-regulated activities may be
important for the overall regulation of ROS by Akt; however, they
do not seem to contribute to the differential induction of ROS by
Akt3. First, Akt3 is a more robust inducer of ROS than the other
Akt isoforms, and it functions by stimulating ROS generation
rather than by inhibiting ROS detoxification. Second, the expression
of SOD2 and SOD3 is higher in Akt3-expressing, relative to the
Akt1- and Akt2-expressing cells, while the expression of SOD1 is
equivalent in Akt3- and Akt1-expressing cells. Significantly, SOD1
and SOD2 expression is higher in Akt1- than in Akt2-expressing
cells and this correlates with the levels of H2O2 and superoxide in
the two cell types, with the levels of H2O2 (DCFDA-detectable
ROS) being higher in Akt1-expressing cells and the levels of su-
peroxide (DHE-detectable ROS) being higher in Akt2-expressing
cells. We have not addressed the mechanism of this difference.
However, we have observed that Akt2-expressing cells tend to ex-
press higher levels of p53 and microRNAs of the miR-34 family and
they proliferate slower than the Akt1-expressing cells.
In the experiments presented here, the high levels of ROS in

the Akt3-expressing cells were induced by growth factor stimu-
lation, and they were not associated with the mitochondria. More
detailed analyses showed that the Akt3-dependent stimulation of
ROS production was due to the phosphorylation of the NADPH
oxidase subunit p47phox, which results in NADPH activation.
Previous studies had shown that NADPH oxidase can be activated

Fig. 6. The slow proliferation of Akt3-expressing cells is caused by ROS, induced by Akt3, via p47phox phosphorylation, and activation of the NADPH oxidase.

(A) Phosphorylation of p47phox in Akt1-, Akt2-, and Akt3-expressing cells growing in serum-supplemented media. Akt1-, Akt2-, and Akt3-expressing lung

fibroblasts were transduced with wild-type Flag-p47phox. p47phox was immunoprecipitated from cell lysates with an anti-Flag antibody. A Western blot of the

immunoprecipitates was probed with an Akt phosphosubstrate antibody (RXXS*/T*). The same immunoprecipitates were probed with the anti-Flag antibody (loading

control). (B) Growth curves of p47phox−/−MEFs expressing Akt1 or Akt3 and growing in complete serum-supplementedmedia. (C) Western blot showing the expression

of p53 in cell lysates of Akt1- and Akt3-expressing p47phox−/−MEFs growing in serum-supplementedmedia. Tubulin was used as the loading control. (D and E) DCFDA-

and DHE-detectable ROS in the Akt1- and Akt3-expressing p47phox−/−MEFs were measured by flow cytometry. (F) DHE-detectable ROS levels were measured by flow

cytometry, in p47phox−/− MEFs and their derivatives, transduced with the empty vector (pBabe-neo) or with wild-type p47phox (p47phoxR). The wild-type p47phox-

rescued cells were also transduced with Akt1 or Akt3 retroviral constructs or with the empty vector (EV). (G) Conservation of the Akt phosphorylation motifs, RXXS/T,

on p47phox (Ser304 and Ser328). (H) Phosphorylation of wild type and p47phox mutants in Akt1- and Akt3-expressing cells growing in serum-supplemented media.

Akt1- and Akt3-expressing lung fibroblasts were transduced with wild-type Flag-p47phox (WT) or its mutants Flag-p47phoxS304A, Flag-p47phoxS328A, or Flag-

p47phoxS304A/S328A double mutant (DM). Cell lysates were immunoprecipitated with the anti-Flag antibody (p47phox), and Western blots of the immunoprecip-

itates were probed with the Akt phosphosubstrate antibody (RXXS*/T*). Probing immunoprecipitates with anti-Flag antibody were used as the loading control. The

same immunoprecipitates probed with anti-Flag were used as the loading control. (I) DHE-detectable ROS, measured by flow cytometry, in p47phox−/−MEFs and their

derivatives, transduced with the wild-type p47phox (p47phoxR) or the double phosphorylation site mutant of p47phox (DMp47phoxR). Both the wild type and the

mutant p47phox-rescued cells were also transduced with Akt1 or Akt3 retroviral constructs. EV/EV, cells transduced with both empty vectors; R, rescued.
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via the Akt-mediated phosphorylation of p47phox at two conserved
sites (51, 57) (Fig. 6). However, these data were obtained from
biochemical in vitro experiments, which were carried out using
purified proteins. In addition, they did not distinguish between
Akt isoforms. The experiments presented here provide in vivo
confirmation of the in vitro biochemical data. In addition, they
address the roles of the three Akt isoforms and they explore the
biological consequences of p47phox phosphorylation in live cells.
An earlier study focusing on the role of Akt3 in ROS induction in
endothelial cells had shown that Akt3 promotes the generation of
ROS by stimulating mitochondrial biogenesis (56). The data
presented in this report did not directly address the role of Akt3 in
mitochondrial biogenesis. However, the earlier study failed to
show a disproportionate increase in mitochondrial ROS following
Akt3 activation. It is possible that the difference between this and
the earlier study showing the effects of Akt3 on mitochondrial
biogenesis is in the types of cells used in these studies.
The high expression of p53 in Akt3-expressing cells suppresses

cell proliferation. The overexpression of Akt3 in human melano-
mas and other types of human tumors therefore is puzzling, be-
cause it would be expected to inhibit the proliferation of the tumor
cells. We therefore hypothesized that these tumors may have
undergone genetic or epigenetic changes that allow them to tol-
erate the high Akt3 levels. These changes may result in the de-
regulation of the DNA damage response pathways. Data extracted
from the Oncomine and TCGA databases support this conclusion
by showing that in several types of cancer, Akt3 levels positively

correlate with the levels of p53 and that p53 mutations are more
common in tumors with a genetically altered (most commonly
amplified) Akt3, than in tumors with a normal Akt3 gene. Cells
with impaired DNA damage response and high levels of ROS
would be expected to exhibit significant genetic instability, which
may contribute to the aggressiveness of these tumors. Akt3 activity
may result in loss of the p53 “brake” but due to high levels of ROS
and/or DNA damage maintain high ATM and Rad3-related ser-
ine/threonine kinase (ATR)/checkpoint kinase 1 (CHK1) activity
(77, 78). Based on the promising data from ongoing clinical trials
with ATR/CHK1 inhibitors (79), we propose that these inhibitors
could prove effective against tumors with high Akt3 activity.
In summary, although all Akt isoforms promote the up-regulation

of ROS, Akt3 is the Akt isoform most efficiently up-regulating ROS.
ROS up-regulation by Akt3 is due primarily to the phosphorylation
of p47phox, which activates the NADPH oxidase. ROS induction
induces the DNA damage response and inhibits cell proliferation.
Therefore, tumor cells expressing high levels of Akt3 adapt to grow
by inactivating the DNA damage response, which allows them to
bypass the inhibitory effects of ROS on cell proliferation.

Data Availability. All study data are included in the article and
supporting information.
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CXCL10 plays a key role as an inflammatory mediator and a
non-invasive biomarker of non-alcoholic steatohepatitis
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Background & Aims: Perpetuate liver inflammation is crucial in

the pathogenesis of non-alcoholic steatohepatitis (NASH).

Expression of CXCL10, a pro-inflammatory cytokine, correlates

positively with obesity and type 2 diabetes. Whether CXCL10

plays a role in NASH was unknown. We aimed to investigate

the functional and clinical impact of CXCL10 in NASH.

Methods: Cxcl10 gene-deleted (Cxcl10�/�) and C57BL/6 wild type

(WT) mice were fed a methionine- and choline-deficient (MCD)

diet for 4 or 8 weeks. In other experiments, we injected neutral-

izing anti-CXCL10 mAb into MCD-fed WT mice. Human serum

was obtained from 147 patients with biopsy-proven non-alco-

holic fatty liver disease and 73 control subjects.

Results:WT mice, fed the MCD diet, developed steatohepatitis

with higher hepatic CXCL10 expression. Cxcl10�/� mice were

refractory to MCD-induced steatohepatitis. We further revealed

that CXCL10 was associated with the induction of important

pro-inflammatory cytokines (TNF-a, IL-1b, and MCP-1) and

activation of the NF-jB pathway. CXCL10 was linked to steatosis

through upregulation of the lipogenic factors SREBP-1c and LXR,

and also to oxidative stress (upregulation of CYP2E1 and C/EBPb).

Blockade of CXCL10 protected against hepatocyte injury in vitro

and against steatohepatitis development in mice. We further

investigated the clinical impact of CXCL10 and found circulating

and hepatic CXCL10 levels were significantly higher in human

NASH. Importantly, the circulating CXCL10 level was correlated

with the degree of lobular inflammation and was an independent

risk factor for NASH patients.

Conclusions:We demonstrate for the first time that CXCL10

plays a pivotal role in the pathogenesis of experimental steato-

hepatitis. CXCL10 maybe a potential non-invasive biomarker for

NASH patients.

� 2014 European Association for the Study of the Liver. Published

by Elsevier B.V.

Introduction

Non-alcoholic fatty liver disease (NAFLD) has become increas-

ingly important worldwide due to changes in lifestyle and resul-

tant over-nutrition [1]. Non-alcoholic steatohepatitis (NASH) is a

severe form of NAFLD, characterized by necroinflammation and

lipid accumulation [2,3]. Little is known about the factors respon-

sible for the transition from benign steatosis to steatohepatitis in

NAFLD/NASH. As a consequence, apart from addressing lifestyle

issues, there are few effective interventions to treat patients with

NASH. The present concept about NASH pathogenesis is that

increased levels of toxic lipids, such as free fatty acids or free cho-

lesterol provide initiating and propagating mechanism for hepa-

tocellular injury and resultant inflammation. Inflammation may

result from oxidative stress and pro-inflammatory chemokines

and cytokines, which perpetuate liver injury and lead to fibrosis

[4]. Identification of the pro-inflammatory cytokines, which are

associated with lipotoxicity, may improve our understanding of
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the pathogenesis of NASH, enabling the development of novel

pharmacological treatments.

One particularly important pro-inflammatory cytokine associ-

ated with lipotoxicity is the CXC motif chemokine ligand 10

(CXCL10), which recruits inflammatory cells to the site of tissue

damage [5,6]. CXCL10 has been implicated in the pathogenesis

of hepatitis C virus infection through interactions with the toll-

like receptor (TLR) 2 [7], and in hepatitis B virus-infection

through the nuclear factor-jB (NF-jB) pathway [8]. In various

types of liver injury, CXCL10 is secreted by hepatocytes in areas

of lobular inflammation [9,10] and neutralization of CXCL10

accelerates liver regeneration [11]. These data indicate a poten-

tial role for CXCL10 in the development of intrahepatic inflamma-

tion. Moreover, CXCL10 is upregulated in NASH patients [12] and

correlates positively with the incidence of obesity and type 2 dia-

betes [13,14]. These findings suggest that CXCL10 could be a piv-

otal molecule that facilitates transition from benign steatosis to

progressively hepatocellular damage and inflammation in

steatohepatitis.

We have recently reported that the anti-oxidant enzyme

heme oxygenase-1 protects against development of experimental

steatohepatitis in association with reduced production of CXCL10

[15]. In the present study, we first investigated the functional role

of CXCL10 in the development of steatohepatitis using Cxcl10

gene-deleted mice, and further explored the molecular mecha-

nisms by which CXCL10 exerts its effects on inflammation, stea-

tosis, oxidative stress and apoptosis. We demonstrated by in vitro

and in vivo approaches that blockade of CXCL10 (neutralizing

anti-CXCL10 mAb) protected against steatohepatitis. In particu-

lar, we tested the clinical impact of CXCL10 in 147 patients with

biopsy-proven NAFLD and 73 control subjects and demonstrated

that circulating CXCL10 is an independent risk factor for patients

with NASH.

Materials and methods

Animals and treatments

Age-matched male Cxcl10 knock out (Cxcl10�/�) and C57BL/6 wild type (WT) mice

(fromDr. AndrewD. Luster, HarvardMedical School) were fed either amethionine-

and choline-deficient (MCD) diet or a control diet for 4 weeks to establish steato-

hepatitis, or for 8 weeks to establish fibrosing steatohepatitis [15,16].

For CXCL10 neutralization experiments, male C57BL/6 WT mice were given

CXCL10-specific anti-CXCL10 mAb (R&D System, Minneapolis, MN) by intraperi-

toneal injection (50 lg in 200 lL PBS per mouse) at 12 h before MCD diet, and

then the injection was repeated every 2 days for 5 cycles [10,14]. Mice were also

given an isotype-matched rat IgG2A mAb (R&D System) at the same time as the

controls. In a separate experiment, anti-CXCL10 mAb or control mAb were sup-

plemented for 10 days under MCD diet after induction of steatohepatitis in mice

fed the MCD diet for 3 weeks. All animals received humane care and all animal

studies were performed in accordance with guidelines approved by the Animal

Experimentation Ethics Committee of the Chinese University of Hong Kong.

Mice were sacrificed as previously described [17]. Biochemical determination

of serum alanine aminotransferase (ALT) levels, triglycerides and lipid peroxida-

tion rates were performed. Liver histology, liver collagen content analysis, cyto-

kine profiling assay, cDNA expression array, nuclear DNA binding activity assay,

terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) assay,

fluorescence activated cell sorting (FACS) analysis, qPCR and western blot were

performed.

Subjects and human sample collection

Serum samples were collected from 147 patients with biopsy-proven NAFLD and

73 healthy subjects as previously described [18,19]. Percutaneous liver

biopsy specimens were collected from 11 patients with NASH, 11 patients with

simple steatosis and 15 healthy controls in the Prince of Wales Hospital and

the Queen Mary Hospital, Hong Kong. All subjects had given written informed

consent and the study protocol was approved by the Clinical Research Ethics

Committee of the Chinese University of Hong Kong and the University of Hong

Kong.

Statistical analysis

Differences between two groups were compared by the Mann-Whitney U test or

Student’s t test. Multiple group comparisons were made by the Kruskal-Wallis

test or one-way ANOVA. Spearman’s correlation coefficient was used to estimate

the association of serum CXCL10 levels and several factors of interest, while mul-

tiple linear regression was used to determine the independent factors associated

with levels of CXCL10. Multiple logistic regression was performed to identify the

independent risk factors of NASH. A receiver operating characteristic (ROC) curve

analysis was conducted to assess the performance of CXCL10 in the prediction of

NAFLD/NASH. All statistical tests were performed using SPSS or GraphPad Soft-

ware. Data were expressed as mean ± standard deviation or median (interquartile

range [IQR]) and considered significant at p <0.05.

Additional experimental procedures are provided in the Supplementary

Materials and methods section.

Results

Hepatic CXCL10 expression is upregulated in experimental

steatohepatitis and is required for its development

To elucidate the role of CXCL10 in the development of steatohep-

atitis, Cxcl10�/� and WT mice were fed control or MCD diets for

4 weeks. MCD-fedWTmice developed steatosis, ballooning hepa-

tocytes, scattered lobular inflammatory cell infiltration, and

inflammatory foci (Fig. 1A), consistent with steatohepatitis. This

was associated with increased hepatic CXCL10 mRNA and protein

levels compared with mice fed a control diet (Fig. 1B), which

showed normal liver histology (Fig. 1A). Conversely, MCD-fed

Cxcl10�/� mice showed significant less steatosis (p <0.01) and

reduced inflammatory cell infiltration (p <0.01), as indicated by

steatosis and necroinflammatory scores (Fig. 1A). Consistent with

the histologic findings, measurement of serum ALT (p <0.0001),

hepatic lipid peroxide by the thiobarbituric acid reactive sub-

stances (TBARS) assay (p <0.01) and hepatic triglyceride contents

(p <0.01) revealed that loss of CXCL10 protected mice from MCD

diet-induced liver injury (Fig. 1C). The decreased lipid accumula-

tion in MCD-fed Cxcl10�/� mice was confirmed by Oil red O stain-

ing (Fig. 1A). Taken together, these data suggest that CXCL10

contributes to the development of steatohepatitis.

CXCL10 is required for hepatic nutritional fibrosis

To examine whether CXCL10 plays a role in hepatic nutritional

fibrosis, Cxcl10�/� mice and WT mice were fed with control or

MCD diet for 8 weeks. Intraparenchymal pericellular fibrosis

developed from steatohepatitis in WT mice fed with MCD for

8 weeks as shown by Sirius Red staining (Fig. 1D), whilst,

MCD-fed Cxcl10�/� mice showed impressively reduced amounts

of collagen fibres (Fig. 1D). Morphometric analysis yielded con-

cordant results where the Sirius Red-stained collagen areas

were significantly reduced in MCD-fed Cxcl10�/� mice com-

pared to MCD-fed WT mice (p <0.05). Moreover, quantitation

of collagen by measuring hepatic hydroxyproline content sup-

ported the improvement of liver fibrosis by CXCL10 deficiency

(Fig. 1D).
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CXCL10 induces hepatic chemokines, cytokines and other

proinflammatory molecules

We next determined the mechanisms of CXCL10 in regulating

hepatic inflammation by analysing chemokines and cytokines

involved in inflammation and cell recruitment. In keeping with

the improved liver histology and reduction of liver injury, loss

of CXCL10 significantly reduced the production of key pro-

inflammatory chemokines and cytokines such as tumor necrosis

factor-a (TNF-a), interleukin (IL)-1b, and monocyte chemoattrac-

tant protein-1 (MCP-1), as indicated initially by a cytokine profil-

ing assay (Fig. 2A) and confirmed by qRT-PCR (Supplementary

Fig. 1A–C). We then conducted a cDNA expression assay to iden-

tify molecules involved in CXCL10-mediated pathogenesis of
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Fig. 1. Deficiency of CXCL10 attenuates experimental steatohepatitis. (A) Representative H&E staining (arrows, inflammatory cells) and Oil red O staining from 4-week

liver sections of Cxcl10�/� and WT mice fed a control or MCD diet. (B) Hepatic CXCL10 mRNA and protein levels in liver tissues of WT mice. (C) Serum ALT, total hepatic lipid
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control diet. #p <0.01 vs. WT mice fed MCD diet.

JOURNAL OF HEPATOLOGY

Journal of Hepatology 2014 vol. 61 j 1365–1375 1367

307 | Page



steatohepatitis using an additional panel of inflammatory

response factors and comparing their expression in MCD-fed

Cxcl10�/� and WT mouse livers. Loss of CXCL10 was associated

with substantially increased expression of CXCL6 (63.2-fold),

CXCL9 (27.7-fold), E-selectin (SELE), IFN-c, oxidative stress-associ-

ated transcription factor CCAAT/enhancer binding protein beta

(C/EBPb), and NF-jB signalling components including IL-6 (24.1-

fold), CCL22 (13.2-fold), TLR9, CXCL5 and cyclooxygenase-2
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Fig. 2. CXCL10 induces steatohepatitis through hepatic inflammatory molecules, lipogenic factors and oxidative stress. (A) Hepatic TNF-a, IL-1b, and MCP-1 protein
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(COX-2) (Table 1). These data support that CXCL10 plays a critical

role in liver inflammation.

CXCL10 activates NF-jB

Given the crucial role of NF-jB signalling in the pathogenesis of

steatohepatitis [20,21], we examined whether CXCL10 played any

role in modulation of this pathway in steatohepatitis. NF-jB
nuclear binding activity was increased in MCD-fedWT mice com-

pared with control diet (p <0.0001), but not in MCD-fed Cxcl10�/�

mice (Fig. 2B). This was confirmed by enhanced levels of phos-

phorylated NF-jB subunits p65 and p50, decreased cytosolic

NF-jB suppressor IjBa (Fig. 2B) and upregulation of NF-jB
downstream factor intercellular adhesion molecule-1 (ICAM-1)

in MCD-fed WT mice compared to corresponding Cxcl10�/� mice

(Supplementary Fig. 1D). Our findings indicate that CXCL10

employs NF-jB signalling to mediate inflammation in

steatohepatitis.

CXCL10 contributes to hepatic steatosis by inducing lipogenic genes

To seek an explanation for the reason why deletion of CXCL10

caused less steatosis, we assessed hepatic expression of lipogenic

regulators and genes, including liver X receptor (LXR)a, LXRb, ste-
rol regulatory element binding protein isoform 1c (SREBP-1c),

carbohydrate response element binding protein (ChREBP) and

stearoyl-CoA desaturase isoform-1 (SCD-1) as well as genes and

regulators of hepatic fatty acid oxidation, such as adiponectin,

peroxisome proliferator-activated receptor-alpha and its down-

stream target molecules, acyl-CoA oxidase, long-chain acyl-CoA

dehydrogenase, cytochrome P450 (CYP) 4a10 and 4a14. Com-

pared to MCD-fed WT mice, MCD-fed Cxcl10�/� mice showed sig-

nificantly lower mRNA expression of LXRa, LXRb, SREBP-1c,

ChREBP, and SCD-1 (Table 2). Western blot confirmed the down-

regulation of SREBP-1c and SCD-1 protein expression in liver

lysates (Fig. 2C). Concomitantly, the nuclear DNA-binding activity

of SREBP-1c was decreased in Cxcl10�/� mice (Fig. 2C). Expression

of lipolytic genes, regulating fatty acid oxidation, was similar

between Cxcl10�/� and WT mice fed MCD (Table 2). These find-

ings indicate that CXCL10 either directly or indirectly (such as

via MCP-1) can influence hepatic lipogenesis, thereby contribut-

ing to steatosis as well as its inflammatory consequences.

CXCL10 contributes to oxidative stress through CYP2E1 and C/EBPb

In addition to the accumulation of hepatic triglycerides in

response to choline deficiency and lipogenesis [22,23], and

impaired antioxidant defences in response to methionine defi-

ciency, induction of CYP2E1 (or CYP4A) [24] and C/EBPb [17]

may induce oxidative stress in the MCD model of steatohepatitis.

To establish whether the latter factors contributed to the protec-

tion against steatohepatitis afforded by CXCL10 deletion, we eval-

uated the levels of C/EBPb and CYP2E1. Both C/EBPb and CYP2E1

mRNA and protein expression were significantly less in MCD-fed

Cxcl10�/� compared to corresponding WT mice (Fig. 2D and E,

Table 1). Nuclear C/EBP DNA-binding activity was also decreased

in Cxcl10�/� mice (Fig. 2D). Thus, CXCL10 could contribute to

hepatic oxidative stress in steatohepatitis by regulating C/EBP

and its downstream target CYP2E1.

CXCL10 contributes to hepatic apoptosis

As the elevation of apoptotic cell death is closely associated with

the severity of NASH [25], we assessed the role of CXCL10 in reg-

ulating hepatic apoptosis in steatohepatitis by TUNEL assay. We

found that TUNEL-positive cells were significantly less in

Cxcl10�/� mice compared to WT mice fed MCD (0.94% vs. 4.56%,

p <0.01) (Fig. 2F). Consistent with the impaired apoptosis, the

protein expression of the active form of the apoptosis regulator

caspase-3 was significantly downregulated in Cxcl10�/� mice

compared with WT mice (Fig. 2F).

Phenotypic analysis of immune cells in the spleen and peripheral

blood of Cxcl10�/� and WT mice

In order to investigate the major immune cell populations in

CXCL10�/� and WT mice, we performed FACS analysis in the

spleen and peripheral blood. Consistent with a previous report

of Cxcl10�/� mice [26], the frequencies of B cells (CD19+CD3�),

T cells (CD3+CD19�), NK cells (NK1.1+CD3�), NKT cells

(NK1.1+CD3+), macrophages (CD11b+F4/80+) and neutrophils

(CD11b+Ly6G+) in the spleen and peripheral blood of Cxcl10�/�

mice were not changed compared to WT mice under MCD or con-

trol diet (Supplementary Figs. 2 and 3). Only a slight reduction of

CD8+ T lymphocytes (CD8+CD4�) was observed in the spleen of

MCD-fed Cxcl10�/� mice compared to WT mice fed with the same

diet (34.3 ± 2.26 vs. 38.5 ± 1.34) (Supplementary Fig. 2).

Inactivation of CXCL10 by anti-CXCL10 mAb antagonizes

MCD-induced steatohepatitis

The above results indicate essential and multiple roles of CXCL10

in steatohepatitis pathogenesis. If this is the case, specific CXCL10

inhibition should dampen or abrogate the development of this

type of liver pathology. To test this, we first examined the func-

tional effect of an anti-CXCL10 monoclonal antibody (mAb) on

steatosis and injury to hepatocyte-derived cells in vitro. As

reported [15,17], incubation of the immortalized murine hepato-

cyte cell line AML-12 with MCD medium for 24 h increased med-

ium ALT, cellular triglyceride and oxidative stress, detected by

TBARS and lipid hydroperoxide assays (Supplementary Fig. 4).

Conversely, anti-CXCL10 mAb added to AML-12 cells incubated

in MCD medium significantly reduced medium ALT, cellular

triglycerides, cellular TBARS and lipid hydroperoxide levels

Table 1. The effect of CXCL10 on gene expression profiles of inflammatory

response in mice liver tissues.

Gene name Fold change† Gene function

CXCL6 63.2 Pro-inflammatory cytokine

CXCL9 27.7 Inflammatory response

E-Selectin 7.4 Inflammatory response

IFN-γ 5.3 Pro-inflammatory cytokine

C/EBPβ 4.2 Oxidative stress

IL-6 24.1 Acute-phase response

CCL22 13.2 Inflammatory response

TLR9 4.2 Inflammatory response

CXCL5 2.8 Inflammatory response

COX-2 2.7 Acute-phase response

�MCD-fed WT mice vs. MCD-fed Cxcl10�/� mice.
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compared to AML-12 cells in MCD medium exposed to control

IgG2A mAb (Supplementary Fig. 4).

We next examined whether administration of the anti-CXCL10

mAb by intraperitoneal injection could prevent MCD-induced

steatohepatitis in vivo. Administration of the anti-CXCL10 mAb

to MCD-fed WT mice reduced steatosis and inflammatory cell

infiltration (Fig. 3A), with concordant reduction of serum ALT,

hepatic triglyceride and lipid hydroperoxide levels (Fig. 3B) com-

pared to MCD-fed mice administered control mAb. Likewise,

CXCL10 neutralization suppressed NF-jB binding activity

(p <0.01), and reduced the expression of phosphorylated NF-jB
subunits p65 and p50 (p <0.05) and ICAM-1 mRNA (p <0.05)

(Fig. 3C). Moreover, blocking CXCL10 significantly decreased the

levels of CYP2E1 (p <0.01) and SREBP-1c (p <0.05) (Fig. 3D).

After confirming a preventive effect on steatohepatitis, we

further examined whether CXCL10 neutralization could treat ste-

atohepatitis after it has been established. After induction of ste-

atohepatitis in mice fed the MCD diet for 3 weeks, anti-CXCL10

mAb or control mAb was supplemented for 10 days under MCD

diet. Histological analysis of livers by H&E and Oil red O staining

showed significantly reduced lipid accumulation and inflamma-

tory cell infiltration in MCD-fed mice treated with anti-CXCL10

mAb (Fig. 3E). Anti-CXCL10 mAb treatment in MCD-fed mice also

significantly decreased hepatic triglyceride and lipid peroxide

levels compared to MCD-fed mice administrated with control

mAb (Fig. 3F). Moreover, CXCL10 neutralization suppressed hepa-

tic TNF-a (p <0.05) and ICAM-1 (p <0.05) mRNA expression

(Fig. 3G). These data added further weight to the effects of

CXCL10 in mediating inflammation, oxidative stress and steatosis

in the evolution of steatohepatitis.

CXCL10 is associated with lobular inflammation and acts as an

independent risk factor of human NASH

Since the MCD model reflects pathologically severe steatohepati-

tis with choline and amino acid nutritional deficiency and a con-

text of ‘‘lipid trapping’’ in the liver with severe oxidative stress, it

remains important to establish whether human NASH related to

over-nutrition is also associated with increased liver expression

and circulating levels of CXCL10. To this end, we assayed CXCL10

mRNA in liver biopsy from 15 control subjects and 22 NAFLD

patients (11 simple steatosis patients and 11 human NASH

patients). The results showed that hepatic CXCL10 mRNA levels

were significantly higher in primary NASH tissue compared to

simple steatosis (p <0.05) and normal controls (p <0.001)

(Fig. 4A), inferring that hepatic CXCL10 production is prominent

in patients with NASH.

We next ascertained the clinical impact of CXCL10 in NASH

patients. We enrolled a well-established prospective cohort of

73 control subjects without fatty liver measured by proton-

magnetic resonance spectroscopy and 147 age and gender

matched biopsy-proven NAFLD patients, 69 of whom were

diagnosed as NASH [18,19]. We found that serum CXCL10 was

significantly increased in a stepwise fashion from control subjects

(111 [IQR: 98–146] pg/ml), patients with simple steatosis (170

[133–225] pg/ml) to patients with NASH (248 [154–310] pg/ml)

(Fig. 4B, all p <0.0001). In NAFLD patients (simple steatosis and

NASH), CXCL10 was significantly and positively correlated with

lobular inflammation (rho: 0.26, p = 0.002) and hepatocyte bal-

looning degeneration (rho: 0.24, p = 0.004), which are two major

histological features of NASH (Table 3). Multivariable linear

regression analysis also demonstrated that the serum CXCL10

level was positively associated with lobular inflammation (Beta:

47.9; 95% CI: 15.0–80.8; p = 0.005) and ballooning (Beta: 51.1;

95% CI: 20.0–82.1; p = 0.001) independent of metabolic syn-

drome, body mass index (BMI), ALT, triglyceride, fasting glucose

and cholesterol. Moreover, we performed a multivariate logistic

regression analysis on these subjects and identified that CXCL10

was an independent risk factor for NASH in NAFLD patients (OR:

1.008, 95% CI: 1.004–1.013, p <0.001) (Table 4, with factors

included in the regression model listed).

CXCL10 is a potential biomarker for the clinical diagnosis of NASH

To evaluate the utility of CXCL10 as a biomarker in the diagnosis

of NAFLD and NASH, a ROC curve was constructed. CXCL10

Table 2. Hepatic mRNA expression of genes involved in fatty acid regulation in Cxcl10�/� mice.

Gene WT mice Cxcl10-/- mice

Control MCD Control MCD

Lipogenic genes

LXRα 1.05 ± 0.33 1.52 ± 0.31** 0.99 ± 0.12 0.97 ± 0.23##

LXRβ 1.05 ± 0.30 1.91 ± 0.68** 1.28 ± 0.31 1.30 ± 0.34#

SREBP-1c 1.01 ± 0.16 0.63 ± 0.30* 0.53 ± 0.23 0.30 ± 0.11#

ChREBP 1.01 ± 0.18 0.66 ± 0.26* 1.25 ± 0.31 0.32 ± 0.08***#

SCD-1 1.035 ± 0.33 0.012 ± 0.006*** 0.570 ± 0.213 0.006 ± 0.004***#

Lipolytic genes

Adiponectin 1.44 ± 1.09 0.30 ± 0.29 2.15 ± 0.97 1.08 ± 0.91

PPARα 1.01 ± 0.14 0.69 ± 0.23* 1.17 ± 0.14 0.59 ± 0.09***

ACO 1.04 ± 0.35 0.28 ± 0.07** 1.27 ± 0.49 0.29 ± 0.06

LCAD 1.04 ± 0.31 1.19 ± 0.53 0.74 ± 0.29 0.71 ± 0.22

CYP4A10 0.91 ± 0.55 2.79 ± 1.20* 1.30 ± 0.68 1.46 ± 0.61

CYP4A14 2.03 ± 2.45 79.5 ± 34.2*** 1.69 ± 1.16 50.2 ± 25.4**

Specific mRNA expression values were normalized to the expression of GAPDH. Data are mean ± SD, n = 5–8/group. ⁄p <0.05, ⁄⁄p <0.01, ⁄⁄⁄p <0.0001 compared with

corresponding mice fed control diet. #p <0.05, ##p <0.0001 compared with WT mice fed the MCD diet.
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exhibited a high overall accuracy in discriminating NAFLD from

control subjects with the area under the receiver operating char-

acteristic curve (AUROC) of 0.81 (95% CI: 0.75–0.87) (Fig. 4C). In

NAFLD patients, CXCL10 had a moderate accuracy with the

AUROC of 0.68 (95% CI: 0.59–0.77) in discriminating NASH from

simple steatosis (Fig. 4C). If control subjects were also added to
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Fig. 3. CXCL10 neutralization protects against steatohepatitis in vivo. (A) Representative H&E staining, (B) serum ALT, hepatic triglyceride, lipid hydroperoxide, (C) NF-

jB binding activity, phospho NF-jB p65, p50, ICAM-1 levels, (D) CYP2E1 and SREBP-1c expression in mice administrated with anti-CXCL10 or control mAb at 12 h before

feeding MCD. (E) Liver sections with H&E staining and Oil red O staining, respectively, (F) hepatic triglyceride and lipid peroxidation products (TBARS), (G) TNF-a and ICAM-

1 mRNA expression from mice injected with anti-CXCL10 or control mAb at 3 weeks after MCD feeding. #p <0.05 vs. mice treated with control mAb. Data are mean ± SD,

n = 5/group.
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the analysis, the AUROC of diagnosing NASH increased to 0.77

(95% CI: 0.70–0.84) (Fig. 4C). Thus, CXCL10 can be a novel bio-

marker for the clinical diagnosis of NAFLD and NASH.

Discussion

The first novel finding in these studies is that Cxcl10�/� mice

administrated with MCD diet showed significantly attenuated

steatohepatitis compared with WT mice fed the same diet; these

findings were corroborated by improved liver histology, lowered

serum ALT, and hepatic triglyceride content. Moreover, CXCL10

deletion was associated with a significant reduction of intrahe-

patic oxidative stress, as indicated by decreased lipid peroxide

levels. This change was clearly associated with the attenuation

of hepatic inflammation. In addition, CXCL10 deficiency confers

protection from hepatic nutritional fibrosis. Our data provide

the first evidence that CXCL10 may contribute to lipogenesis,

thereby influencing steatosis and possibly lipotoxicity, as well

as hepatocellular injury and perpetuation of liver inflammation

in steatohepatitis, at least in the MCD model.

The molecular mechanisms by which CXCL10 exerts its broad

range of functions in steatohepatitis were subsequently studied.

As a key pro-inflammatory cytokine, CXCL10 often amplifies the

effects of other cytokines [5]. We therefore evaluated the effect

of CXCL10 on other potential cytokines in steatohepatitis and

showed that CXCL10 was associated with induction of TNF-a,
IL-1b, and MCP-1. TNF-a is a key inflammatory factor involved

in the development of human NASH [27] and experimental ste-

atohepatitis [28]. TNF-a can activate neutrophils, cause insulin

resistance and promote NASH development. TNF-a and IL-1b

are able to induce MCP-1 in vitro, suggesting that these cytokines

are functionally related [29]. MCP-1 is also an important mole-

cule in NASH as it may bridge inflammatory responses with the

induction of insulin resistance [30]. Moreover, MCP-1 can stimu-

late lipogenesis to promote steatosis in the liver, allowing inflam-

mation to exacerbate steatosis [4]. This suggests that CXCL10

induces cytokine expression, leading to the development of

steatohepatitis.

We further characterized the inflammatory factors, regulated

by CXCL10 in steatohepatitis, by a cDNA array covering 84 well-

known inflammatory genes. Our results show that pro-inflamma-

tory factors, including IFN-c, TLR9, CXCL9, IL-6, SELE, CXCL6, CCL22,
CXCL5, and COX-2, were significantly higher in WT mice than in

Cxcl10�/� mice fed with MCD. Each of these molecules could

amplify the inflammatory recruitment in steatohepatitis. To be

specific, IFN-c is a major inducer of CXCL10 related to NASH

pathogenesis [31]; TLR9 activates IFN regulatory factors that

induce production of IL-1b, leading to NASH development in

mouse model [32]; CXCL9, induced by IFN-c, is increased in the

livers of patients with NASH [33], while IL-6 is a key inflamma-

tory factor involved in NASH development [34]. Serum levels of

E-selectin (SELE) are also higher in patients with NASH similar

to those of IL-6 [35]. CXCL6 is associated with the severity of

hepatic inflammation in NAFLD patients and it can be used for

predicting NASH progression [36]. Similarly, CCL22 and CXCL5,

two small chemokines, are serum markers for NASH and the

related obesity and metabolic syndrome [37]. Finally, COX-2,
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Table 3. Correlations with CXCL10 in NAFLD patients.

CXCL10

rho p value‡

Age 0.16 0.062

BMI 0.07 0.408

Total cholesterol 0.09 0.304

Triglyceride 0.09 0.286

Steatosis 0.15 0.070

0.26 0.002

Ballooning

Lobular inflammation

0.24 0.004

Fibrosis 0.25 0.002
�p value corresponds to Ho: rho = 0.

Table 4. Multivariable analysis for independent risk factors for NASH in

NAFLD patients.

OR 95% CI p value

CXCL10 1.008§ 1.004-1.013 <0.001

Metabolic syndrome 3.083 1.203-7.903 0.019

Variables entered in the regression model: CXCL10, gender, age, body mass index

(BMI), metabolic syndrome, alanine aminotransferase (ALT), fasting glucose, tri-

glyceride, low density lipoprotein-cholesterol (LDL-c), glycated haemoglobin

(HbA1c).
§For every 1 unit increase of CXCL10 level.

Research Article

1372 Journal of Hepatology 2014 vol. 61 j 1365–1375

312 | Page



another pro-inflammatory mediator, plays an important role in

metabolic forms of steatohepatitis as reported earlier by us

[28]. In addition to IFN-c and TLR9, a close correlation between

CXCL10 and TNF-a, MCP-1, IL-6 has been well documented

[38,39]. Collectively, these data suggested that induction of pro-

inflammatory cytokines and key inflammatory factors by CXCL10

is part of a mechanism for the inflammatory recruitment in MCD-

induced steatohepatitis.

An important observation in the present study is that the

majority of the above cytokines and inflammatory factors are reg-

ulated by NF-jB signalling (Fig. 2G). TNF-a is a potent activator of

NF-jB, and in turn activated NF-jB induces TNF-a expression

[40]. TLR9 and IL-6 can also activate NF-jB [32], while ICAM-1,

CCL22, COX-2, IL-1b, MCP-1, and CXCL5 are downstream effectors

of NF-jB activation (Fig. 2G) [20]. These data, when combined

with the previous finding that NF-jB is a key regulator of early

hepatic inflammatory recruitment and liver injury in NASH

[21], implicate a collaborative interaction of CXCL10 and NF-jB
to promote steatohepatitis. Therefore, CXCL10 may act as a lipo-

toxic molecule that activates NF-jB and its downstream inflam-

matory effectors to induce hepatocyte apoptosis and liver

injury, leading to the progression of steatohepatitis.

The underlying causes of hepatic triglyceride accumulation in

steatosis include enhanced uptake and synthesis of fatty acids,

and inhibition of fatty acid oxidation. In our experimental steato-

hepatitis model, knockout of CXCL10 significantly reduced hepa-

tic triglyceride content and steatosis (Fig. 1A and C). This

reduction was associated with reduced activity of SREBP-1c and

downregulation of SREBP-1c, ChREBP, LXRs, and SCD-1 (Fig. 2

and Table 2), which are involved in de novo fatty acid synthesis.

In addition to SREBP-1c and ChREBP, LXR is a major transcrip-

tional activator for lipogenesis [41]; it modulates the expression

of SREBP-1c through directly binding to the promoter of SREBP-

1c. LXR also induces the transcription of the lipogenic genes

SCD-1 and ChREBP [41]. Thus, the likely pathways by which

CXCL10 promotes hepatic steatosis include the upregulation of

key fatty acid synthesis genes that promote fatty acid synthesis

(Fig. 2G).

It is of general agreement that oxidative stress facilitates the

advancement of steatosis to steatohepatitis. Among the common

mediators of oxidative stress [42], CYP2E1 is an oxido-reductase

that can promote NASH development by inducing oxidative/

nitrosative stress, protein modifications, inflammation and insu-

lin resistance [43]. Consistent with this, we confirmed earlier

findings [17,24] that CYP2E1 expression is upregulated in MCD-

induced steatohepatitis. Importantly, we showed that deletion

of CXCL10 completely abolished the MCD-dependent stimulation

of CYP2E1, and significantly reduced the expression of its tran-

scriptional activator C/EBPb (Fig. 2D–E). These data were in accor-

dance with the lower level of CYP2E1 in MCD-fed Cebpb�/� mice

compared with MCD-fed WT mice [41], and demonstrate that

CXCL10 can act upstream of C/EBPb and CYP2E1 to modulate

oxidative stress.

If CXCL10 plays a key part in the pathogenesis of steatohepa-

titis, it would be important to establish that its functional block-

ade ameliorates the severity of steatohepatitis. To test this, we

used anti-CXCL10 mAb to neutralize CXCL10 in vitro. Such neu-

tralization caused a dose-dependent decrease in triglyceride

secretion and ALT release, together with a concomitant suppres-

sion of cellular oxidative stress in AML12 hepatocytes (Supple-

mentary Fig. 4). Moreover, anti-CXCL10 mAb ameliorated the

severity of fatty liver disease in MCD-fed mice. In the present

work, CXCL10 neutralization using anti-CXCL10 mAb in mice

showed significant improvements in the prevention and regres-

sion of steatohepatitis (Fig. 3). These effects were associated with

reduced hepatic triglyceride and lipid peroxide levels (Fig. 3).

Thus, CXCL10 is a potential target for the prevention and treat-

ment of steatohepatitis.

These mechanistic findings of CXCL10 in the evolution of

experimental steatohepatitis encouraged us to explore the clini-

cal impact of CXCL10 in patients with NAFLD and NASH. We first

demonstrated that CXCL10 was significantly upregulated both in

liver and serum samples of NASH patients. Moreover, the circu-

lating level of CXCL10 in NASH patients was associated with lob-

ular inflammation, which is supported by a previous study that

showed that increased CXCL10 levels were correlated with the

degree of chronic liver inflammatory damage caused by hepatitis

C virus infection [9]. Early identification of patients with NASH

may allow intervention that may alter the course of the disease.

Currently, liver biopsy remains the standard method for the diag-

nosis of NASH and differentiation from simple steatosis. How-

ever, biopsy is an invasive diagnostic procedure that has been

associated with sampling error and observer variability. Thus,

the development of a non-invasive test is paramount to the man-

agement of NASH. To date, there are no reliable serologic tests for

the identification of NASH. Identification of such biomarker

would aid clinicians in the identification of patients with NASH,

and allow for non-invasive frequent monitoring of disease pro-

gression and response to therapy. Building on the significantly

elevated CXCL10 level in NASH patients, we tested the clinical

utility of CXCL10 as a serologic biomarker for the diagnosis of

NASH. Base on a multivariate Cox regression analyses in a study

cohort of 147 NAFLD patients and 73 control subjects, CXCL10

was revealed to be a novel risk factor of NASH independent of

metabolic syndrome, ALT, diabetes and triglycerides (Table 4).

Moreover, the AUROC indicated an overall accuracy of 81% to

diagnose NAFLD and an accuracy of 77% to diagnose NASH, sug-

gesting that circulating CXCL10 production could be regarded

as a valuable new diagnostic factor for NAFLD and NASH. How-

ever, it should be noted that a few prediction models such as

the NAFLD fibrosis score have also been developed to predict

advanced fibrosis [44,45], These scores are comprised of predict-

ing factors of fibrosis such as age, BMI and metabolic factors.

While it is interesting that CXCL10 may serve as a marker of

NASH, the finding warrants independent validation. Furthermore,

it would also be important to explore its role in conjunction with

other predicting factors to improve the diagnosis.

The MCD diet model is a classic and widely adopted dietary

model for studying NASH. It can induce hepatic steatohepatitis

with inflammation, oxidative stress, mitochondrial DNA damage,

apoptosis and fibrosis [46]. Therefore, it is considered as one of

the best-established models for studying NASH-associated

inflammation, oxidative stress and fibrosis. However, it does

not fully manifest all human NASH features. Mice fed with

MCD diet lose weight instead of being obese and lack insulin

resistance [47]. In the future, high-fat and high-fructose model

(also termed as American Lifestyle-Induced Obesity Syndrome

[ALIOS]), which may result in an obese animal with severe stea-

tosis, inflammation, oxidative stress and insulin resistance at

16 weeks [46,48], could be used to support our findings.

In conclusion, these observations and interventions demon-

strate for the first time that CXCL10 plays an essential role in
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the development of steatohepatitis in the context of fatty liver

disease. Further, the mechanism of this effect is through regula-

tion of lipogenesis and oxidative stress either directly or indi-

rectly via pathway modulation and pro-inflammatory signalling,

altering the expression of other key chemokines, cytokines and

pro-inflammatory molecules. Circulating CXCL10 may be a poten-

tial biomarker for patients with NAFLD and NASH.
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Abstract

Chronic hepatitis B (CHB) virus infection is a global 
public health problem, affecting more than 400 million 
people worldwide. The clinical spectrum is wide, rang-
ing from a subclinical inactive carrier state, to progres-
sive chronic hepatitis, cirrhosis, decompensation, and 
hepatocellular carcinoma. However, complications of 
hepatitis B virus (HBV)-related chronic liver disease 
may be reduced by viral suppression. Current inter-
national guidelines recommend first-line treatment of 
CHB infection with pegylated interferon, entecavir, or 
tenofovir, but the optimal treatment for an individual 

patient is controversial. The indications for treatment 
are contentious, and increasing evidence suggests that 

HBV genotyping, as well as serial on-treatment mea-

surements of hepatitis B surface antigen and HBV DNA 

kinetics should be used to predict antiviral treatment 

response. The likelihood of achieving a sustained viro-

logical response is also increased by extending treat-

ment duration, and using combination therapy. Hence 

the paradigm for treatment of CHB is constantly evolv-

ing. This article summarizes the different indications 

for treatment, and systematically reviews the evidence 

for the efficacy of various antiviral agents. It further 

discusses the shortcomings of current guidelines, use 

of rescue therapy in drug-resistant strains of HBV, and 

highlights the promising clinical trials for emerging 

therapies in the pipeline. This concise overview pres-

ents an updated practical approach to guide the clinical 

management of CHB.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Chronic hepatitis B virus infection; Na-

tional institute for health and care excellence; Treat-
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Core tip: This article summarizes the different indica-

tions for treatment, and systematically reviews the 

evidence for the efficacy of various antiviral agents. It 

further discusses the shortcomings of current guide-

lines, use of rescue therapy in drug-resistant strains of 

hepatitis B virus, and highlights the promising clinical 

trials for emerging therapies in the pipeline. This con-

cise overview presents an updated practical approach 

to guide the clinical management of chronic hepatitis B.
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INTRODUCTION

An estimated 400 million people worldwide have chronic 
hepatitis B virus (HBV) infection, and more than 750000 
deaths are attributed annually to HBV-related compli-
cations

[1,2]
. HBV carriers are not only predisposed to 

developing liver cirrhosis and hepatic decompensation, 
but also have a 100-fold increased risk of  developing he-
patocellular carcinoma (HCC)

[3,4]
. Hence early diagnosis 

and treatment of  chronic hepatitis B (CHB) infection is 
crucial for reducing morbidity and mortality.

Management is guided by recommendations from 
the American Association for the Society of  Liver Dis-
ease

[5]
, Asian Pacific Association for the Study of  Liver 

(APASL)
[6]

, European Association for the Study of  Liv-
er

[7]
, and the National Institute for Health and Care Ex-

cellence (NICE)
[8]

. Broadly, there are two different treat-
ment strategies for patients with CHB infection: therapies 
of  finite duration using immunomodulators such as 
standard or pegylated interferon-α, as well as long-term 
treatment with the nucleos(t)ide analogues lamivudine, 
adefovir dipivoxil, entecavir, telbivudine, or tenofovir. 
Increasing rates of  resistance to antiviral therapy how-
ever necessitates consideration of  combination therapy, 
and research into novel treatments. The objective of  this 
review is to provide an update on major advances in the 
field, addressing controversial areas of  uncertainty to aid 
clinicians in selecting an appropriate therapeutic strategy.

LIFE CYCLE AND NATURAL HISTORY OF 

HBV

HBV is a small, partially double-stranded DNA virus 
that belongs to the family Hepadnaviridae

[9]
. The virion is 

comprised of  a core particle containing the viral genome, 
nucleocapsid protein and polymerase, as well as a lipo-
protein envelope composed of  viral antigens. Broadly, 
HBV is classified into four serotypes (adr, adw, ayr and 
ayw) based on antigenic determinants of  the hepatitis B 
surface antigen (HBsAg), and eight genotypes (A to H) 
based on its nucleotide sequence. The genotypes have 
distinct geographic distributions, and an increasing body 
of  evidence suggests it may also influence disease severity 
and response to treatment (Table 1)

[10]
.

The replication cycle of  HBV begins with viral entry 
into hepatocytes, mediated by the binding of  the pre-S1 
region on the virion envelope to the cellular sodium 
taurocholate cotransporting polypeptide

[11]
. The virion is 

then uncoated, and transported into the nucleus. From 
a drug discovery point of  view, two key events occur. 
One is the formation of  covalently closed circular DNA 
(cccDNA) through covalent ligation

[12]
. This DNA inter-

mediate is responsible for viral persistence, and is highly 
resistant to antiviral therapy. The second key event is viral 
genome replication by reverse transcription via pre-ge-
nomic RNA. The reverse transcriptase is inherently error 
prone, and is ultimately responsible for the emergence 
of  nucleos(t)ide-resistant HBV quasispecies. The mature 
nucleocapsids may subsequently be recycled into the 
nucleus to mediate viral persistence, or secreted through 
exocytosis as Dane particles to infect other hepatocytes 
(Figure 1)

[13]
. A greater understanding of  the viral cycle 

of  HBV will enable new therapeutic strategies.
The natural history of  CHB infection is dynamic, 

involving a complex interplay between the virus and the 
host immune system. Broadly, there are four stages of  
variable duration. The initial phase of  infection is char-
acterized by immune tolerance. Consequently, serum 
alanine transaminase (ALT) is normal and liver disease is 
minimal despite a high level of  HBV DNA replication. 
Individuals, however, are e-antigen (HBeAg) positive and 
highly infectious. This phase is short when infection is ac-
quired as an adult, but may persist for decades in patients 
infected perinatally. Nevertheless, tolerance is eventually 
lost. In the following immune clearance phase, the lysis 
of  infected hepatocytes causes hepatitis, as evidenced 
by liver necroinflammation and fibrosis, as well as eleva-
tions in serum HBV DNA and ALT. The annual rate of  
HBeAg seroconversion and clearance is between 10% to 
20%, and is dependent on factors including HBV geno-
type, and individuals’ age at acute infection

[14,15]
. Where 

80% to 90% of  infants infected will develop chronic 
infections, less than 5% of  otherwise healthy adults who 
are infected will fail to spontaneously resolve an acute 
infection

[16]
. Since repeated exacerbations may occur 

before viral clearance, the cumulative risk of  developing 
cirrhosis and HCC is increased. Following seroconver-
sion, there is a decrease in viral replication, and remission 
of  inflammation as evidenced by normalization of  serum 
ALT. In contrast to the inactive carrier state, individuals 
with HBeAg-negative CHB continue to have moderate 
levels of  HBV replication, and active liver disease. This 
stage may develop immediately after seroconversion, or 
following several years in the inactive carrier state. It is 
important to distinguish between inactive carriers and in-
dividuals with HBeAg-negative CHB, because the former 
has a favourable long-term outcome, whilst the latter is 
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  Genotypes Geographic distribution Tendency of 

chronicity

Clinical 

outcome

  A Europe, United States Higher Better

  B Eastern Asia Lower Better

  C Eastern Asia Higher Worse

  D Southern Europe, North Africa, 

Middle East, Indian Sub-Continent

Lower Worse

  E Sub-Saharan Africa - -

  F South America - -

  G Europe, United States - -

  H Central America - -

Table 1  Geographic distribution of hepatitis B virus genotypes
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less responsive to treatment and associated with progres-
sive liver disease

[17]
. Consequently, an understanding of  

the phases in chronic HBV infection is needed to risk 
stratify patients, and identify those whom would benefit 
from treatment.

IMMUNE SYSTEM IN PATHOGENESIS OF 

INFECTION

In patients with acute self-limiting HBV infection, the 
production of  interferon gamma (IFN-γ) triggers the ac-
tivation of  natural killer cells, and induction of  a robust T 
cell response. HBV-infected hepatocytes are subsequently 
cleared by CD8

+
 T cells through cytolytic, and non-

cytolytic mechanisms
[18]

. Conversely, a weak and transient 
virus-specific T cell response is observed in patients with 
chronic HBV infection

[19]
. Potential causes of  intrinsic T 

cell defects include up-regulation of  Bcl2-interacting medi-
ator (BIM), which causes deletion of  HBV-specific CD8+

 
T cells

[20]
. T cell tolerance and exhaustion is perpetuated 

by an excess of  co-inhibitory signals, including CTLA-4 
and PD-L1

[21]
, with the activity of  remaining CD8

+
 T 

cells further suppressed by high levels of  HBV DNA, mi-
croRNA-146a, and immunosuppressive cytokines such as 
interleukin-10

[22,23]
. More controversially, a tolerogenic liver 

environment, excessive immunosuppression by regulatory 
T cells

[24]
, and dysfunction of  dendritic cells

[25]
 have been 

implicated in the impaired host immune response.
However, repeated attempts by the host immune sys-

tem to control the infection causes hepatic injury. Natural 
killer cells may contribute to hepatocellular inflammation 
through expression of  TNF-related apoptosis-inducing 
ligand

[26]
, and induce apoptosis through the release of  

granzymes and perforins
[27]

. Recent research has also 
identified dense non-antigen specific T cell infiltration as 
a cause of  hepatocyte lysis

[28]
. Critically, HBV is not di-

rectly cytopathic. Hence modulation of  the host immune 

response may enable viral clearance in chronic HBV in-
fection.

TREATMENT CRITERIA - WHO SHOULD 

WE TREAT?

The primary goal of  CHB treatment is to reduce the risk 
of  developing chronic liver disease associated complica-
tions. Longitudinal studies in large cohorts of  chronically 
infected patients have revealed a 15% to 40% cumulative 
lifetime risk of  developing cirrhosis, and amongst pa-
tients with established cirrhosis, an annual incidence rate 
of  HCC between 2% to 5%

[4]
. Consequently, every pa-

tient would be a candidate for therapy if  the virus could 
be eradicated. However, current therapeutic options only 
achieve a functional cure through viral suppression, and 
are associated with numerous adverse effects. Hence the 
decision on when to initiate treatment is controversial.

The indications for treatment are based on a com-
bination of  three criteria: levels of  serum HBV DNA, 
serum ALT, and the severity of  liver disease

[7]
. There is 

no significant distinction made between HBeAg positive 
and HBeAg negative infection. Current guidelines from 
NICE in the United Kingdom recommend the use of  
transient elastography as an initial test to assess the sever-
ity of  liver disease, and need for treatment (Figure 2)

[8]
. 

For adults with a transient elastography score ≥ 11, there 
is a high likelihood of  hepatic fibrosis, and treatment 
should be commenced irrespective of  viral load to pre-
vent further deterioration of  liver function

[29]
. Similarly, 

all patients with a HBV DNA level > 20000 IU/mL are 
offered treatment due to a strong correlation between 
high viremia, cirrhosis, and HCC

[30,31]
. Cohort studies 

have also demonstrated a poorer prognosis in patients 
who had a prolonged immune clearance phase, with early 
clearance of  HBeAg bringing about a 2.2-fold decrease in 
mortality

[32]
. Hence treatment is recommended for most 
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The hepatitis B virus virion enters the hepato-

cyte via endocytosis. Viral nucleocapsids are un-

coated and transported into the nucleus, where 

viral DNA is transformed into covalently closed 

circular DNA (cccDNA). Replication subsequent-

ly occurs through reverse transcription. The ma-

ture nucleocapsids are responsible for mediating 

viral persistence, and may be released to infect 

neighbouring hepatocytes. HBsAg: Hepatitis B 

surface antigen.
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TREATMENT OPTIONS - WHAT 

WEAPONS ARE IN OUR ARSENAL?

There are currently seven drugs approved for the treat-
ment of  CHB infection in Europe and the United States 
(Table 2). Broadly, nucleos(t)ide analogues have few side 
effects, and effectively suppress HBV DNA levels to 
cause clinical and histological improvements. However, 
long-term treatment is required to maintain virological 
control. Conversely, pegylated interferon (PEG-IFN) has 
a finite duration of  treatment and is more likely to pro-
duce a sustained virological response. Its use, however, 
is limited by high costs and numerous associated side 
effects. Hence treatment must be optimized for each in-
dividual.

PEG-IFN
IFNs are cytokines which interfere with viral replica-
tion in host cells by inhibiting viral DNA synthesis, and 
enhancing the cellular immune response against HBV-in-
fected hepatocytes. Its half-life and drug efficacy may be 
improved through pegylation. A study of  a 24-wk course 
of  weekly PEG-IFN-α-2a showed a higher combined 
response rate (HBeAg loss, HBV DNA suppression, and 
ALT normalization) than that achieved by conventional 
IFN-α-2a (24% vs 12%, P = 0.036), with no significant 
difference with respect to frequency and severity of  ad-
verse events

[38]
. Hence standard IFN is no longer used 

where PEG-IFN is available.
PEG-IFN not only offers a finite duration of  therapy, 

but is also superior to lamivudine on the basis of  HBeAg 
seroconversion, HBV DNA suppression, and HBsAg 
seroconversion in both HBeAg-positive and HBeAg-

individuals with a high HBV DNA and an elevated serum 
ALT.

The exception is for patients under 30 years of  age 
with a normal liver biopsy. Whilst nucleos(t)ide therapy 
accelerates seroconversion, the risk of  HBV reactivation 
is higher after nucleos(t)ide analogue induced serocon-
version, as evidenced by an annual incidence of  12.0% 
compared to 2.9% following spontaneous seroconver-
sion (P = 0.004)

[33]
. Hence close monitoring of  young, 

non-cirrhotic, and compensated HBeAg positive patients 
may be more appropriate than immediate nucleos(t)ide 
analogue therapy. Treatment is also not recommended 
for patients who are in the immunotolerant (HBV DNA 
< 20000 IU/mL, normal serum ALT) or inactive carrier 
phase (HBV DNA < 2000 IU/mL, serum ALT normal) 
due to minimal liver disease

[34]
. Instead, patients should 

be monitored every 6 mo to diagnose a break in immune 
tolerance or reactivation of  viral replication.

In the future, NICE guidelines should be revised to 
include levels of  HBsAg as an indication for, and predic-
tor of  treatment response. In HBeAg negative patients 
with a low viral load (< 2000 IU/mL), multivariate analy-
ses have showed that high levels of  HBsAg (≥ 1000 
IU/mL) increase the likelihood of  developing cirrhosis 
and HCC

[35,36]. Significantly, the adjusted hazard ratio for 
HCC in patients with levels of  HBsAg ≥ 1000 IU/mL 
vs < 1000 IU/mL was 13.7

[36]
. Thus HBsAg is an inde-

pendent predictor of  outcome in patients with a low viral 
load. Emerging evidence also suggests increased mortal-
ity from liver disease in patients with ALT levels on the 
upper limit of  normal

[37]
. Consequently, further research 

is needed to improve risk stratification, and identification 
of  patients who would benefit from treatment.

Assessment in adults

Transient elastography

score < 11 kPa

Transient elastography

score ≥ 11 kPa

HBV DNA

< 2000 IU/mL

HBV DNA

between 2000 to

20000 IU/mL

HBV DNA

> 20000 IU/mL
HBV DNA detected

ALT

normal

ALT

abnormal

Patient age < 30 Patient age ≥ 30

Liver biopsy

Normal
Evidence of

necroinflammation

and/or fibrosis

Monitor

Measure ALT and HBV DNA

every 24-48 wk
Treat

Figure 2  National Institute for Health and 

Care Excellence algorithm for initiation of 

treatment in chronic hepatitis B infection. 

Current indications for treatment are based on a 

combination of levels of serum hepatitis B virus 

(HBV) DNA, serum alanine transaminase (ALT), 

and the severity of liver disease. Specifically, 

patients with a transient elastography score ≥ 

11 kPa are likely to have cirrhosis and confirma-

tion by liver biopsy is not needed. Abnormal ALT, 

measured by two consecutive tests conducted 

3 mo apart, is defined as ≥ 30 IU/mL in males, 

and ≥ 19 IU/mL in females.
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negative CHB
[39,40]

. At 6-mo post-treatment, HBeAg 
seroconversion was observed in 32% of  patients treated 
with PEG-IFN, compared with 19% of  patients on la-
mivudine therapy

[40,41]
. HBsAg seroconversion was also 

achieved in 16 patients on PEG-IFN therapy, as opposed 
to zero in the group receiving lamivudine alone (P = 
0.001)

[40]
. Hence PEG-IFN induces a more durable viro-

logical response
[42]

. However, the response to IFN is rela-
tively low, and its use is associated with numerous adverse 
phenomena including depression, paraesthesia, myelo-
suppression, and other influenza-like symptoms such as 
fatigue, headaches, and weight loss. Thus HBV genotype 
and pre-treatment HBV DNA levels must be used to de-
termine the likelihood of  patients deriving benefit from 
PEG-IFN treatment.

Entecavir
Entecavir is a guanosine analogue with potent activity 
against HBV through inhibition of  DNA polymerase 
which has been evaluated in two large double-blinded 
phase Ⅲ clinical trials involving 715 HBeAg positive and 
648 HBeAg negative nucleos(t)ide-naïve patients. Enteca-
vir administered at a dose of  0.5 mg orally once daily was 
shown to be superior to lamivudine and adefovir

[43-45]
. 

Specifically, 80% and 87% of  entecavir-treated vs 39% 
and 79% of  lamivudine-treated patients achieved un-
detectable HBV DNA and ALT normalization through 
96 wk respectively

[46]
. Long term follow-up of  the same 

cohort revealed that an additional 23% achieved HBeAg 
seroconversion, and 1.4% lost HBsAg after 5 years 
of  continuous entecavir therapy

[47]
. More importantly, 

entecavir-mediated viral suppression decreased the risk 
of  decompensation, HCC, and death during a median 
of  20 mo of  follow-up

[48]
. Long-term use of  entecavir is 

not associated with any serious adverse effects, and de-
velopment of  resistance is rare in nucleos(t)ide-naïve pa-

tients
[49]

. Hence meta-analyses recommend entecavir and 
tenofovir as optimal antiviral agents in treatment-naïve 
individuals

[50]
.

Tenofovir disoproxil fumarate
Tenofovir is the newest antiviral agent licensed for the 
treatment of  CHB. In a phase Ⅲ clinical trial, tenofovir 
at a daily dose of  300 mg for 48 wk induced viral sup-
pression with HBV DNA less than 400 copies/mL in 
76% of  HBeAg positive and 93% of  HBeAg negative 
patients, as opposed to only 68% and 14% of  patients 
treated with adefovir respectively

[51]
. 8% of  HBeAg posi-

tive patients had loss of  HBsAg after 3 years of  teno-
fovir monotherapy

[52]
. Critically, follow-up of  the same 

cohort after 4.5 years revealed that 87% had histological 
improvement, 51% had regression of  fibrosis, and that 
74% of  patients with cirrhosis at baseline were no longer 
cirrhotic

[53]
. Virological breakthrough was infrequent, and 

there have been no reports of  tenofovir resistance after 6 
years of  therapy

[54]
.

Alternative treatments
Other pharmacological agents effective in CHB infec-
tion include thymosin-α1, an immunomodulating agent 
which augments the host Th1 immune response

[55]
. In a 

meta-analysis including 353 patients from five random-
ized trials, the odds ratio for a virological response to 
thymosin-α1 over placebo at the end of  treatment, 6 mo 
post-treatment, and 12 mo post-treatment were 0.56 
(0.2-1.52), 1.67 (0.83-3.37), and 2.67 (1.25-5.68) respec-
tively, with virological response increasing over time after 
cessation of  thymosin treatment

[56]
. Subsequent clinical 

trials demonstrated that the odds of  ALT normalization 
and negative HBV DNA at the end of  follow-up (12 mo) 
was three-fold higher in the thymosin-α1 than the IFN-α 
group

[57]
. Hence thymosin α1 is approved in 35 different 

  Antiviral agents Immunomodulators Nucleos(t)ide analogues

IFN-α PEG-IFN-α Thymosin Lamivudine Adefovir Entecavir Telbivudine Tenofovir

  Route SC SC Oral Oral Oral Oral Oral Oral

  Dose 5-10 MIU tiw 180 μg qw 1.6 mg biw 100 mg od 10 mg od 0.5-1 mg od 600 mg od 300 mg od

  Year approved 1992 2005 Asia only 1998 2002 2005 2006 2008

  Antiviral effects

     HBV DNA 37 30 42 36-40 21 67 60 76

     HBsAg clearance ++ ++ N/A - - + - -

     HBeAg seroconversion 20-40 27 40 18-20 12 21 22 21

     ALT normalization 39 42 62-77 48 68 77 68

     Histological improvement 38 N/A 56-62 53 72 65 74

     Side effects Many Many Negligible Negligible Nephrotoxicity Negligible Negligible Nephrotoxicity

     Contraindications Numerous Numerous Uncommon Uncommon Uncommon Uncommon Uncommon Uncommon

  Drug resistance (treatment-naïve patients)

     1 yr None, but non-response 24 None 0 4 0

     2 yr 38   3   0.2 25 0

     > 5 yr 80 29 1 N/A 0

  Drug resistance (LAM resistant patients)

     2 yr None, but non-response N/A 25 9 N/A 0

     4 yr N/A N/A 39 N/A 0

Table 2  Comparison of antiviral agents for chronic hepatitis B

PEG-IFN: Pegylated interferon; SC: Subcutaneous; tiw: Three times a week; qw: Once a week; biw: Twice a week; od: Once daily; ALT: Alanine transaminase; 

ETV: Entecavir; LAM: Lamivudine; ADV: Adefovir; TBV: Telbivudine; TDF: Tenofovir disoproxil fumarate; N/A: Not applicable.
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countries worldwide, and is recommended by the APASL 
as an option in treatment naïve patients

[6]
.

Oxymatrine, an alkaloid extracted from Sophora alope-

curaides L, has also been shown to effectively and safely 
suppress HBV replication

[58]
. It acts not only as an im-

munomodulator
[59]

, but also induces cytochrome P450 
to enhance degradation of  HBV mRNA to inhibit viral 
replication

[58]
. In a randomized double-blind placebo-

controlled trial, normalization of  serum ALT and HBeAg 
seroconversion occurred in 83% and 40% of  patients 
respectively - an efficacy comparable to that of  IFN-α[60]

. 
Nevertheless, trials have been small, and larger studies are 
needed.

CURRENT TREATMENT GUIDELINES - 

WHERE DO THEY FALL SHORT?

In adults with compensated liver disease, current guide-
lines from the NICE advise first-line treatment with 48 
wk of  PEG-IFN-α-2a, because it results in the highest 
rate of  off-treatment sustained response. Following 24 
wk of  therapy, HBV DNA should be measured to predict 
the likelihood of  a sustained virological response. In pa-
tients with a suboptimal response, defined as a decrease 
in HBV DNA of  less than 2 log10 IU/mL after 24 wk of  
therapy, and patients who do not undergo HBeAg sero-
conversion or a decrease in serum HBsAg after 48 wk 
of  therapy, second line treatment with tenofovir should 
be offered. For HBeAg negative patients with detectable 
HBV DNA after 48 wk of  treatment, consider switching 
from tenofovir to entecavir as third line treatment. For 
HBeAg positive patients where HBV DNA remains de-
tectable at 96 wk with no history of  lamivudine resistance, 
add lamivudine to tenofovir. Otherwise, consider combi-
nation therapy with entecavir and tenofovir (Table 3).

However, the paradigm of  treatment for CHB is 
constantly evolving. Growing evidence suggests that the 
response rate to IFN therapy may vary amongst HBV 
genotypes. Studies have shown that the rates of  HBeAg 
loss are significantly higher in patients with genotype 

B compared to genotype C
[61,62]

. The response to IFN 
therapy is also higher amongst patients with genotype A 
as opposed to those with genotype D, in both HBeAg 
positive (46% vs 24%), and HBeAg negative CHB (59% 
vs 29%)

[63]
. Moreover, numerous trials have demonstrated 

that PEG-IFN-α-2b is the best therapy for achieving 
HBsAg clearance and a sustained virological response in 
patients with genotype A

[64,65]
. Therefore, contrary to rec-

ommendations from NICE, we believe that routine ge-
notyping is essential for all patients in whom IFN therapy 
is considered. The likelihood of  achieving a sustained 
response should be predicted based on HBV genotype, 
ALT, and HBV DNA levels (Table 4)

[66]
. We advise that 

patients should only receive PEG-IFN as first-line treat-
ment if  the baseline probability of  sustained virological 
response is greater than 30%, for only in this patient sub-
group do the potential benefits outweigh the costs[66]

.
More recently, studies have shown that patients’ IL28B 

genotypes are significantly associated with the likelihood 
of  HBeAg seroconversion, and HBsAg loss. In HBeAg 
negative patients, a retrospective analysis found that a 
sustained virological response with HBsAg seroconver-
sion was more likely in the rs12979860 CC (vs CT/TT) 
genotype carriers (29% vs 13%, P < 0.039)

[67]
. Other multi-

centre studies in HBeAg positive patients have demon-
strated a favourable outcome, with an adjusted odds ratio 
for seroconversion following PEG-IFN treatment of  3.16 
for AA vs AA/GG genotype carriers at rs12980275

[68,69]
. 

Hence genome sequencing for IL-28 polymorphisms may 
provide additional information on the probability of  re-
sponse to IFN therapy.

On-treatment monitoring of  HBsAg kinetics may 
further optimize PEG-IFN treatment by identifying non-
responders at an early stage. Broadly, serum HBsAg levels 
correlate with intrahepatic cccDNA, and low cccDNA 
levels are predictive of  a sustained virological response. 
Retrospective analyses have demonstrated that 57% of  
patients with HBsAg levels < 1500 IU/mL after 12 wk 
of  treatment achieved HBeAg seroconversion 6 mo post-
treatment

[70]. This is significantly higher than in patients 
with HBsAg 1500-20000 IU/mL or > 20000 IU/mL, 
where HBeAg seroconversion was attained in only 32% 
and 16% of  cases respectively (P < 0.0001)

[70]
. The pre-

dictive power of  early HBsAg levels was further empha-
sized by retrospective analysis of  patients enrolled in the 
Neptune study, where no patients with HBsAg levels > 

  Guidelines HBeAg positive HBeAg 

negative

Decompensated

  1st line 48-wk of 

PEG-IFN-α-2a

48-wk of PEG-

IFN-α-2a

ETV or TDF 

(LAM resistance)

  2nd line TDF 

or ETV 

(TDF contraindication)

ETV or TDF

  3rd line LAM + TDF

or ETV + TDF 

(LAM resistance)

ETV or TDF

Table 3  National Institute for Health and Care Excellence 

treatment guidelines

In adults with compensated liver disease, current guidelines advise first-
line treatment with 48 wk of PEG-IFN-α-2a. If PEG-IFN-α-2a is contraindi-

cated, tenofovir or entecavir should be trialed. PEG-IFN: Pegylated inter-

feron; HBeAg: Hepatitis B e antigen; ETV: Entecavir; LAM: Lamivudine; 

TDF: Tenofovir disoproxil fumarate.

  HBV genotype General recommendations for HBeAg positive patients

  A Either high ALT (≥ 2 × ULN) or low HBV DNA levels 

(< 9 log10 copies/mL)

  B and C Both high ALT (≥ 2 × ULN) and low HBV DNA levels 

(< 9 log10 copies/mL)

  D Not recommended

Table 4  Recommendations for the use of pegylated 

interferon as initial antiviral therapy

HBV: Hepatitis B virus; HBeAg: Hepatitis B e antigen; ALT: Alanine trans-

aminase; ULN: Upper limit of normal.
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20000 IU/mL at week 12 on-treatment achieved HBeAg 
seroconversion

[71]
. Similarly in HBeAg negative patients, 

the PARC study found that a decrease in HBsAg of  < 2 
log10 IU/mL at week 12 was invariably associated with 
treatment failure

[72]
. Consequently, the cost-effectiveness 

of  PEG-IFN therapy may be improved by using a re-
sponse-guided approach based on HBsAg kinetics at 12 
wk of  treatment.

The recommended duration of  PEG-IFN therapy 
should also be prolonged. Results from a recent clinical 
trial demonstrated that treatment extension from 48 to 
96 wk improved clinical outcome, significantly increasing 
rates of  viral suppression, ALT normalization, and HB-
sAg clearance

[73]
. Furthermore, discontinuation rates did 

not increase, implying that a prolonged course of  treat-
ment was equally well tolerated. Consequently, guidelines 
should be updated to recommend extension of  PEG-
IFN treatment to 96 wk.

In patients where IFN therapy is contraindicated, or 
where there was a suboptimal response, treatment with 
entecavir or tenofovir is recommended by numerous 
meta-analyses and international guidelines due to its high 
efficacy, high barrier to resistance, and favourable safety 
profile[50,74]

. However, there is little evidence for the use of  
lamivudine and tenofovir combination therapy in treat-
ment refractory patients. In a population of  human immu-
nodeficiency virus (HIV) co-infected patients, combination 
therapy with lamivudine and tenofovir did not increase the 
probability of  HBV DNA suppression

[75]
. There is more 

evidence for the use of  combination therapy in patients 
harbouring patterns of  viral resistance. In a population 
with mixed patterns of  nucleos(t)ide analogue resistance, 
the majority of  patients treated with entecavir and tenofo-
vir achieved undetectable HBV DNA levels

[76]
. However, 

tenofovir monotherapy is also highly effective in multi-
drug resistant strains of  HBV

[77]
. Consequently, further 

studies are needed to determine whether combination 
therapy offers any advantage over monotherapy alone.

The management guidelines differ for patients with 
decompensated liver disease. Notably, entecavir should be 
offered as first-line treatment instead of  PEG-IFN, due 
to the high risk of  serious infections and hepatic failure. 
PEG-IFN is also contraindicated in pregnancy due to 
teratogenic effects arising from inhibition of  cell prolif-

eration. Instead, the category B antiviral drugs lamivudine 
or tenofovir should be used to reduce vertical transmis-
sion

[78]
. Both topics have been extensively reviewed else-

where.

COMBINATION THERAPY - IS TWO 

BETTER THAN ONE?

Combination therapy offers the potential of  achieving 
long-term viral suppression whilst avoiding drug resis-
tance, and has been shown to be beneficial in patients 
with HIV and chronic HCV. Consequently, numerous 
combinations of  antivirals have been trialed in the treat-
ment of  CHB (Table 5). Current guidelines recommend 
first-line treatment of  CHB/HIV co-infection with em-
tricitabine and tenofovir combination therapy

[79]
. How-

ever, the use of  combination therapy de novo, or in cases 
where there is suboptimal response or drug resistance is 
more controversial and subject to ongoing studies.

At present, there is no evidence supporting de novo 
combination therapy with nucleos(t)ide analogues that 
have a high barrier of  resistance. A large randomized-
controlled trial found the antiviral efficacy of  entecavir 
monotherapy to be comparable to that of  entecavir plus 
tenofovir combination therapy in a mixed-population of  
nucleos(t)ide-naïve patients

[80]
. Where entecavir or teno-

fovir is not available as first-line treatment, the combina-
tion of  lamivudine and adefovir may be used with similar 
efficacy[81]

.
The combination of  nucleos(t)ide analogues with 

PEG-IFN therapy is a more promising strategy. In phase 
Ⅲ clinical trials, the combination of  PEG-IFN and la-
mivudine induced a significantly greater decline in HBV 
DNA, as well as a higher rate of  HBeAg and HBsAg 
seroconversion than lamivudine monotherapy

[40,82]
. In 

addition, there was a higher rate of  sustained virological 
response, and lower rate of  resistance when lamivudine 
was administered together with PEG-IFN, presumably 
because IFN is effective against HBV resistant mutants. 
Evidence also demonstrates that the de novo use of  adefo-
vir and PEG-IFN combination therapy lead to a greater 
decline in HBV DNA, HBsAg seroconversion, and 
intrahepatic cccDNA than PEG-IFN alone

[83]
. More im-

portantly, a recent multi-centered randomized controlled 

  Combination therapy Monotherapy HBeAg seroconversion HBV DNA HBsAg clearance Histological improvement Drug resistance

  LAM + ADV LAM = = N/A = ↓
  LAM + ADV ETV N/A = N/A N/A N/A

  ETV + TDF ETV = = N/A = =

  LAM + PEG-IFN LAM ↑ ↓ ↑ ↑ ↓
  ADV + PEG-IFN PEG-IFN N/A ↓ ↑ N/A N/A

  ETV + PEG-IFN ETV ↑ ↓ ↑ N/A N/A

Table 5   Comparison of de novo  combination therapy and monotherapy

In several randomized controlled trials, combination therapy with nucleos(t)ide analogues and PEG-IFN are superior to existing management options with 

regards to viral load, HBeAg seroconversion, and HBsAg clearance. HBeAg: Hepatitis B e antigen; HBsAg: Hepatitis B surface antigen; PEG-IFN: Pegylated 

interferon; ETV: Entecavir; LAM: Lamivudine; ADV: Adefovir; TBV: Telbivudine; TDF: Tenofovir disoproxil fumarate; N/A: Not applicable.
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study found that the use of  entecavir, a nucleos(t)ide 
analogue recommended for first-line use by international 
guidelines, in combination with PEG-IFN-α-2a, in-
creased clearance of  HBeAg and HBsAg

[84]
. Hence com-

bination therapy with nucleos(t)ide analogues and PEG-
IFN may be an option for management in treatment-
naïve patients.

In cases of  inadequate HBV DNA suppression (> 
2000 IU/mL), combination therapy may also be used to 
salvage treatment. One recent study demonstrated that 
the addition of  lamivudine for 24 wk in patients with 
suboptimal response to adefovir monotherapy induced 
clearance of  HBV DNA and HBeAg in approximately 
35% of  patients

[85]
. However, the addition of  adefovir to 

entecavir, which has an inherently high barrier of  resis-
tance, did not increase virological response

[86]
. Given that 

all nucleos(t)ide analogues share the same viral target, the 
advantage of  lamivudine and adefovir combination ther-
apy is likely to be a consequence of  reduced drug resis-
tance. This hypothesis is supported by a 3-year study of  
145 lamivudine-resistant patients, where treatment with 
the combination of  adefovir and lamivudine induced 
clearance of  HBV DNA in 80% of  patients

[87]
. Moreover, 

all patients remained free of  virological or clinical break-
throughs, with the 1-, 2-, 3- and 4-year cumulative rates 
of  drug resistance at 1%, 2%, 4%, and 4% respectively

[87]
. 

Thus combination therapy is useful for rescuing therapy 
in patients with suboptimal treatment response or drug 
resistance.

DRUG RESISTANCE - THE NEED FOR 

RESCUE THERAPY

HBV reverse transcriptase is an error-prone enzyme - 
its low fidelity, and lack of  proofreading activity leads to 
a mutation rate 10-fold higher than that of  other DNA 
viruses

[88]
. This fact, together with its high rate of  rep-

lication (10
12

 virions/d), may result in the selection of  
HBV quasispecies containing mutations conferring drug-
resistance.

Currently, effective monotherapy has been made po-
ssible with entecavir and tenofovir - two agents with 
high efficacy and low rates of  resistance. Earlier use of  
less potent nucleos(t)ide analogues, however, has led to 
the emergence of  multi-drug resistant strains of  HBV. 
A summary of  common mutation patterns, and the best 
available rescue treatment strategies is summarized in 
Table 6.

Presently, lamivudine resistance poses a major prob-
lem in the management of  patients with CHB infection. 
Approximately 80% of  patients develop lamivudine resis-
tance after 5 years of  therapy

[89]
. One retrospective review 

of  various rescue strategies on patients with lamivudine 
resistance showed that switching to adefovir and ente-
cavir combination therapy was the most effective, with 
100% normalization in ALT, suppression of  viral load, 
and no development of  resistance

[90]
. In contrast, a switch 

to entecavir monotherapy was associated with drug re-
sistance in 9% of  patients after 2 years of  therapy

[91]
. If  

costs prohibit the use of  entecavir, add-on adefovir or 
oxymatrine may be considered as an alternative

[90,92]
.

In patients with multi-drug resistant HBV, studies 
have demonstrated that tenofovir monotherapy is able to 
induce long-term viral suppression. A prospective multi-
centre open-label study of  60 patients who previously 
failed serial lamivudine and adefovir switch or add-on 
therapy showed that 4 years of  continuous tenofovir re-
sulted in 63% (38/60) patients achieving viral suppression 
by intention-to-treat analysis

[77]
. However, in patients with 

HIV co-infection, HBV strains with rtL180M, rtA194T, 
and rtM204V mutations displayed a 10-fold increase in 
the IC50 value for tenofovir as compared with wildtype 
strains

[93]
. An early switch to combination therapy with te-

nofovir and emtricitabine, or tenofovir and entecavir, has 
been proven to be effective at inducing viral suppression 
in this difficult-to-treat population[76]

. Moreover, patients 
should be investigated for drug compliance - recent stud-
ies have suggested that up to 40% of  patients may not 
be fully adherent to their treatment regime, significantly 
influencing rates of  viral suppression[94]

. Consequently, all 
patients should be monitored closely for compliance, and 
development of  resistance during antiviral therapy.

DEFINING TREATMENT ENDPOINTS - 

WHEN DO WE STOP?

The ideal treatment endpoint is clearance of  cccDNA 

  Resistance Mutation patterns Treatment adaptation

  LAM M204V/I + L180M

M204I

M204V + L180M + V173L

M204I + L180I

Q215S + M204I/V + M204V

I169T + V173L + L180M + M204V

A181T

T184S + M204I/V + L180M

M204S + L180M

Switch to TDF

or Switch to ETV + 

ADV combination 

therapy

or Add ADV if TDF 

or ETV unavailable

  ADV A181V/T

N236T

A181V/T + N236T

Switch to TDF and 

add ETV

  ADV + LAM A181V/T + N236T

L80V/I

Switch to TDF and 

add ETV

  TBV M204I/V ± L180M

L80I/V ± L180M

A181T/V

Switch to or add TDF

  ETV L180M + M204V/I ± I169T ± 

M250V

L180M + M204V/I ± T184G ± 

S202I/G

Switch to or add TDF

  TDF No known mutations N/A

Table 6  Antiviral resistance patterns and rescue therapy

Common mutation patterns, and rescue therapies suggested by the Ameri-

can Association for the Society of Liver Disease, Asian Pacific Association 
for the Study of Liver; European Association for the Study of Liver and 

National Institute for Health and Care Excellence. LAM: Lamivudine; 

ETV: Entecavir; ADV: Adefovir; TBV: Telbivudine; TDF: Tenofovir diso-

proxil fumarate.
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from hepatocytes, but eradication of  HBV is rarely 
achieved with currently available treatment. Instead, 
various biochemical, virological, and histological mark-
ers including the suppression of  HBV DNA, HBeAg 
seroconversion, loss of  HBsAg, ALT normalization, and 
improvement of  inflammation or fibrosis on liver biopsy 
are used as surrogate endpoints to measure the efficacy 
of  antiviral therapy (Table 7).

In HBeAg positive patients without cirrhosis, current 
NICE guidelines suggest stopping nucleos(t)ide analogue 
therapy 12 mo after HBeAg seroconversion. Whilst spon-
taneous or treatment-induced HBeAg seroconversion is 
associated with improved survival, it may not be a suffi-
cient therapeutic endpoint in Asian populations, in which 
risks for disease progression are strongly related to vire-
mia independent of  HBeAg status

[95]
. Hence complete 

suppression of  HBV DNA may be a better endpoint.
In HBeAg negative patients without cirrhosis, the 

ideal treatment endpoint is considerably less clear. It is 
possible that nucleos(t)ide analogue therapy may be safely 
withdrawn after achieving complete HBV DNA suppres-
sion. However, studies have shown that 90% of  patients 
relapse within a year of  discontinuing nucleos(t)ide ana-
logue therapy

[96]
. The rate of  relapse may be reduced by 

prolonging antiviral consolidation therapy
[97]

, or by con-
tinuing treatment indefinitely until HBsAg seroconver-
sion is achieved. Interferon- and nucleos(t)ide analogue 
therapy-induced HBsAg seroclearance is durable after 
treatment discontinuation, with less than 5% of  patients 
experiencing either virological or biochemical relapse

[98]
. 

Hence current NICE guidelines recommend stopping 
nucleos(t)ide treatment 12 mo after achieving both unde-
tectable HBV DNA and HBsAg seroconversion in non-
cirrhotic patients. But given only 5% of  HBeAg negative 
patients clear HBsAg after 5 years of  continuous therapy, 
life-long treatment is often required. Further research is 
needed to establish a safe and realistic endpoint for CHB 
therapy.

FUTURE TREATMENTS - IS A CURE ON 

THE HORIZON?

Current treatments for CHB infection based on nucleos(t)ide 

analogues effectively suppress viral replication to induce 
a functional cure. However, drug resistance is common, 
and life-long therapy is frequently required to prevent 
disease recurrence. Treatment with IFN-α is more likely 
to produce a sustained virological response, but is associ-
ated with numerous side effects, and is contraindicated in 
many patient populations. We believe that improvements 
in drug delivery systems, and development of  drugs with 
different mechanisms of  action will prevent resistance 
and improve viral clearance.

From a drug discovery point of  view, rational drug 
targets might include several steps of  the HBV viral 
cycle, such as viral entry, formation of  cccDNA, viral 
genome integration, capsid assembly, viral envelopment, 
and exocytosis. In particular, the clearance of  cccDNA, 
which mediates viral persistence in hepatocytes, is critical 
for preventing viral reactivation and disease recurrence 
following cessation of  antiviral therapy. Since mainte-
nance of  the cccDNA pool results from a weak HBV-
specific immune response, research should also focus on 
the development of  immunomodulators. A number of  
new drug delivery systems and antiviral agents are cur-
rently under development (Table 8).

Improvements in drug delivery systems
The efficacy of  existing antiviral therapies is partly de-
pendent on their pharmacokinetics. Hence implementa-
tion of  liver-targeting drug delivery systems may improve 
drug efficacy by overcoming the development of  resis-
tance, and tolerability by promoting selective accumula-
tion in the liver to limit systemic side effects. Dextran is 
a complex polysaccharide which may be used as a carrier 
molecule for tissue-specific delivery of  drugs. Recently, 
it was reported that lamivudine-dextran conjugates selec-
tively accumulate in hepatocytes and Kupffer cells, result-
ing in a seven-fold higher concentration compared to 
controls

[99]
. The inhibitory effects of  adefovir loaded into 

nanoparticles on HBsAg, HBeAg, and serum HBV DNA 
levels in vitro were also significantly enhanced

[100]
. Nev-

ertheless, these drugs do not eradicate cccDNA, which 
perpetuates infection. Consequently, liver-targeting drug 
delivery systems must be used in conjunction with new 
anti-HBV drug candidates to improve viral clearance.

New drugs to current targets
Emtricitabine is a nucleos(t)ide analogue approved for the 
treatment of  HIV with clinical activity against HBV. It sig-
nificantly suppresses viral replication and improves liver his-
tology compared to placebo, but is not used as a monother-
apy due to high rates of  resistance

[101]
. Instead, dual therapy 

with tenofovir and emtricitabine was found to produce high 
rates of  HBeAg seroconversion and HBsAg loss, improving 
clinical outcomes for patients with decompensated HBV cir-
rhosis

[102]
. It is also the treatment of  choice in patients with 

HIV co-infection
[103]

. However, further studies are needed 
to establish whether tenofovir plus emtricitabine offers any 
advantage over tenofovir monotherapy in treatment-naïve 
patients (Table 8).

  Treatment Description

  Biochemical Normalization of serum ALT

  Virological

     HBeAg-positive Loss of HBeAg, Anti-HBe antibodies, serum 

HBV-DNA < 2000 IU/mL

     HBeAg-negative Serum HBV-DNA < 2000 IU/mL

  Complete Biochemical and virological response with loss of 

serum HBsAg

  Histological Decrease in necroinflammatory activity without 
worsening in fibrosis

Table 7  Treatment endpoints in clinical use

ALT: Alanine transaminase; HBV: Hepatitis B virus; HBeAg: Hepatitis B e 

antigen; HBsAg: Hepatitis B surface antigen.
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LB80380 is a nucleos(t)ide analogue prodrug which 
has potent anti-HBV activity in treatment-naïve pa-
tients

[104]
, as well as in vitro activity against mutant strains 

resistant to lamivudine, adefovir, entecavir, and telbivu-
dine

[105]
. Additionally, 90 mg and 150 mg of  LB80380 

daily were found to be non-inferior to entecavir 0.5 mg 
daily at 48-wk in a phase Ⅱb study of  treatment-naïve 
CHB patients

[106]
. Results from a 96-wk extension study 

(NCT01242787) are awaited (Table 9). With its high po-
tency, effectiveness in lamivudine-resistant patients

[107]
, 

and good safety profile, LB80380 is a potential alternative 
agent for the treatment of  CHB.

Clevudine is another nucleos(t)ide analogue which 
has potent antiviral activity against HBV

[108]
. Initial stud-

ies demonstrated that 24 wk of  clevudine at 30 mg once 
daily achieved statistically significant differences in viral 

suppression and durability compared to placebo
[109]

. 
Clevudine was also found to be superior to lamivudine 
in suppressing HBV replication

[110], but its efficacy is no 
higher than that of  entecavir

[111]
. Long-term use is fur-

ther limited by development of  drug resistance
[112]

, and 
drug-induced toxic myopathy due to depletion of  mito-
chondrial DNA

[113]
. Clevudine is currently approved for 

treatment of  CHB in South Korea and the Philippines, 
but given the safety concerns and availability of  more 
effective alternatives, clevudine is unlikely to have a role 
in treatment where entecavir and tenofovir are available. 
Thus new therapeutic approaches are needed.

Emerging targets for HBV treatment
In developing novel anti-HBV therapies, many approach-
es including pharmacophore-based antiviral drug design 
and traditional high-throughput screening have been 
used. A number of  lead compounds with new mecha-
nisms of  action are currently being evaluated in vitro, in 
animal models of  CHB, and in clinical trials (Table 8).

The discovery of  compounds which directly target 
cccDNA has been one of  the major challenges to cur-
ing CHB infection. In an infected hepatocyte, HBV 
replication is regulated by the acetylation or methylation 
of  histone proteins which surround the cccDNA mini-
chromosome. The hSirt1/2 activator MC2791 and the 
JMJD3 inhibitor MC3119 suppressed both HBV replica-
tion and cccDNA transcription, providing a proof  of  
concept that epigenetic modifiers may mediate persistent 
cccDNA silencing

[114]
. More recent data presented at the 

2013 International Liver Congress suggests that antibody 
mediated stimulation of  the lymphtoxin beta receptor in 
cell culture models exerts a strong and dose-dependent 
anti-HBV effect, including cccDNA in cells where HBV 
infection was established. In addition, zinc finger pro-
teins designed to target the HBV enhancer region

[115]
, and 

various small-molecule compounds including CCC-0975 
and CCC-0346

[116]
 have been identified as inhibitors of  

cccDNA formation in vitro. Other replicative intermedi-
ates may also be targeted in CHB therapy. ARC-520 is a 
liver-tropic cholesterol-conjugated small interfering RNA 
which targets conserved HBV sequences to knockdown 
expression of  replicative intermediates. In a chimpanzee 
with CHB infection, a low dose of  ARC-520 induced 
rapid and multi-log repression of  viral RNA, DNA, and 
key viral antigens including HBsAg and HBeAg with long 
duration of  effect

[117]
. Collectively, this preliminary data 

suggests that targeting replicative intermediates such as 
cccDNA may form the basis of  a cure for CHB infection.

Another promising therapeutic approach is to inhibit 
HBV entry into the hepatocyte, as this not only prevents 
cell-to-cell spread in established infection, but can replace 
HBIg to prevent infection. Myrcludex-B is a synthetic 
lipopeptide derived from the HBV envelope protein 
which inactivates the HBV pre-S1 receptor at picomolar 
concentrations

[118]
. In immunodeficient chimeric mice 

reconstituted with human hepatocytes (uPA/SCID-
mice), myrcludex-B not only prevented viral spreading 
in between hepatocytes, but also reduced levels of  HBV 

  Drug name Mechanism of action Status

  Nucleos(t)ide analogues

     Clevudine Inhibits DNA polymerase Partial approval

     Emtricitabine Inhibits DNA polymerase FDA approved for 

HIV

  Nucleos(t)ide analogue prodrugs

     Amdoxovir Inhibits DNA polymerase Ⅱ (for HIV)

     LB80380 Inhibits DNA polymerase Ⅱb

     Famciclovir Inhibits DNA polymerase Abandoned

     Pradefovir Inhibits DNA polymerase Abandoned

     Tenofovir 

     alafenamide (GS 7340)

Inhibits DNA polymerase Ⅱ/Ⅲ

     MIV-210 Inhibits DNA polymerase Abandoned

  Non-nucleos(t)ide antivirals

     NOV-205 (BAM 205) Unknown Approved in Russia

     Myrcludex-B Inhibits viral entry Ib/Ⅱa

     Bay 41-4109 Inhibits viral core 

formation

Ⅰ

     GLS4 Inhibits HBV viral core 

assembly

Pre-clinical

     Rep 9 AC Blocks HBsAg release Ⅱ

     NVR-1221 Capsid inhibitor Pre-clinical

  Immunomodulators

     Pegylated interferon 

     lambda

Cytokine modulating 

innate/adaptive immune 

response

Ⅰ

     GS-9620 TLR-7 agonist Pre-clinical

     Nitazoxanide Unknown Ⅱ

     EHT899 Immune enhancer Ⅱ

  Therapeutic vaccines

     HBV core antigen 

     vaccine

Enhance T cell response I

     HBV-EPV Immunogenic Withdrawn

     ePA-44 Immunogenic Ⅱ

     HI-8 HBV Stimulates IFN-γ 
producing T cells

Ⅱ

  Others

     β-thujaplicinol Blocks viral ribonuclease 

H activity

Pre-clinical

     ARC520 RNA interference Ⅰ

     Herbal bushen 

     formula

Down-regulate CD4+ and 

CD25+ T cells

TCM

Table 8  Emerging pipeline drugs for chronic hepatitis B virus 

infection

HBV: Hepatitis B virus; TCM: Traditional chinese medicine; HBsAg: Hep-

atitis B surface antigen; HIV: Human immunodeficiency virus; FDA: Food 
and Drug Administration; IFN: Interferon.
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DNA, HBsAg and cccDNA compared to untreated 
mice

[119]
. Results from a phase Ib/IIa clinical trial are ex-

pected at the end of  2013. Initial data for REP 9AC’, a 
nucleic acid-based polymer which clears serum HBsAg 
by blocking HBV subviral particle formation and release, 
is also promising. A proof-of-concept study in 8 patients 
demonstrated that REP 9AC’ reduced serum HBV 
DNA, inducing HBsAg seroclearance and development 
of  anti-HBs to sustain virological response over 24 mo 
of  follow-up off  treatment. REP 9AC’ also potentiated 
the immunostimulatory effects of  PEG-IFN-α, generat-
ing anti-HBs titres comparable to those seen in healthy 
individuals with a strong vaccine response, raising the 
possibility of  durable immunological control

[120]
.

The immune system is inherently capable of  control-
ling HBV infection, as evidenced by the 90% of  adults 
who resolve acute HBV infection, and by the resolution 
of  CHB following bone marrow transplantation from 
an immune donor

[121]
. An increasing emphasis is thus 

placed on developing immunomodulatory therapy. Im-
munotherapeutic strategies for CHB include exogenous 
administration of  cytokines with antiviral activity, and 
stimulation of  the host T cell immune response. Howev-
er, the antiviral effects of  therapeutic vaccines have been 
disappointing. S and pre-S antigen vaccines, as well as T 
cell specific vaccines have all failed to achieve significant 
viral clearance

[122,123]
. Greater success has been found with 

IFN-λ and GS-9620. IFN-λ has potent anti-HBV activity 
in vitro and in transgenic mice

[124,125]
, and was shown in a 

phase IIb trial to cause significantly greater suppression 
of  HBV DNA and HBsAg than IFN-λ[126]

. Critically, it 
also has improved tolerability due to the limited distribu-
tion of  λ receptors outside the liver[127]

. GS-9620 is an 
orally bioavailable small-molecule which activates Toll-
like receptor 7 signalling. Administration of  GS-9620 
thrice weekly for 4 wk at 1 mg/kg, followed by 2 mg/kg, 
resulted in a prolonged 2.2 log unit reduction in HBV 
DNA in all three chronically infected chimpanzees

[128]
. 

Clinical trials for both IFN-λ and GS-9620 are currently 
on going (Tables 8 and 9).

CONCLUSION

Patients with minimal disease should not be treated. Con-

versely, patients at risk of  developing complications such 
as cirrhosis and HCC should receive antiviral therapy. In 
patients with predictive factors of  favourable response, a 
finite course of  PEG-IFN should be trialed as first-line 
treatment. However, the majority of  patients still require 
life-long treatment with nucleos(t)ide analogues, which is 
associated with substantial costs and a high risk for devel-
oping antiviral resistance. In our opinion, further studies 
are required to identify mechanisms by which the low 
viral load in the persistent carrier state may be eliminated. 
New strategies will likely favour an immunomodulatory 
approach, and or involve eradication of  the pool of  
cccDNA from infected hepatocytes.
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Background: Currently, methylotrophic yeasts (e.g., Pichia pastoris, Ogataea

polymorpha, and Candida boindii) are subjects of intense genomics studies in basic

research and industrial applications. In the genus Ogataea, most research is focused

on three basic O. polymorpha strains-CBS4732, NCYC495, and DL-1. However, the

relationship between CBS4732, NCYC495, and DL-1 remains unclear, as the genomic

differences between them have not be exactly determined without their high-quality

complete genomes. As a nutritionally deficient mutant derived from CBS4732, the

O. polymorpha strain CBS4732 ura31 (named HU-11) is being used for high-yield

production of several important proteins or peptides. HU-11 has the same reference

genome as CBS4732 (noted as HU-11/CBS4732), because the only genomic difference

between them is a 5-bp insertion.

Results: In the present study, we have assembled the full-length genome of

O. polymorpha HU-11/CBS4732 using high-depth PacBio and Illumina data. Long

terminal repeat retrotransposons (LTR-rts), rDNA, 5′ and 3′ telomeric, subtelomeric, low

complexity and other repeat regions were exactly determined to improve the genome

quality. In brief, the main findings include complete rDNAs, complete LTR-rts, three large

duplicated segments in subtelomeric regions and three structural variations between the

HU-11/CBS4732 and NCYC495 genomes. These findings are very important for the

assembly of full-length genomes of yeast and the correction of assembly errors in the

published genomes of Ogataea spp. HU-11/CBS4732 is so phylogenetically close to

NCYC495 that the syntenic regions cover nearly 100% of their genomes. Moreover,

HU-11/CBS4732 and NCYC495 share a nucleotide identity of 99.5% through their

whole genomes. CBS4732 and NCYC495 can be regarded as the same strain in basic

research and industrial applications.

Conclusion: The present study preliminarily revealed the relationship between

CBS4732, NCYC495, and DL-1. Our findings provide new opportunities for in-depth
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understanding of genome evolution in methylotrophic yeasts and lay the foundations

for the industrial applications of O. polymorpha CBS4732, NCYC495, DL-1, and their

derivative strains. The full-length genome of O. polymorpha HU-11/CBS4732 should be

included into the NCBI RefSeq database for future studies of Ogataea spp.

Keywords: methylotrophic yeast, Hansenula polymorpha, rDNA quadruple, genome expansion, long terminal

repeat

INTRODUCTION

Currently, methylotrophic yeasts (e.g., Pichia pastoris,Hansenula
polymorpha, and Candida boindii) are subjects of intense
genomics studies in basic research and industrial applications.
However, genomic research on Ogataea (Hansenula) polymorpha
trails behind that on P. pastoris (Ravin et al., 2013), although
they both are widely used species of methylotrophic yeasts. In
the genus Ogataea, most research is focused on three basic
O. polymorpha strains—CBS4732 (synonymous to NRRL Y-
5445 or ATCC34438), NCYC495 (synonymous to NRRL Y-1798,
ATCC14754, or CBS1976), and DL-1 (synonymous to NRRL Y-
7560 or ATCC26012). These three strains are of independent
geographic and ecological origins: CBS4732 was originally
isolated from soil irrigated with waste water from a distillery in
Pernambuco, Brazil in 1959 (Morais and Maia, 1959); NCYC495
is identical to a strain first isolated from spoiled concentrated
orange juice in Florida and initially designated as Hansenula
angusta by Wickerham (1951); DL-1 was isolated from soil by
Levine and Cooney (1973). CBS4732 and its derivatives—LR9
and RB11—have been developed as genetically engineered strains
to produce many heterologous proteins, including enzymes (e.g.,
feed additive phytase), anticoagulants (e.g., hirudin and saratin),
and an efficient vaccine against hepatitis B infection (Massoud
et al., 2003). As a nutritionally deficient mutant derived from
CBS4732, the O. polymorpha strain HU-11 (CBS4732 ura31)
(Wang et al., 2007) is being used for high-yield production of
several important proteins or peptides, particularly including
recombinant hepatitis B surface antigen (HBsAg) vaccine (Wang
H.et al., 2016) and hirudin (Wang et al., 2011). HU-11 has the
same reference genome as CBS4732 (noted as HU-11/CBS4732),
as the only genomic difference between them is a 5-bp insertion
caused by frame-shift mutation of its URA3 gene, which encodes
orotidine 5′-phosphate decarboxylase. Although CBS4732 and
NCYC495 are classified asO. polymorpha, and DL-1 is reclassified
as O. parapolymorpha (Hanson et al., 2017), the relationship
between CBS4732, NCYC495, and DL-1 remains unclear, as
the genomic differences between them have not been exactly
determined due to lack of their high-quality complete genomes.
Thus, knowledge obtained from any of the three strains can’t be
used to investigate the other two strains.

To facilitate genomic research of yeasts, genome sequences
have been increasingly submitted to the Genome-NCBI datasets.
Among the genomes of 34 species in the Ogataea or Candida

Abbreviations: TR, tandem repeat; STR, short tandem repeat; LTR, long
terminal repeat; ORF, open reading frame; CDS, coding sequence; SV, structural
variation; SNP, single nucleotide polymorphism; InDel, insertion and deletion; mt:
mitochondrial; nt, nucleotide; aa, amino acid.

genus (Supplementary File 1), those of NCYC495 and DL-
1 have been assembled at chromosome levels. However, the
other genomes have been assembled at contig or scaffold
levels. Furthermore, the genome sequence of CBS4732 was not
available in the Genome-NCBI datasets until this manuscript
was drafted. Among the genomes of 33 Komagataella (Pichia)
spp., the genome of the P. pastoris strain GS115 is the only
genome assembled at the chromosome level. The main problem
of the Ogataea, Candida, and Pichia genome data is their
incomplete sequences and poor annotations. For example, the
rDNA sequence (GenBank: FN392325) of P. pastoris GS115
cannot be well aligned to its genome (GenBank assembly:
GCA_001708105). Most genome sequences do not contain
complete subtelomeric regions and, as a result, subtelomeres
are often overlooked in comparative genomics (Brown, 2010).
For example, the genome of DL-1 has been analyzed for
better understanding the phylogenetics and molecular basis
of O. polymorpha (Ravin et al., 2013); however, it does
not contain complete subtelomeric regions due to assembly
using short sequences. Another problem of the Ogataea,
Candida, and Pichia genome data is that the mitochondrial
(mt) genome sequence is not simultaneously released with the
corresponding nuclear genome sequences. The only exception
is the O. polymorpha DL-1 mt genome (RefSeq: NC_014805).
Therefore, more complete genome sequences of Ogataea
spp. are being accomplished to bridge the gap between
basic research and industrial applications. For example, a
new project has been conducted to provide a high-quality
complete genome of DL-1 (GenBank: CP080316-22) based on
Nanopore technology.

In the present study, we have assembled the full-length
genome of O. polymorpha HU-11/CBS4732 using high-depth
PacBio and Illumina data, and conducted the annotation and
analysis to achieve the following research goals: (1) to provide
a high-quality and well-curated reference genome for future
studies ofOgataea spp.; (2) to determine the relationship between
CBS4732, NCYC495, and DL-1; and (3) to discover important
genomic features (e.g., high yield) of Ogataea spp. for basic
research (e.g., synthetic biology) and industrial applications.

RESULTS AND DISCUSSION

Genome Sequencing, Assembly and
Annotation
One 500 bp and one 10 Kbp DNA library were prepared
using fresh cells of O. polymorpha HU-11 and sequenced
on the Illumina HiSeq X Ten and PacBio Sequel platforms,
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respectively, for de novo assembly of a high-quality genome.
Firstly, 18,319,084,791 bp cleaned PacBio DNA-seq data were
used to assembled the complete genome, except the rDNA
region, with an extremely high depth of ∼1800X. However,
the draft genome using high-depth PacBio data still contained
two types of errors in the low complexity (Figure 1A) and the
short tandem repeat (STR) regions, respectively (Figure 1B).
Then, 6,628,480,424 bp cleaned Illumina DNA-seq data were
used to polish the complete genome of HU-11/CBS4732 to
remove the two types of errors. However, Illumina DNA-seq data
contained errors in the long (>10 G or C) poly(GC) regions.
Following this, the poly(GC) regions, polished using Illumina
DNA-seq data, were curated using PacBio subreads (Figure 1C).
Finally, 5′ and 3′ telomeric, subtelomeric, rDNA, Long Terminal
Repeat retrotransposons (LTR-rts), low complexity, and other

repeat regions were exactly determined and confirmed by
human curation (see section “Materials and Methods”). The
completeO. polymorphaHU-11/CBS4732 genome is a full-length
genome, which is defined to has sequences ending at the 5′

and 3′ telomeric sites without gaps and ambiguous nucleotides
(Xu et al., 2020).

The full-length O. polymorpha HU-11/CBS4732 genome
includes the complete sequences of all seven chromosomes
(Figure 2A), which were named as 1 to 7 from the smallest
to the largest, respectively (Table 1). As the 5′ and 3′

telomeric regions vary in lengths, they were not included into
the seven linear chromosomes of HU-11/CBS4732. Analysis
of long PacBio subreads revealed that the telomeric regions
at 5′ and 3′ ends of each chromosome consist of tandem
repeats (TRs) [ACCCCGCC]n and [GGCGGGGT]n (n is

FIGURE 1 | Errors in PacBio data and Illumina data. The errors in the low complexity and short tandem repeat (STR) regions can be corrected during the genome

polishing using Illumina data, while the errors in the long (>10 G or C) poly(GC) regions need be curated using PacBio data after the genome polishing. (A) An

example to show that the assembled genomes using high-depth PacBio data still contain errors in the low complexity regions. (B) An example to show that the

assembled genomes using high-depth PacBio data still contain errors in the STR regions. (C) An example to show that the genome polishing using Illumina data

causes errors in the long poly (GC) regions.

FIGURE 2 | Full-length genome of Ogataea polymorpha HU-11/CBS4732. (A) The full-length O. polymorpha HU-11/CBS4732 genome includes the complete

sequences of seven linear chromosomes, which were named as 1–7 from the smallest to the largest. The 5′ and 3′ telomeric regions were not included. The

minimum, Q90, Q75, Q50, Q25, Q10, and maximum of GC contents (%) are 0.08, 0.408 0.436, 0.472, 0.514, 0.554, and 0.732. The GC contents (%) were calculated

by 500-bp sliding windows and then trimmed between Q10 and Q90 for plotting the heatmaps. Long terminal repeat retrotransposons (LTR-rts) and markers genes

are indicated by arrows (red and green colors represent sense and antisense strands) in the chromosomes. Markers genes of chromosome 1–7 include URA3

(encoding orotidine 5′-phosphate decarboxylase), rDNA, HARS (Hansenula autonomously replicating sequence), FGH (S-formylglutathione hydrolase), MOX

(methanol oxidase), FDH (Formate dehydrogenase) and TERT (telomerase reverse transcriptase), respectively. (B) For the data submission to the GenBank

database, the genome sequence of circular mitochondrion was anticlockwise linearized, starting at the first nt (indicated by a red arrow) of rrnL, which may include a

part of the control region. SSU, small subunit; RPS3, ribosomal protein S3; rrnL, large subunit ribosomal RNA; rrnS, small subunit ribosomal RNA.
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TABLE 1 | Genomes of three basic Ogataea polymorpha strains.

Chromosome CBS4732/HU-11 NCYC495 DL-1 HU-11 Size (bp) Marker

Chr1 CP073033 NW_017264703 NC_027865 1,000,895 URA3

Chr2 CP073034 NW_017264704 NC_027866 1,125,341 rDNA

Chr3 CP073035 NW_017264702 NC_027864 1,265,401 HARS

Chr4 CP073036 NW_017264701 NC_027863 1,315,956 FGH

Chr5 CP073037 NW_017264700 NC_027862 1,357,435 MOX

Chr6 CP073038 NW_017264698 NC_027860 1,513,391 FDH

Chr7 CP073039 NW_017264699 NC_027861 1,525,912 TERT

ChrM CP073040 NA NC_014805 59,496 COIII

Total (Mbp) 9.1 8.97 8.87

GC% 47.76 47.86 47.83

Gene# 5453* 5454* 5309*

tRNA# 80 80 80

rRNA# 4 × 20 4 × 6 4 × 25

HU-11 has the same reference genome as CBS4732 (noted as HU-11/CBS4732), because the only genomic difference between them is a 5-bp insertion. #The

numbers of mitochondrial genes in the LTR-rts were not counted. *The genome sequences of NCYC495 and DL-1 with annotations were corrected, so the numbers

of protein-coding genes (>150 bp) are different from their original records. The full-length O. polymorpha HU-11/CBS4732 genome includes the complete sequences

of all seven chromosomes, which were named as 1–7 from the smallest to the largest, respectively. As the 5′ and 3′ telomeric regions vary in lengths, they were not

included into the seven linear chromosomes of HU-11/CBS4732. The accession numbers of NCYC495 and DL-1 were mapped to the chromosome numbers of HU-

11, according to the marker genes of seven chromosomes. They are: URA3 (encoding orotidine 5′-phosphate decarboxylase), rDNA, HARS(Hansenula autonomously

replicating sequence), FGH (S-formylglutathione hydrolase), MOX(methanol oxidase), FDH (Formate dehydrogenase), TERT (telomerase reverse transcriptase) and COIII

(cytochrome c oxidase subunit 3).

the copy number) with average lengths of 166 bp and
168 bp (∼20 copy numbers), respectively. Finally, we released
the data of the nuclear genome (GenBank: CP073033-39)
with a summed sequence length of 9.1 Mbp and the mt
genome (GenBank: CP073040) with a sequence length of
59,496 bp (Table 1). For the submission to the GenBank
database, the sequence of circular mt genome (Figure 2B)
was anticlockwise linearized, starting at the first nt of large
subunit ribosomal RNA (rrnL). The complete genome sequence
of the O. polymorpha strain CBS4732 ura31 (named HU-11) is
available at the NCBI GenBank database, which need be included
into the NCBI RefSeq database to facilitate future studies on
O. polymorpha CBS4732 and its derivatives- LR9, RB11, and HU-
11.

The HU-11/CBS4732 (nuclear) genome has a summed
length of 9.1 Mbp that is close to the estimated length
of the O. polymorpha DL-1 genome (Ravin et al., 2013),
while the NCYC495 (RefSeq: NW_017264698-704) and DL-
1 genomes (RefSeq: NC_027860-66) have shorter lengths of
8.97 and 8.87 Mbp, respectively (Table 1), as both of them
are incomplete and have many errors at 5′ and 3′ ends of
their chromosomes (Supplementary File 1). The GC contents
of the HU-11, NCYC495, and DL-1 genomes are very close
(∼48%). Syntenic comparison (see section “Materials and
Methods”) revealed that O. polymorpha HU-11/CBS4732 is so
phylogenetically close to NCYC495 that the syntenic regions
cover nearly 100% of their genomes, however, HU-11/CBS4732
and NCYC495 are significantly distinct from DL-1. Then, we
discovered large duplicated segments (LDSs) in the subtelomeric
regions and exactly determined all the structural variations (SVs)
between HU-11/CBS4732 and NCYC495 (Detailed later). We
improved the annotations of NCYC495 protein-coding genes

(>150 bp) using a high quality RNA-seq data of NCYC495
(NCBI SRA: SRP124832), and then HU-11/CBS4732 and DL-1
genes by gene ID mapping (Supplementary File 2). As a result,
we updated the annotations (Table 1) of: (1) 5,453 protein-
coding genes of HU-11/CBS4732, including 5,021 single-exon
genes, and 432 multi-exon genes; (2) 5,454 protein-coding genes
of NCYC495, including 5,022 single-exon genes, and 432 multi-
exon genes; (3) 5,309 protein-coding genes of DL-1, including
4,843 single-exon genes, and 464 multi-exon genes; and (4) 80
identical tRNA genes of HU-11/CBS4732, NCYC495, and DL-1.
For 432 multi-exon genes of HU-11/CBS4732, only the longest
splicing isoforms of them were annotated. Then, 5,453 CDSs
(Supplementary File 3) were identified from 5,453 genes of
HU-11/CBS4732. Furthermore, only 13 single-exon genes of HU-
11/CBS4732 or NCYC495were not detected to be expressed using
the RNA-seq data SRP124832, while 87 genes (data not shown) of
DL-1 have been reported to be not expressed in the previous study
(Ravin et al., 2013).

Organization of rDNA Genes
An rDNA TR of HU-11/CBS4732, NCYC495, or DL-1 encodes
5S, 18S, 5.8S, and 25S rRNAs (named as quadruple in the
present study), with a length of 8,145 bp (Supplementary

File 1). As the largest TR region (∼162 Kbp) in the HU-
11/CBS4732 genome, the only rDNA locus is in chromosome 2.
The organization of rDNATRs is conserved in theOgataea genus.
TRs of HU-11/CBS4732 and NCYC495 rDNAs share a very
high nucleotide (nt) sequence identity of 99.5% (8,115/8,152),
while TRs of HU-11/CBS4732 and DL-1 rDNAs share a
comparatively low nt sequence identity of 97% (7,530/7,765).
The major difference of rDNAs among Ogataea spp. lie in
their copy numbers. The copy number of rDNA TRs was
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estimated as 20 in the HU-11/CBS4732 genome (Figure 3A),
while that was estimated as 6 and 25 in NCYC495 and
DL-1, respectively (Ravin et al., 2013). An rDNA TR of
Saccharomyces cerevisiae also contains 5S, 18S, 5.8S, and 25S
rDNAs as a quadruple, repeating two times in chromosome
7 of its genome (Figure 3B), however, four other 5S rDNAs
are located separately away from the rDNA quadruples in
S. cerevisiae. Different from O. polymorpha or S. cerevisiae
with only one rDNA locus, Pichia pastoris GS115 carries
several rDNA loci, which are interspersed in three of its
four chromosomes. Since the genome of P. pastoris GS115
(GenBank assembly: GCA_001708105) is incomplete and poorly
annotated, we estimated the copy number of its rDNAs as
three or more. In animals, rDNAs encoding 18S, 5.8S, and
28S rRNAs are also organized in TRs and transcribed into
a single RNA precursor by RNA polymerase I. As a typical
example, human has approximately 200–600 rDNA copies
(Figure 3C) distributed in short arms of the five acrocentric
chromosomes (chromosomes 13, 14, 15, 21, and 22) (Agrawal
and Ganley, 2018). In prokaryotic cells, 5S, 23S, and 16S rRNA
genes are typically organized as a co-transcribed operon. There
may be one or more copies of the operon dispersed in the
genome and the copy numbers typically range from 1 to 15
in bacteria. As a typical example, Ochrobactrum quorumnocens
has four copies of co-transcribed operons at two rDNA loci
(Figure 3D) in chromosome 1 (GenBank: CP022603) and
2 (GenBank: CP022604). Compared to S. cerevisiae, human,
and O. quorumnocens rDNAs (Figures 3B–D), the rDNAs of

O. polymorpha are more closely organized. By the organization in
TR, 20 copies ofO. polymorpha rDNA quadruples are transcribed
in a large (>162 Kbp) co-transcribed operon, suggesting that
their transcription can be regulated with higher efficiency. This
genomic feature may contribute to the high yield characteristics
of O. polymorpha.

Besides the high similarity of genomic organization, the
rDNAs of O. polymorpha HU-11/CBS4732 and S. cerevisiae
share high nt sequence identities of 95.3% (1720/1805), 96.2%
(152/158), 92% (3,111/3,381), and 96.7% (117/121) for 18S,
5.8S, 25S, and 5S rDNAs, respectively. These identities are
little lower than those of O. polymorpha NCYC495 and DL-1,
indicated that the rDNA genes are more conservative than
the protein-coding genes. Therefore, rDNA is an important
genomic feature for the detection, identification, classification
and phylogenetic analysis of Ogataea spp. Unexpectedly, we
found that the rDNAs (GenBank: FN392325) of O. polymorpha
HU-11/CBS4732 and P. pastoris GS115 have nt sequence
identities of 87.3% (1477/1691), 80% (84/105), and 80.5%
(2,073/2,576) for 18S, 5.8S, and 25S rDNAs, respectively, which
are much lower than those of S. cerevisiae. These results are
not consistent with those of a previous study (Ravin et al.,
2013), in which phylogenetic analysis using 153 protein-coding
genes showed that O. polymorpha and Pichia pastoris GS115 are
members of a clade that is distinct from the one that S. cerevisiae
belongs to. Based on the previous study, HU-11/CBS4732 is
phylogenetically closer to P. pastorisGS115 than S. cerevisiae. The
nt sequence identities of rDNAs between HU-11/CBS4732 and

FIGURE 3 | Organization of rDNA genes in yeasts, human and bacteria. (A) The only rDNA locus is in chromosome 2 (GenBank: CP073034) of the Ogataea

polymorpha HU-11/CBS4732 genome, containing 20 copies of tandem repeats (TRs). Here only six copies of TRs are shown. (B) An rDNA TR of Saccharomyces

cerevisiae also contains 5S, 18S, 5.8S, and 25S rDNAs as a quadruple, repeating 2 times in chromosome 7 of its genome. Four other 5S rDNAs are located

separately away from the rDNA quadruples in S. cerevisiae. (C) Each human rDNA unit has an rRNA region and an intergenic spacer (IGS). Here only eight units are

shown. ITS, internal transcribed spacer; ETS, external transcribed spacers. (D) There are four copies of rRNA regions at two rDNA loci in chromosome 1 (GenBank:

CP022603) and 2 (GenBank: CP022604) of the Ochrobactrum quorumnocens genome.
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FIGURE 4 | Long terminal repeat (LTR) retrotransposons, large duplicated segments and structural variations. (A) NCYC495 and HU-11/CBS4732 share identical

322-bp LTRs, which are flanked by TCTTG and CAACA at their 5′ and 3′ ends. Three of seven LTR-rts of HU-11/CBS4732 have no homologs in the NCYC495

genome due to misassembly. A LTR-rt consists of 5′ LTR, 3′ LTR and a single open reading frame (ORF) encoding a putative polyprotein. This polyprotein, if

translated, can be processed into trunculated gag (GAG), protease (PR), integrase (IN), reverse transcriptase (RT) and RNase H (RH). (B) Chr1, 2, 4, 5, and 7

represent the chromosomes (GenBank: CP073033, 34, 36, 37, and 39) of the HU-11/CBS4732 genome. Three large duplicated segments (LDSs) named LDS1 (in

yellow color), 2 (in green color) and 3 (in blue color) are supposed to be included in both NCYC495 and HU-11/CBS4732 genomes. However, LDS2 and a

14,090 bp part of LDS1 (indicated by black slashs) were not assembled into chromosome 2 of the NCYC495 genome. The genomic differences between the

HU-11/CBS4732 and NCYC495 only include three structural variations (SVs), named SV1, 2 and 3 (in red color). The three SVs are located in three large syntenic

regions (SRs) of HU-11/CBS4732, NCYC495, and DL-1 genomes with very high nt sequence identities, named SR1, 2 and 3. SV4 is a 22.6-Kb DNA region which

functions in the determination of the yeast mating-type (MAT). (C) The graphic elements used to represent the genomes and genes were originally used in the

previous study (Hanson et al., 2017). The HU-11 genome (GenBank: CP073033-40) contains a 22.6-Kb MAT region where MATα can be transcribed, while the

NCYC495 genome (RefSeq: NW_017264698-704) contains an identical 22.6-Kb MAT region where MATa can be transcribed.

P. pastoris GS115 are supposed to be higher than those between
HU-11/CBS4732 and S. cerevisiae.

Long Terminal Repeat Retrotransposons
LTRs with lengths of 322 bp were discovered in all seven
chromosomes of HU-11/CBS4732. These LTRs with the low GC
content of 29% (94/322) are flanked by TCTTG and CAACA
at their 5′ and 3′ ends (Figure 4A). In HU-11/CBS4732, a
total of 14 LTRs are present in seven copies of intact LTR-rts
(Supplementary File 1), which were identified as components
of Tpa5 LTR-rts (GenBank: AJ439553) from Pichia angusta
CBS4732 (a former name of O. polymorpha CBS4732) in a
previous study (Neuveglise et al., 2002). A LTR-rt consists of 5′

LTR, 3′ LTR, and a single open reading frame (ORF) encoding a
putative polyprotein (Figure 4A). This polyprotein, if translated,

can be processed into truncated Gag (GAG), protease (PR),
integrase (IN), reverse transcriptase (RT), and RNase H (RH).
Based on the gene order (PR, IN, RT, and RH), the LTR-rts of HU-
11/CBS4732 were classified into the Ty5 type of the Ty1/copia
group (Ty1, 2, 4, and 5 types) (Agrawal and Ganley, 2018).

With the length corrected from 4,883 bp to 4,882 bp, a
sequence (GenBank: AJ439558) was used as the reference of
Tpa5 LTR-rts to search for homologs. The results confirmed
that HU-11/CBS4732 is phylogenetically closest to NCYC495
and they share identical LTRs. However, the 322-bp LTRs of
HU-11/CBS4732 and NCYC495 are quite distinct from the
282-bp LTRs of DL-1, which were reported as 290-bp solo
LTRs in the previous study (Ravin et al., 2013). In addition,
the amino acid (aa) sequences of the polyprotein with the
length of 1417 aa in HU-11/CBS4732 and NCYC495 LTR-rts
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are distinct from those in DL-1. Based on the records in the
UniProt Knowledgebase (UniProtKB), O. polymorpha strains
DL-1, ATCC26012, BCRC20466, JCM22074, and NRRL Y-7560
have nearly the same aa sequences (UniProt: W1QI12) of the
polyprotein. The above results suggest that the LTR-rt is another
important genomic feature for the detection, identification,
classification and phylogenetic analysis of Ogataea spp. Using
RNA-seq data of NCYC495 (SRA: SRP124832), we discovered
that the genes encoding the polyproteins in the LTR-rts of
O. polymorpha are transcribed. If these putative polyproteins can
be translated merits further studies.

In the previous study, 50,000 fragments of 13
Hemiascomycetes species were used to identify LTR-rts. However,
the analysis was probably biased as it was based on only random
sequences (approximately 1 kb on average) without the related
genome information (Neuveglise et al., 2002). In the present
study, seven copies of intact LTR-rts (As described above) were
precisely located in the HU-11/CBS4732 genome (Figure 2A),
with five in the sense strands of chromosome 1, 2, 3, 6, and 7
(named LTR-rt1, 2, 3, 6, and 7) and two in the antisense strands of
chromosome 5 and 7 (named LTR-rt5R and 7R). LTR-rt1, 3, and
6 share very high nt identities of 99.9% with each other. LTR-rt1
or 3 contains a single ORF encoding a polyprotein with the same
aa sequence, while LTR-rt6 contains a single ORF with a 42-bp
insertion (encoding RSSLFDVPCSPTVD), compared to LTR-rt1
and 3. LTR-rt2, 5R, 7, and 7R contain several single nucleotide
polymorphisms (SNPs), small insertions and deletions (InDels),
which break the single ORFs into several ORFs. Genome
comparison revealed that the homologs of LTR-rt2, 3, and 5R in
HU-11/CBS4732 are present in the NCYC495 genome with very
high nt identities of 99.9%, while the homologs of LTR-rt1, 7,
and 7R, however, are absent in the NCYC495 genome. Further
analysis determined that their absence in the NCYC495 genome
resulted from misassembly.

Large Duplicated Segments in
Subtelomeric Regions
Syntenic comparison revealed that O. polymorpha HU-
11/CBS4732 is so phylogenetically close to NCYC495 that the
syntenic regions cover nearly 100% of their genomes, however,
HU-11/CBS4732 and NCYC495 are significantly distinct from
DL-1. HU-11/CBS4732 and NCYC495 share a nt identity of
99.5% through their whole genomes, including the rDNA
regions and LTR-rts. In contrast, HU-11/CBS4732 and DL-1
share a comparatively low nt identity (<95%). Subsequently, the
detection of structural variations (SVs) was performed between
the HU-11/CBS4732 and NCYC495 genomes. Further analysis
revealed that most of detected SVs are errors in the assembly
of NCYC495 genome (Figure 4B), particularly including:
(1) LTR-rt1, 7, and 7R (absent in NCYC495) which need be
included in the NCYC495 genome; (2) two large deletions
(absent in NCYC495) which need be added at 5′ and 3′ ends of
chromosome 2 of NCYC495; and (3) an over-assembled large
segment (absent in HU-11/CBS4732) at 3′ end of chromosome
6 (NW_017264698:1509870-1541475), which need be removed
from chromosome 6 of NCYC495. Before the correction of

above errors, (1), (2), and (3) were confirmed by long PacBio
subreads. Particularly, (3) was confirmed as the telomeric region
at the 3′ end of chromosome 6, which was wrongly assembled
as the junction region at 5′ end of the over-assembled segment
in the previous study and the reason is that the copy number
of TRs [GGCGGGGT]n (NW_017264698:1509840-1509869)
in this telomeric region was under-estimated using short
sequencing data.

Two large deletions [one type of SV (Zhang et al., 2016)] in
the NCYC495 genome (As described above) are “false-positive”
SVs caused by the misassembly of LDSs (Supplementary File 1)
in the subtelomeric regions. In contrast, all LDSs were correctly
assembled in the HU-11/CBS4732 genome. Using long (>30 Kb)
PacBio subreads, human curation (see section “Materials and
Methods”) was performed to verify the locations of the LDSs,
particularly three LDSs named LDS1, 2 and 3 with lengths of
∼27,850, ∼5,100, and ∼2,500 bp, respectively (Figure 4B): (1)
LDS1 and its paralog are present at 3′ ends of chromosome
2 and 1 in the HU-11/CBS4732 genome, respectively, while
the paralog of LDS1 was correctly assembled into 3′ end of
chromosome 1 of NCYC495, but a 14,090 bp part of LDS1 was
not assembled into 3′ end of chromosome 2, which corresponds
to a large deletion; and (2) LDS2 and its paralog are present at
5′ ends of both chromosomes 2 and 5 in the HU-11/CBS4732
genome, while the paralog of LDS2 was correctly assembled
into 5′ end of chromosome 5, but LDS2 was not assembled
into 5′ end of chromosome 2 of NCYC495, which corresponds
to the other large deletion. Different from LDS1 and LDS2,
LDS3 and its paralog were correctly assembled in the NCYC495
genome. LDS3 is downstream of LDS2 in chromosome 2, and
the paralog of LDS3 is present at 5′ end of chromosome 7
(Figure 4B). LDS1 and 2 had not been discovered before the
present study, mainly because they are nearly identical to their
paralogs. Particularly, there are only four mismatches and one 1-
bp gap between LDS1 and its paralog. As an important finding,
telomeric TR-like sequences [ACCCCGCC]n or [ACCCGCC]n
(n > 2) were discovered at 3′ ends of LDS2 and its paralog
(located on both chromosomes 2 and 5), and at 3′ end of LDS3′s
paralog (located in chromosome 7). The discovery of these
sequences (Supplementary File 1) indicated that these LDSs were
integrated at 5′ ends of the old telomeric regions by their 3′ ends.

Structural Variations Between
HU-11/CBS4732 and NCYC495
The major errors in the assembly of NCYC495 genome (RefSeq:
NW_017264698-704) include incomplete rDNAs, misassembly
of LTR-rts, under-assembly of LDSs and over-assembly of
a large segment. After we corrected these errors using the
syntenic regions, only four SVs between HU-11/CBS4732 and
NCYC495 remained and were named as SV1, SV2, SV3, and
SV4 (Figure 4B). Further analysis revealed that SV4 is a very
special “false-positive” SV. Actually, SV4 is a 22.6-Kb DNA
region (Figure 4C) which functions in the determination of
the yeast mating-type (MAT). According to previous studies
(Hanson et al., 2017), yeast mating generally occurs between
two haploid cells with opposite genotypes (MATa and MATα)
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at this locus, to form a diploid zygote (MATa/α). Ogataea
spp. contain both a MATa locus and a MATα locus in
chromosome 5, approximately 19 Kb apart (Figure 4C). The
two MAT loci are beside two copies of an identical 2-Kb
DNA sequence, which form two inverted repeats (IRs). During
MAT switching, the two copies of the IR recombine, inverting
the orientation of the 19-Kb region relative to the rest of
the chromosome. The MAT locus proximal to the centromere
is not transcribed, probably due to silencing by centromeric
heterochromatin, whereas the distal MAT locus is transcribed.
The HU-11 genome contains a 22.6-Kb MAT region (MAT-
HU11) where MATα can be transcribed, while the NCYC495
genome contains a 22.6-Kb MAT region (MAT-NCYC495)
where MATa can be transcribed. There is only one 1-bp
gap between the large segments MAT-HU11 and the reverse-
complimentary sequence of MAT-NCYC495 (Supplementary

File 1). Therefore, the HU-11 (GenBank: CP073033-40) and
NCYC495 (RefSeq: NW_017264698-704) genomes represent
genomes of O. polymorpha MATα and MATa cells, respectively.
MAT regions can’t be used as a genomic marker to characterize
different O. polymorpha strains, as MAT switching can be
induced without environmental signals. For example, we found
that MAT switching of HU-11 even occur under optimal growth

conditions (pH = 5.5, T = 32◦C), although the frequency is
extremely low (1/264).

Only three SVs (SV1, SV2, and SV3) are true-positive. SV1
and SV2 are present at 5′ and 3′ ends of chromosome 4,
respectively, while the location of SV3 is close to 5′ ends of
chromosome 5 (Figure 4C). Five sequences involved in these
three SVs are SV1-CBS4732 and SV2-CBS4732 in the HU-
11/CBS4732 genome and SV1-NCYC495, SV2-NCYC495, and
SV3-NCYC495 in the NCYC495 genome (Supplementary File

1). These five sequences can be used to identify O. polymorpha
strains, particularly CBS4732, NCYC495, and their derivative
strains. Blasting the five sequences to the NCBI NT database, we
found that SV1-CBS4732 and SV2-NCYC495 are nearly identical
(>98%) to their orthologs at 5′ and 3′ ends of chromosome 4 in
the DL-1 genome (GenBank: CP080319), respectively, while SV1-
NCYC495 and SV2-CBS4732 have no homologs in chromosome
4 of DL-1. As an insertion into the NCYC495 genome, SV3-
NCYC495 has a very high nt sequence identity (>91%) to its
homolog in the DL-1 genome. Further analysis showed that the
three SVs are located in three large syntenic regions (SRs) of HU-
11/CBS4732, NCYC495, and DL-1 genomes with very high nt
sequence identities (>95%). Three SRs are: (1) SR1 with a length
of 161,844 bp at 5′ ends of chromosome 4; (2) SR2 with a length

TABLE 2 | Twenty five different genes between HU-11/CBS4732 and NCYC495.

Gene Locus Orthologs (CBS4732/NCYC495/DL-1) Function

OGAPO_03767 SV1- CBS4732 OGAPO_03767/-/HPODL_03767 12-oxophytodienoate reductase 3 (OPR3)

OGAPO_03766 SV1- CBS4732 OGAPO_03766/-/HPODL_03766 Aminotriazole resistance protein

OGAPODRAFT_24127 SV1-NCYC495 -/OGAPODRAFT_24127/- Myo-inositol transporter 1

OGAPODRAFT_16381 SV1-NCYC495 -/OGAPODRAFT_16381/- Aldo keto reductase (ARK)

OGAPODRAFT_24129 SV1-NCYC495 -/OGAPODRAFT_24129/- Amidase

OGAPODRAFT_12876 SV1-NCYC495 -/OGAPODRAFT_12876/- MFS transporter

OGAPODRAFT_16382 SV1-NCYC495 -/OGAPODRAFT_16382/- NADP-dependent alcohol dehydrogenase 6

OGAPO_00001 SV2- CBS4732 OGAPO_00001/-/- Aminotriazole resistance protein

OGAPO_00002 SV2- CBS4732 OGAPO_00002/-/- Aryl-alcohol dehydrogenase

OGAPO_00003 SV2- CBS4732 OGAPO_00005/-/- Sterol regulatory element-binding protein ECM22

OGAPO_00004 SV2- CBS4732 OGAPO_00007/-/- Agmatine ureohydrolase

OGAPO_00005 SV2- CBS4732 OGAPO_00008/-/- P-loop containing nucleoside triphosphate hydrolase protein

OGAPO_00006 SV2- CBS4732 OGAPO_00009/-/- MFS general substrate transporter

OGAPO_00007 SV2- CBS4732 OGAPO_00010/-/- Acetylornithine aminotransferase, mitochondrial (ARG8)

OGAPO_00008 SV2- CBS4732 OGAPO_00012/-/- Aldo keto reductase (ARK)

OGAPODRAFT_13497* SV2-NCYC495 OGAPO_13497/*/HPODL_00892 Basic amino-acid permease

OGAPODRAFT_76936 SV2-NCYC495 -/OGAPODRAFT_76936/HPODL_00891 Transcriptional activator protein DAL81

OGAPODRAFT_16706 SV2-NCYC495 -/OGAPODRAFT_16706/HPODL_00890 DUF1479-domain-containing protein

OGAPODRAFT_37951 SV2-NCYC495 -/OGAPODRAFT_37951/HPODL_02394 MFS domain-containing protein

OGAPODRAFT_93168 SV3-NCYC495 -/OGAPODRAFT_93168/HPODL_04518 MFS domain-containing protein

OGAPODRAFT_15973* SV3-NCYC495 OGAPO_15973/*/HPODL_04520 MFS sugar transporter

OGAPODRAFT_75778 SV3-NCYC495 -/OGAPODRAFT_75778/HPODL_04517 Adenosine deaminase

OGAPODRAFT_75779 SV3-NCYC495 -/OGAPODRAFT_75779/HPODL_04516 Zn(2)-C6 fungal-type domain-containing protein

The genomic differences between Ogataea polymorpha HU-11/CBS4732 and NCYC495 include SNPs, small InDels, and only three SVs (Figure 4B). Five sequences

(SV1-CBS4732, SV2-CBS4732, SV1-NCYC495, SV2-NCYC495, and SV3-NCYC495) were involved in these three SVs. Only 25 genes (Supplementary File 1)

were involved in the three SVs between HU-11/CBS4732 and NCYC495. 10 genes (OGAPO_03766-67 and OGAPO_00003-08) of HU-11/CBS4732 and 11 genes

(OGAPODRAFT_24127, 16381, 24129, 12876, 16382, 76936, 16706, 37951, 93168, 75778, and 75779) of NCYC495 have no orthologs in NCYC495 and HU-

11/CBS4732, respectively. *Two genes (OGAPODRAFT_13497 and 15973) in NCYC495 were significantly changed into two other ones (OGAPO_13497 and 15973) in

HU-11/CBS4732. Six genes (OGAPO_00003-08) in a major part of SV2-CBS4732 have no homologs in NCYC495 or DL-1. OGAPO_, OGAPODRAFT_, and HPODL_

are prefix of gene IDs of HU-11/CBS4732, NCYC495, and DL-1, respectively.
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of 81,748 bp at 3′ ends of chromosome 4; and (3) SR3 with a
length of 11,087 bp close to 5′ ends of chromosome 5. The above
results revealed that many recombination events occurred in
chromosome 4 and 5 of CBS4732 and NCYC495′ ancestors after
their divergence, particularly: (1) recombination events occurred
at 5′ end of chromosome 4 of the NCYC495′ ancestor, resulting
in the acquisition of SV1-NCYC495; (2) recombination events
occurred at 3′ end of chromosome 4 of the CBS4732′ ancestor,
resulting in the acquisition of SV2-CBS4732; (3) recombination
events occurred close to 5′ end of chromosome 5 of the CBS4732′

ancestor, resulting in the loss of SV3-CBS4732 (the hypothetical
homolog of SV3-NCYC495).

Only a few genes (predicted as 25) were involved in the
three SVs between HU-11/CBS4732 and NCYC495 (Table 2).
Among the 25 genes (Table 2), 10 genes (OGAPO_03766-
67 and OGAPO_00003-08) of HU-11/CBS4732 and 11 genes
(OGAPODRAFT_24127, 16381, 24129, 12876, 16382, 76936,
16706, 37951, 93168, 75778, and 75779) of NCYC495 have no
orthologs in NCYC495 and HU-11/CBS4732, respectively and
two genes (OGAPODRAFT_13497 and 15973) in NCYC495
were significantly changed into two other ones (OGAPO_13497
and 15973) in HU-11/CBS4732, resulting in different aa
sequences. Blasting the proteins encoded by these 25 genes
(Supplementary File 1) to the UniProt database, we found
that the proteins encoded by five genes (OGAPODRAFT_24127,
16381, 24129, 12876, and 16382) in SV1-NCYC495 have the
highest sequence similarities to their homologs encoded by
six genes (HPODL_02401, 02402, 02403, 02404, 02405, and
02398) at 3′ end of chromosome 6 (RefSeq: NC_027860)
in the DL-1 genome. The above results suggest that SV1-
NCYC495 from chromosome 6 of NCYC495′ ancestor was
acquired by chromosome 4 of NCYC495 via translocation.
The proteins encoded by six genes (OGAPO_00003-08) in
a major part (more than 80%) of SV2-CBS4732 have no
homologs in Ogataea polymorpha NCYC495 or DL-1, but
have the highest sequence similarities to their homologs in
O. thermophila, followed by O. philodendri and O. haglerorum.
These six proteins also have homologs in the Cyberlindnera
jadinii strain NRRL Y-1542. Furthermore, we found that the
proteins encoded by two genes (OGAPO_00001-02) in the
minor part of SV2-CBS4732 (from chromosome 4) have the
highest sequence similarities to their homologs encoded by
genes in other chromosomes. These findings revealed more
combination events occurred between chromosome 4 and other
chromosomes within the genome of NCYC495′ ancestor or
CBS4732′ ancestor.

CONCLUSION

The O. polymorpha strain CBS4732 ura31 (named HU-11)
is a nutritionally deficient mutant derived from CBS4732 by
a 5-bp insertion of “GAAGT” into the 32nd position of the
URA3 CDS; this insertion causes a frame-shift mutation of
the URA3 CDS, resulting in the loss of the URA3 functions.
Since the difference between the genomes of CBS4732 and
HU-11 is only five nts, HU-11 has the same reference genome

as CBS4732 (noted as HU-11/CBS4732). In the present study,
we have assembled the full-length genome of O. polymorpha
HU-11/CBS4732 using high-depth PacBio and Illumina data. 5′

and 3′ telomeric, subtelomeric, rDNA, LTR-rts, low complexity,
and other repeat regions were curated to improve the genome
quality. In brief, the main findings include complete rDNAs,
complete LTR-rts, three LDSs in subtelomeric regions and three
SVs between the HU-11/CBS4732 and NCYC495 genomes. SV1,
LDS1, LDS2, and LDS3 were validated using the strand-specific
RNA-seq data of NCYC495 (SRA: SRP124832). These findings are
very important for the assembly of full-length genomes of yeast
and the correction of assembly errors in the published genomes
of Ogataea spp.

The present study preliminarily revealed the relationship
between O. polymorpha CBS4732, NCYC495, and DL-1. HU-
11/CBS4732 is so phylogenetically close to NCYC495 that
the syntenic regions cover nearly 100% of their genomes.
Moreover, HU-11/CBS4732 and NCYC495 share a nucleotide
identity of 99.5% through their whole genomes, including
the rDNA regions and LTR-rts. The genomic differences
between HU-11/CBS4732 and NCYC495 include SNPs, small
InDels, and only three SVs. CBS4732 and NCYC495 can be
regarded as the same strain in basic research and industrial
applications. The HU-11 (GenBank: CP073033-40) and
NCYC495 (RefSeq: NW_017264698-704) genomes represent
genomes of O. polymorpha MATα and MATa cells, respectively.
Large segments SV1-CBS4732, SV2-CBS4732, SV1-NCYC495,
SV2-NCYC495, and SV3-NCYC495 involved in the three SVs
can be used to identify O. polymorpha strains, particularly
CBS4732, NCYC495, and their derivative strains. Among these
five large segments, SV2-CBS4732 merits further investigation.
The proteins encoded by six genes in a major part of SV2-
CBS4732 have no homologs in Ogataea polymorpha NCYC495
or DL-1, but have the highest sequence similarities to their
homologs in O. thermophila, followed by O. philodendri and
O. haglerorum. These six proteins also have homologs in the
Cyberlindnera jadinii strain NRRL Y-1542. As most genome
sequences do not contain complete subtelomeric regions
where the six genes locate, the origin of these genes are
still not determined.

Only with the exact sequences of subtelomeric regions, can
we discover the SV1 and SV2. Furthermore, we reported for the
first time LDSs in the subtelomeric regions of Ogataea genomes.
LDS1 and LDS2 had not been discovered before the present
study, mainly because they are nearly identical to their paralogs.
A computational study (Brown, 2010) showed that subtelomeric
gene families are evolving and expanding much faster than gene
families which do not contain subtelomeric genes in yeasts. This
previous study also concluded that the extraordinary instability
of eukaryotic subtelomeres supports rapid adaptation to novel
niches by promoting gene recombination and duplication
followed by the functional divergence of the alleles. Our
results indicated that large segment duplication in subtelomeric
regions occurs in a size to the extent of ∼27,850 bp and
suggests that the genome expansion in methylotrophic yeasts
is mainly driven by large segment duplication in subtelomeric
regions. The discovery of telomeric TR-like sequences at 3′
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ends of the LDSs indicated that they were integrated at 5′′

ends of the old telomeric regions by their 3′ ends. The
exact LDS and telomeric TR-like sequences are very important
for the investigation of the molecular mechanism (if via
recombination or not) that underlies large segment duplication
in subtelomeric regions.

MATERIALS AND METHODS

The Ogataea polymorpha strain HU-11 (CGMCC No. 1218)
was preserved in the China General Microbiological Culture
Collection Center (CGMCC). DNA extraction and quality
control were performed as described in our previous study
(Wang Y.et al., 2016). A 500 bp DNA library was constructed
as described in our previous study (Wang Y.et al., 2016)
and sequenced on the Illumina HiSeq X Ten platform.
A 10 Kb DNA library was constructed and sequenced on
the PacBio Sequel platforms, according to the manufacturer′s
instruction. The cleaning and quality control of PacBio
data was performed with the software SMRTlink v5.0
(–minLength = 50, –minReadScore = 0.8), while the cleaning
and quality control of Illumina data was performed with the
software Fastq_clean (Zhang et al., 2014) v2.0. PacBio data
was used to assemble the HU-11/CBS4732 draft genome
with the software MECAT (Xiao et al., 2016) v1.2. To polish
the draft genome, the software BWA was used to align
Illumina data to the HU-11/CBS4732 draft genome. Then, the
software samtools was used to obtain the BAM and pileup
files from the alignment results. Perl scripts were used to
extract the consensus sequence from the pileup file. This
polishing procedure was repeatedly performed until human
curation started. The reference genomes of O. polymorpha
HU-11/CBS4732, NCYC495 and DL-1 are available at the
NCBI GenBank or RefSeq database under the accession
numbers CP073033-40, NW_017264698-704 and NC_027860-
66. Another genome of O. polymorpha DL-1 (GenBank:
CP080316-22) was also used for syntenic comparison and SV
detection, as this genome is more complete than the genome
(RefSeq: NC_027860-66).

The genome sequences of 34 species in theOgataea orCandida
genus were downloaded from the Genome-NCBI datasets and
their accession numbers were included in Supplementary File 1.
Syntenic comparison of genomes was performed using the
CoGe website,1 only for visualization. The detailed syntenic
comparison and SV detection were performed locally using
the software blast v2.9.0 and Perl scripts. Using the software
IGV (Thorvaldsdóttir et al., 2013) v2.0.34, human curation
of the poly(GC) regions, 5′ and 3′ telomeric, subtelomeric,
rDNA, LTR-rts, low complexity, and other repeat regions was
performed with 103,345 long (>20 Kbp) PacBio subreads. The
curation criteria is: (1) the junctions between large segments
(e.g., LTR-rts, LDSs, or SVs) must be spanned by a long
PacBio subread; and (2) the corrected nucleotides must be
confirmed by more than 5 long PacBio subreads. To estimate

1https://genomevolution.org/CoGe

the frequency of MAT switching, each long PacBio subread
was counted with human curation. Statistical computation and
plotting were performed using the software R v2.15.3 with
the Bioconductor packages (Gao et al., 2014). Prediction of
protein-coding genes (>150 bp) was performed using the
software AUGUSTUS (Hoff and Stanke, 2013) v2.7.0. Strand-
specific RNA-seq data (SRA: SRP124832) was used to curate
gene annotations of HU-11/CBS4732, NCYC495 and DL-
1. As the reads in the data SRP124832 correspond to the
reverse-complementary counterpart of transcripts, they were
transformed into their reverse-complementary sequences for all
the analyses in the present study.

DATA AVAILABILITY STATEMENT

The complete genome sequence of the O. polymorpha HU-
11/CBS4732 is available at the NCBI GenBank database under the
accession number CP073033-40, in the project PRJNA687834.

AUTHOR CONTRIBUTIONS

SG conceived the project and drafted the manuscript. SG
and DW supervised the present study. JC assembled the
HU-11/CBS4732 genome, prepared the figures, tables,
and Supplementary Material. JB and HF executed the
experiments. SG, QS, and TY analyzed the data. SG, HW,
WB, and JR revised the manuscript. All authors have read and
approved the manuscript.

FUNDING

This work was supported by the Natural Science Foundation
of China (31872388) to HF, Natural Science Foundation of
Guangdong Province of China (2021A1515011072) to JB, and
Tianjin Key Research and Development Program of China
(19YFZCSY00500) to SG. The funding bodies played no role in
the design of the study and collection, analysis, and interpretation
of data and in writing the manuscript.

ACKNOWLEDGMENTS

We appreciate the help equally from the people listed below.
They are Dawei Huang, Huaijun Xue, Yanqiang Liu, Bingjun
He, Qiang Zhao, and Zhen Ye from College of Life Sciences,
Nankai University.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.
855666/full#supplementary-material

Frontiers in Microbiology | www.frontiersin.org 10 April 2022 | Volume 13 | Article 855666

342 | Page

https://genomevolution.org/CoGe
https://www.frontiersin.org/articles/10.3389/fmicb.2022.855666/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.855666/full#supplementary-material
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


Chang et al. Genome of Ogataea polymorpha CBS4732

REFERENCES

Agrawal, S., and Ganley, A. (2018). The conservation landscape of the human

ribosomal RNA gene repeats. PLoSOne 13:e0207531. doi: 10.1371/journal.pone.

0207531

Brown, C. A. (2010). Rapid expansion and functional divergence of subtelomeric

gene families in yeast. Curr. Biol. 20, 895–903. doi: 10.1016/j.cub.2010.04.027

Gao, S., Ou, J., and Xiao, K. (2014). R Language and Bioconductor in

Bioinformatics Applications(Chinese Edition). Tianjin: Tianjin Science and

Technology Translation Publishing Ltd.

Hanson, S. J., Byrne, K. P., Wolfe, K. H., and Joseph, H. (2017). Flip/flop mating-

type switching in the methylotrophic yeast Ogataea polymorpha is regulated by

an Efg1-Rme1-Ste12 pathway. PLoS Genet. 13:e1007092. doi: 10.1371/journal.

pgen.1007092

Hoff, K. J., and Stanke, M. (2013). WebAUGUSTUS–a web service for training

AUGUSTUS and predicting genes in eukaryotes.Nucleic Acids Res. 41, 123–128.

doi: 10.1093/nar/gkt418

Levine, D. W., and Cooney, C. L. (1973). Isolation and characterization of a

thermotolerant methanol-utilizing yeast.Appl. Environ. Microbiol. 26, 982–990.

doi: 10.1128/am.26.6.982-990.1973

Massoud, R. R., Hollenberg, C. P., Juergen, L., Holger, W., Eike, G., Christian, W.,

et al. (2003). The Hansenula polymorpha (strain CBS4732) genome sequencing

and analysis. FEMSYeast Res. 4, 207–215. doi: 10.1016/S1567-1356(03)00125-9

Morais, J. O. F., and Maia, M. H. D. (1959). Estudos de microorganismos

encontrados em leitos de despejos de caldas de destilarias de Pernambuco. II.

Uma nova especie de Hansenula: H. polymorpha. An. Esc. Super. Quim. Univ.

Recife 1, 15–20.

Neuveglise, C., Feldmann, H., Bon, E., Gaillardin, C., and Casaregola, S.

(2002). Genomic evolution of the long terminal repeat retrotransposons in

hemiascomycetous yeasts. Genome Res. 12, 930–943. doi: 10.1101/gr.219202

Ravin, N. V., Eldarov, M. A., Kadnikov, V. V., Beletsky, A. V., and Skryabin,

K. G. (2013). Genome sequence and analysis of methylotrophic yeastHansenula

polymorpha DL1. BMC Genomics 14:837. doi: 10.1186/1471-2164-14-837

Thorvaldsdóttir, H., Robinson, J. T., andMesirov, J. P. (2013). Integrative genomics

viewer (IGV): high-performance genomics data visualization and exploration.

Brief Bioinform. 14, 178–192. doi: 10.1093/bib/bbs017

Wang, H., He, X., and Zhang, B. (2007). A Method to Construct Ogataea

polymorpha Strains and Its Application. CN: 200410080517.2.

Wang, H., Wang, C., Wang, Y., and Yang, J. (2011). A Recombinant Hirudin Gene

and Its Application. CN: 200810103154.8.

Wang, H., Wang, C., and Yang, J. (2016). A High-Dose Recombinant B Hepatitis

Vaccine Expressed in Ogataea spp. CN: 201610178526.8.

Wang, Y., Wang, Z., Chen, X., Zhang, H., Guo, F., Zhang, K., et al.

(2016). The complete genome of Brucella suis 019 provides insights

on cross-species infection. Genes 7, 1–12. doi: 10.3390/genes702

0007

Wickerham, L. J. (1951). Taxonomy of yeasts. Tech. Bull. U. S. Dep. Agric. 6,

781–782.

Xiao, C. L., Chen, Y., Xie, S. Q., Chen, K. N., and Xie, Z. (2016). MECAT: an ultra-

fast mapping, error correction and de novo assembly tool for single-molecule

sequencing reads. bioRxiv [Preprint] doi: 10.1101/089250

Xu, X., Bei, J., Xuan, Y., Chen, J., Chen, D., Barker, S. C., et al. (2020). Full-length

genome sequence of segmented RNA virus from ticks was obtained using small

RNA sequencing data. BMC Genomics 21:641. doi: 10.1186/s12864-020-07

060-5

Zhang, F., Xu, T., Mao, L., Yan, S., Chen, X., Wu, Z., et al. (2016). Genome-

wide analysis of Dongxiang wild rice (Oryza rufipogon Griff.) to investigate

lost/acquired genes during rice domestication. BMC Plant Biol. 16:103. doi:

10.1186/s12870-016-0788-2

Zhang, M., Zhan, F., Sun, H., Gong, X., Fei, Z., and Gao, S. (2014). “Fastq_clean: an

optimized pipeline to clean the Illumina sequencing data with quality control,”

in Proceedings of the 2014 IEEE International Conference on Bioinformatics and

Biomedicine (BIBM), (Belfast: IEEE).

Conflict of Interest:HWwas employees by Tianjin HemuHealth Biotechnological

Co., Ltd.

The remaining authors declare that the research was conducted in the absence of

any commercial or financial relationships that could be construed as a potential

conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Chang, Bei, Shao, Wang, Fan, Yau, Bu, Ruan, Wei and Gao.

This is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 11 April 2022 | Volume 13 | Article 855666

343 | Page

https://doi.org/10.1371/journal.pone.0207531
https://doi.org/10.1371/journal.pone.0207531
https://doi.org/10.1016/j.cub.2010.04.027
https://doi.org/10.1371/journal.pgen.1007092
https://doi.org/10.1371/journal.pgen.1007092
https://doi.org/10.1093/nar/gkt418
https://doi.org/10.1128/am.26.6.982-990.1973
https://doi.org/10.1016/S1567-1356(03)00125-9
https://doi.org/10.1101/gr.219202
https://doi.org/10.1186/1471-2164-14-837
https://doi.org/10.1093/bib/bbs017
https://doi.org/10.3390/genes7020007
https://doi.org/10.3390/genes7020007
https://doi.org/10.1101/089250
https://doi.org/10.1186/s12864-020-07060-5
https://doi.org/10.1186/s12864-020-07060-5
https://doi.org/10.1186/s12870-016-0788-2
https://doi.org/10.1186/s12870-016-0788-2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


APPENDIX 2 

 

CONFERENCE ABSTRACTS REVERENT TO 

THE THESIS TOPIC 

344 | Page



 

Order Title Authors Journal Name Access domains / Identifier 

Noncoding RNA and Colorectal Cancer 

1 A lncRNA-histone 
acetyltransferase complex 
induces colorectal oncogenesis 
through regulation of a metabolic 
kinase network 

Christos Polytarchou, Maria 
Hatziapostolou, Marina Koutsioumpa, 
Niki Christodoulou, Tung On Yau, Eleni 
Birli, Odette Pomenya, Cristina Montiel-
Duarte, Swapna Mahurkar Joshi, Daniel 
W. Hommes, Hein W. Verspaget, Jun 
Yu and Dimitrios Iliopoulos 

Cancer Research. 
2020;80(16 
Suppl): Abstract 
nr LB-184. 
 

Journal URL: 
cancerres.aacrjournals.org/content/80/16_Supplement/LB-184 
 

DOI: 10.1158/1538-7445.AM2020-LB-184 
 

2 A Novel Microrna Panel for Non-
Invasive Diagnosis and Prognosis 
of Colorectal Cancer 

Jessie Qiaoyi Liang, Tung On Yau, Tsz 
Ching Dorothy Yau, Chun Ho Szeto, 
Flora Sha Zhao, Francis K. Chan, 
Joseph J. Sung, Jun Yu 

Gastroenterology. 
2019;156 (6), S-
496. 

Journal URL: 
gastrojournal.org/article/S0016-5085(19)38106-5/fulltext 
 

ScienceDirect: 
sciencedirect.com/science/article/abs/pii/S0016508519381065 
 

DOI: 10.1016/S0016-5085(19)38106-5 

3 Faecal-based noninvasive 
biomarkers microRNA-221 and 
microRNA-18a for colorectal 
cancer screening 

Tung On Yau, Chung Wah Wu, Joseph 
Jao Yiu Sung, Jun Yu, Ceen-Ming Tang 

Anticancer 
Research; 
2015;35(2),1140-
1141. 

URL: ar.iiarjournals.org/content/35/2/1139 
 

4 Establishment of Taqman Probe-
Based Quantitative PCR Assays 
for Evaluation of Bacterial Markers 
in Human Fecal Samples 

Qiaoyi Liang, Tung On Yau, Francis KL 
Chan, Joseph JY Sung, Jun Yu 
 

Gastroenterology. 
2014;146(5), S-
179-S-180. 
 

Journal URL:  
gastrojournal.org/article/S0016-5085(14)60639-9/fulltext  
 

ScienceDirect: 
sciencedirect.com/science/article/abs/pii/S0016508514606399  
 

DOI: 10.1016/S0016-5085(14)60639-9 

Clostridioides difficile infection 
5 Circulating microRNAs linked to 

immunometabolic traits associate 
with faecal microbiota 
transplantation for clostridioides 
difficile infection 

Tanya Monaghan, Tahseen Jilani, 
Marcin Frankowski, Odette Pomenya, 
Tung On Yau, Niki Christodoulou, 
Maria Hatziapostolou, Iwona Wojcik, 
Maja Pucic-Bakovic, Frano Vuckovic, 
Thomas Louie, Gordan Lauc, Dina Kao, 
Christos Polytarchou 

Gut. 2019;68, 
A185. 
 

Journal URL: 
gut.bmj.com/content/68/Suppl_2/A185.2  
 

DOI: 10.1136/gutjnl-2019-BSGAbstracts.353 

6 Fecal Microbiota Transplantation 
Regulates Circulating microRNA 
Expression Levels in Patients with 
Recurrent Clostridioides Infection 

Tanya Monaghan, Odette Pomenya, 
Tung On Yau, Niki Christodoulou, 
Maria Hatziapostolou, Tahseen Jilani, 
Dina H. Kao, Christos Polytarchou 

Gastroenterology. 
2019;156(6), S-
85. 

 

Journal URL: 
gastrojournal.org/article/S0016-5085(19)37000-3/fulltext  
 

ScienceDirect: 
sciencedirect.com/science/article/abs/pii/S0016508519370003  
 

DOI: 10.1016/S0016-5085(19)37000-3 

 

 

3
4
5
 
|
 
P
a
g
e

https://cancerres.aacrjournals.org/content/80/16_Supplement/LB-184
https://www.doi.org/10.1158/1538-7445.AM2020-LB-184
https://www.gastrojournal.org/article/S0016-5085(19)38106-5/fulltext
https://www.sciencedirect.com/science/article/abs/pii/S0016508519381065
https://doi.org/10.1016/S0016-5085(19)38106-5
http://ar.iiarjournals.org/content/35/2/1139
https://www.gastrojournal.org/article/S0016-5085(14)60639-9/fulltext
https://www.sciencedirect.com/science/article/abs/pii/S0016508514606399
https://doi.org/10.1016/S0016-5085(14)60639-9
https://gut.bmj.com/content/68/Suppl_2/A185.2
http://dx.doi.org/10.1136/gutjnl-2019-BSGAbstracts.353
https://www.gastrojournal.org/article/S0016-5085(19)37000-3/fulltext
https://www.sciencedirect.com/science/article/abs/pii/S0016508519370003
https://doi.org/10.1016/S0016-5085(19)37000-3


 

Order Title Authors Journal Name Access domains / Identifier 

Epstein-Barr virus-associated Gastric Cancer 
7 Integrative Identification of EBV-

Associated Variations at Genomic, 
Epigenomic and Transcriptomic 
Levels in Gastric Cancer 

Qiaoyi Liang, Xiaotian Yao, Senwei 
Tang, Tung On Yau, Junhong Zhao, 
Joseph J.Y.Sung, Jun Yu 

Gastroenterology. 
2013;155 (5), S-
525. 
 

Journal URL: 
gastrojournal.org/article/S0016-5085(13)61949-6/fulltext 
 

ScienceDriect: 
sciencedirect.com/science/article/abs/pii/S0016508513619526  
 

DOI: 1016/S0016-5085(13)61952-6 

Non-Alcoholic Steatohepatitis 
8 Hepatic CXCR3 Promotes Non-

Alcoholic Steatohepatitis Through 
Inflammation, Lipid Accumulation 
and Autophagy Deficiency 

Xiang Zhang, Eagle SH Chu, Tung On 
Yau, Xiaoxing Li, Joseph J.Y. Sung, Jun 
Yu 

Gastroenterology. 
2014;146(5), S-
992. 
 

Journal URL: 
gastrojournal.org/article/S0016-5085(14)63350-3/fulltext  
 

ScienceDirect: 
sciencedirect.com/science/article/abs/pii/S0016508514633503  
 

DOI:  10.1016/S0016-5085(14)63350-3  

9 The role of CXCR3 in the 
pathogenesis of non-alcoholic 
steatohepatitis. 

Xiang Zhang, Eagle S.H. Chu, Tung 
On Yau, Xiaoxing Li, Joseph JY Sung, 
Jun Yu 

Hepatology 
International. 
2014;8(S1), S339-
340. 

Journal URL:  
link.springer.com/article/10.1007/s12072-014-9519-7  
 

DOI: 10.1007/s12072-014-9519-7 

10 Role of Interferon γ-Inducible 
Protein 10 in the Pathogenesis of 
Non-Alcoholic Steatohepatitis 
 

Xiang Zhang, Eagle SH Chu, Tung On 
Yau, Xiaoxing Li, Joseph J.Y. Sung, Jun 
Yu 
 

 

Gastroenterology; 
2013;144(5), S-
948. 
 

Journal URL:  
gastrojournal.org/article/S0016-5085(13)63525-8/fulltext  
 

ScienceDirect: 
sciencedirect.com/science/article/abs/pii/S0016508513635258  
 

DOI: 10.1016/S0016-5085(13)63525-8 

11 CXCL10 Induces Hepatocyte 
Apoptosis and Autophagy in 
Experimental Non-Alcoholic 
Steatohepatitis 
 

Xiang Zhang, Xiaojuan Wang, Eagle 
SH Chu, Tung On Yau, Minnie Y. Go, 
Joseph J.Y. Sung, Jun Yu 

Gastroenterology; 
2013;144(5), S-
949. 
 

Journal URL:  
gastrojournal.org/article/S0016-5085(13)63529-5/fulltext 
 

ScienceDirect: 
sciencedirect.com/science/article/abs/pii/S0016508513635295  
 

DOI: 10.1016/S0016-5085(13)63529-5 

3
4
6
 
|
 
P
a
g
e

https://www.gastrojournal.org/article/S0016-5085(13)61949-6/fulltext
https://www.sciencedirect.com/science/article/abs/pii/S0016508513619526
https://doi.org/10.1016/S0016-5085(13)61952-6
https://www.gastrojournal.org/article/S0016-5085(14)63350-3/fulltext
https://www.sciencedirect.com/science/article/abs/pii/S0016508514633503
https://doi.org/10.1016/S0016-5085(14)63350-3
https://link.springer.com/article/10.1007/s12072-014-9519-7
https://doi.org/10.1007/s12072-014-9519-7
https://www.gastrojournal.org/article/S0016-5085(13)63525-8/fulltext
https://www.sciencedirect.com/science/article/abs/pii/S0016508513635258
https://doi.org/10.1016/S0016-5085(13)63525-8
https://www.gastrojournal.org/article/S0016-5085(13)63529-5/fulltext
https://www.sciencedirect.com/science/article/abs/pii/S0016508513635295
https://doi.org/10.1016/S0016-5085(13)63529-5


347 | P a g e  

 

A NOVEL MICRORNA PANEL FOR NON-INVASIVE DIAGNOSIS AND PROGNOSIS 

OF COLORECTAL CANCER 

 

Jessie Qiaoyi Liang, Tung On Yau, Tsz Ching Dorothy Yau, Chun Ho Szeto, Flora Sha Zhao, 

Francis K. Chan, Joseph J. Sung, Jun Yu  

 

Background and Aim: MicroRNAs play important roles in the development of colorectal cancer 

(CRC). Multiple miRNAs have shown to be of diagnostic and/or prognostic value for CRC, but 

their clinical application is limited due to application of non-targeted methods or single target 

detection. In this study, we identified and evaluated the utility of a new panel of miRNAs in the 

stool-based non-invasive diagnosis and mucosa-based prognosis of CRC. Experimental Design: 

Stool samples from 381 subjects (184 CRC, 60 advanced adenoma and 137 control subjects) and 

primary CRC tissues from 123 patients were collected. A panel of miRNAs was selected by 

analyzing genome-wide miRNA expression profiles in CRC. A multiplex RT-qPCR assay and 

scoring algorithms for diagnosis and prognosis were devised. Results: By integrative analysis of 

TCGA small RNA sequencing data and in-house miRNA array data, a panel of 5 miRNAs 

differentially expressed in CRC tissues compared to normal colon tissues (miR-92a, miR-21, 

miR-135b, miR-145 and miR-133a) was selected. Then a stem-loop and probe based multiplex 

RT-qPCR assay was established for the convenient quantification of the five miRNAs. A scoring 

algorithm to combine all five miRNAs for CRC diagnosis (C-index) was trained by logistic 

regression on qPCR data from a training cohort of 60 CRC and 60 control fecal samples. Results 

from the validation cohort showed that, among the individual miRNAs, fecal miR-92a performed 

best in distinguishing CRC patients from controls, with an area under receiver operating curve 

(AUROC) of 0.782 (sensitivity=72% and specificity=72% by Youden's index method). C-index 

showed significantly improved diagnostic performance compared to individual miRNAs, with an 

AUROC of 0.849 (P=0.001 vs miR-92a by pairwise comparison of ROCs). At 80% specificity, 

C-index showed a sensitivity of 81% for CRC diagnosis, which was further improved by fecal 

immunochemical test (FIT) to 90% (P=0.010). For detection of advanced adenoma 

(specificity=80%), sensitivity of C-index (33%) was significantly higher than FIT (17%, P= 

0.035) and was improved to 43% by combining with FIT. Moreover, another scoring algorithm 

for prognosis (P-index) was developed to combine mucosal miR-21, miR-92a, miR-145 and miR-

133a by proportional-hazards regression models. Kaplan-Meier survival analysis showed that a 

high P-index was significantly associated with shortened survival in CRC patients (HR=3.74 

(95% CI: 1.93 to 7.24), P=9.5e-05). Multivariate analysis showed that P-index was an 

independent risk factor for poor survival of CRC patients (HR=2.53 (95%CI: 1.18 to 5.42), 

P=0.017). Conclusions: This study identified a panel of 5 CRC-related miRNAs and developed a 

multiplex RT-qPCR and scoring platform that could be conveniently applied in clinical settings 

for stool-based non-invasive diagnosis and mucosa-based prognosis of CRC. 
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FAECAL-BASED NONINVASIVE BIOMARKERS MICRORNA-221 AND MICRORNA-

18A FOR COLORECTAL CANCER SCREENING 

  

Tung On Yau, Chung Wah Wu, Joseph Jao Yiu Sung, Jun Yu, Ceen-Ming Tang  

 

Institute of Digestive Disease, The Chinese University of Hong Kong, Hong Kong; Department 

of Pharmacology, University of Oxford, UK.  

Objective: microRNA (miRNA) detection in faeces is a new approach for colorectal cancer 

(CRC) screening. The study objective was to classify non-invasive biomarkers miR-221 and miR-

18a in faecal samples for the screening of CRC. Methods: A miRNA microarray containing 667 

miRNAs was performed to classify miRNA expression in primary CRC tissues. We focused on 

two significantly upregulated miRNAs; miR-221 and miR-18a. They were subsequently verified 

in 40 pairs of CRC tissues and 595 faecal samples (198 healthy controls, 199 polyps, and 198 

CRCs). Results: The levels of miR-221 and miR-18a were significantly upregulated in the 

miRNA expression microarray. The levels of miR-221 and miR-18a were also raised in 40 CRC 

tumours compared to their respective adjacent normal tissues. In faecal samples, miR-221 and 

miR-18a showed a significant increasing trend from healthy controls to late stages of CRC (P < 

0.0001). miR-221 and miR-18a levels were both significantly higher in subjects with CRC stages 

I / II (miR-221: P < 0.0001, miR-18a: P < 0.0001) and CRC stages III / IV (miR-221: P = 0.0004, 

miR-18a: P < 0.0001) compared to healthy controls. The AUROC of miR-221 and miR-18a were 

0.73 and 0.67 for CRC patients compared with healthy controls, respectively. No significant 

differences in the levels of faecal-based miR-221 and miR-18a were found between patients with 

proximal, distal and rectal CRC lesions. Antibiotic intake in CRC patients did not alter the levels 

of faecal-based miRNA-221 and miRNA-18a. Conclusion: Faecal-based miR-221 can be utilised 

as a non-invasive biomarker for CRC screening. 
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Establishment of Taqman Probe-Based Quantitative PCR Assays for Evaluation of 

Bacterial Markers in Human Fecal Samples  

 

Qiaoyi Liang, Tung On Yau, Francis K. L. Chan, Joseph J. Y. Sung, Jun Yu 

  

Background and aim: With the widespread application of pyrosequencing and metagenome 

sequencing in the investigation of human intestinal microbiota, disease-associated bacterial 

markers are emerging. There is an urgent need to develop a reliable, rapid, and cost-effective 

method to evaluate these markers for potential clinical applications. However, the "absolute" 

quantities of target markers commonly obtained using the standard curve method, where DNA 

concentration serves as an internal control for quantitative PCR (qPCR), is only as good as the 

DNA quantification method and does not eliminate the possibility of human DNA contamination. 

This study aimed to establish a TaqMan probe-based qPCR assay for quantification of total 

bacteria to serve as an internal control for future target marker abundance assessment. This 

internal control assay was further tested with a gene marker from the well-known colorectal 

cancer (CRC)-associated Fusobacterium in human fecal samples. Methods and Results: We 

designed a degenerate primer-probe (VIC-labeled) set with amplicon size suitable for qPCR 

quantification targeting a 146-bp region of the 16S rRNA genes, covering >90% of the 

eubacterial population within the Ribosomal Database Project Release version 10.8. Tests using 

different samples indicated that this internal control assay was capable of evaluating total bacteria 

with DNA template of 0.5 ng/ul to avoid false-negative results for samples with low 

Fusobacterium. Therefore, reliable quantification of the target marker can be obtained relatively 

by duplex qPCR in a single reaction with appropriate DNA template concentration, but 

independently on the basis of absolute DNA quantity. Evaluation in 112 CRC patients and 162 

healthy individuals using the duplex qPCR assay showed that the Fusobacterium marker 

abundance was significantly higher in the CRC patients than in the healthy individuals, as 

expected (0.0363 ± 0.0118 vs. 0.0009 ± 0.0003; P < 0.0001, Mann Whitney test). Conclusions: 

This study established the first internal control TaqMan probe-based qPCR assay suitable for 

eubacterial marker quantification. This internal control assay paves the way for easy and reliable 

evaluation of eubacterial markers using duplex or even multiplex TaqMan probe-based qPCR in 

the future. 

 
Figure 1. An example of qPCR evaluation on serially diluted samples from one fecal DNA 

sample. qPCR results correlated well with template quantity when final DNA concentrations were 

10 ng/ul inhibited PCR amplification. 
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10.1136/gutjnl-2019-BSGAbstracts.353 

 

Introduction The molecular mechanisms underlying successful faecal microbiota transplantation 

(FMT) for recurrent C. difficile infection (rCDI) remain poorly understood. The aim of this study 

was to characterise alterations in circulating microRNAs and immunometabolic traits following 

FMT for rCDI. Methods We analysed a subset of serum samples previously acquired from a 

prospective multicentre, randomized trial of FMT delivered by capsule vs colonoscopy in the 

management of rCDI [NCT02254811]. 126 sera from 42 patients at screening, 4 and 12 weeks 

post FMT [12M, median age 68.5 yrs (2–1); 30 F, 53 yrs (2–1)] were included. MicroRNA panel 

v3 and the nCounter platform (Nanostring Tech) were used for the analysis of 800 microRNAs. 

Quantitative PCR and 3’UTR reporter assays were employed to verify microRNA inflammatory 
protein targets in colonic epithelial and peripheral blood mononuclear cells. Biometal levels were 

assessed using inductively coupled plasma mass spectrometry (ICP-MS). Hydrophilic interaction 

ultra-performance liquid chromatography (HILIC-UPLC) and nano-liquid chromatography 

coupled with electrospray mass spectrometry (nanoLCESI-MS) were utilised to profile the total 

serum and IgG Fc N-glycome. Pathway analysis was performed using Metacore software. All 

statistical analyses including non-parametric longitudinal method (nparLD) followed by 

Wilcoxon signed-rank test for pairwise comparisons and linear mixed modelling were performed 

in SPSS v.24 and R 3.5.1. Results MicroRNA profiling revealed an upregulation in the levels of 

64 circulating microRNAs 4 and 12 weeks following successful FMT for rCDI compared to 

screening time point. MicroRNA signatures coincide with a reduction in circulating selenium and 

copper, and regulate levels of interleukin-12B, (IL-12B), IL-18 and fibroblast growth factor-21 

(FGF21) as well as serum protein N-glycosylation traits. MicroRNA alterations reveal 

commonalities with several types of cancer and multiple sclerosis, and link metabolic traits to 

immune cell survival and differentiation. Conclusions These findings contribute to a greater 

understanding of the molecular mechanisms underlying FMT and identify new potential targets 

for therapeutic intervention.  
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FECAL MICROBIOTA TRANSPLANTATION REGULATES CIRCULATING 

MICRORNA EXPRESSION LEVELS IN PATIENTS WITH RECURRENT 

CLOSTRIDIOIDES INFECTION  

 

Tanya Monaghan, Odette Pomenya, Tung On Yau, Niki Christodoulou, Maria Hatziapostolou, 

Tahseen Jilani, Dina H. Kao, Christos Polytarchou  

 

Background: MicroRNAs may play a crucial role in bridging communication between the gut 

microbiome and host to maintain intestinal homeostasis and prevent disease. MicroRNA 

signatures may harbour diagnostic and prognostic properties. The aim of this study was to 

characterise alterations in circulating microRNAs following fecal microbiota transplantation 

(FMT) for recurrent C. difficile infection (rCDI). Methods: We analysed a subset of sera from a 

prospective multicentre, randomised trial of FMT delivered by capsule vs colonoscopy in the 

management of rCDI [NCT02254811]. 126 sera from 42 patients at screening, 4 and 12 weeks 

post FMT [12M, median age 68.5 yrs (28-81); 30F, 53 yrs (20-91)] were included. MicroRNA 

panel v3 and the nCounter platform (Nanostring Tech) were used for the analysis of 800 

microRNAs. Circulating microRNAs were isolated using the miRNeasy Serum/Plasma Kit 

(Qiagen), purified and concentrated using Amicon Ultra YM-3 columns (Millipore). Colonic 

epithelial and peripheral blood mononuclear cells were transfected with microRNAs using 

Lipofectamine RNAiMax (Life Technologies). Total cell RNA was isolated with RNeasy Plus 

Mini Kit (Qiagen) and subjected to RT and qPCR using iScript Reverse Transcription and iTaq 

Universal SYBR Green Supermix (Bio-Rad). TargetScan was employed for microRNA target 

prediction. The 3‘UTRs of microRNA targets were cloned in the psi-Check2 reporter vector 

(Promega) and target sequences were mutated using QuikChange II site-directed mutagenesis kit 

(Agilent). 3‘UTR activities were assessed using the Dual-Luciferase Reporter Assay kit 

(Promega). MicroRNA changes were examined using a non-parametric longitudinal method 

(nparLD in R) followed by Wilcoxon signed-rank test for pairwise comparisons. Statistical 

significance was set at an alpha of 0.01. Pathway analysis was performed using the Metacore 

(Thomson Reuters) software. Results: MicroRNA profiling identified significant changes in the 

levels of 71 circulating microRNAs 4 and 12 weeks following FMT. Correlation analyses showed 

that the levels of miR-23a, miR-150 and miR-26b, inversely correlate with the serum protein 

levels of IL12B, IL18 and FGF21, in the same patients. qPCR and 3‘UTR reporter assays verified 
that miR-23a, miR-150 and miR-26b, target directly the 3‘UTR of IL12B, IL18 and FGF21 
mRNAs, respectively. Pathway analysis of the microRNA signatures linked inflammatory 

signalling with metabolic traits, revealing commonalities with autoimmune diseases and cancer. 

Conclusions: To our knowledge, this is the first study reporting differential microRNA 

expression in the circulation of patients following FMT, and identifies specific microRNA 

signatures which may help predict the response to FMT. These findings support the need to 

decipher the specific molecular pathways by which gut microbes influence host microRNA 

expression following FMT. 
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Qiaoyi Liang, Xiaotian Yao, Senwei Tang, Tung On Yau, Junhong Zhao, Joseph J. Y. Sung, Jun 

Yu  

 

Background and Aim: Epstein-Barr virus (EBV)-associated gastric cancer (GC) represents a 

distinct subtype of GC with unique clinicopathological features. However, the molecular basis 

discriminating EBV-associated GC from EBV-negative GC remains largely unknown. We aimed 

to analyze EBV-associated host variations at genomic, epigenomic and transcriptomic levels in 

GC. Methods: The EBV-infected AGS (AGS-EBV) cells and EBV-negative AGS cells were 

subjected to whole genome and transcriptome sequencing on an IIIlumina HiSeq 2000 platform. 

Genome-wide DNA methylation profiles were analyzed by Methyl-DNA immunoprecipitation-

chip assay. Expression of candidate EBV genes was validated in 13 EBV(+)GC samples by RT-

PCR. EBV-associated candidate mutations were verified in 20 EBV(+)GCs as compared with 

100 EBV(-)GCs and 30 non-cancerous stomach samples by Sanger sequencing. Novel EBV-

associated methylated genes were validated in EBV(+) and EBV(-) GC samples using bisulfite 

genomic sequencing (BGS). The molecular networks dysregulated by EBV infection were 

determined by KEGG pathway enrichment analysis using WebGestalt. Results: Transcriptome 

analysis of AGS-EBV revealed expression of 9 well-known EBV genes in GC (BARF0, BHRF1, 

LMP2A, etc) and 68 genes not reported in GC (BNLF2a, BBRF2, BFRF1A, etc). Further 

examination confirmed expression of BNLF2a, BFRF2 and BFRF1A in 54%, 85% and 77% of 

primary EBV(+)GC samples respectively. Whole genome sequencing revealed 45 novel non-

synonymous single nucleotide variations (SNVs), 11 exonic indels, and 24 genes disrupted by 

structural variations in AGS-EBV. Novel mutated genes were corroborated to be significantly 

associated with EBV(+)GCs compared to EBV(-)GCs, including AKT2 (P<0.0001), CCNA1 (P= 

0.0013) and TGFBR1 (P=0.0301). Integrative epigenome/transcriptome analysis revealed 216 

genes downregulated by promoter hypermethylation and 46 genes upregulated by 

hypomethylation. Transcriptional down-regulations of several novel genes (ACSS1, FAM3B, 

IHH, NEK9, SLC7A8 and TRABD) mediated by promoter hypermethylation were validated in 

AGS-EBV compared with AGS by BGS and demethylation re-expression assays. Among them, 

IHH and FAM3B were further confirmed to be EBV-associated methylated genes in primary 

EBV(+)GCs. KEGG pathway enrichment analysis revealed two novel pathways (Axon guidance 

and Focal adhesion) being significantly affected by both genomic alterations and epigenomic 

hypermethylation caused by EBV infection. Conclusions: Expression of novel EBV genes is 

evident in EBV-associated GC. EBV infection causes host genomic alterations and mainly 

hypermethylation to dysregulate key pathways such as Axon guidance and Focal adhesion during 

a subtype of gastric carcinogenesis. This first integrative analysis of EBV-associated variations 

provides intriguing insight into the pathogenesis of EBV-associated GC.   
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Hepatic CXCR3 Promotes Non-Alcoholic Steatohepatitis Through Inflammation, Lipid 

Accumulation and Autophagy Deficiency  

 

Xiang Zhang, Eagle SH Chu, Tung On Yau, Xiaoxing Li, Joseph J. Y. Sung, Jun Yu  

 

Background and aims: Cytokines/chemokines and their receptors play crucial roles in 

inflammatory conditions and might be the lynchpin in the transition of simple steatosis to 

nonalcoholic steatohepatitis (NASH). Chemokine receptor CXCR3 correlates with chronic liver 

inflammation. However, the specific contribution of CXCR3 to the development of NASH is 

largely unknown. We aimed to elucidate the role of CXCR3 in the development of NASH and to 

investigate the potential effect of its antagonist in suppressing NASH development. Methods: 

CXCR3 knockout (CXCR3 KO), wildtype (WT) littermates and db/db mice were fed with control 

diet or methionine and choline-deficient (MCD) diet to induce NASH for 4 weeks. Mouse AML-

12 hepatocytes were cultured in MCD medium in the presence or absence of a CXCR3 specific 

inhibitor (NIBR2130) for 24 hours. A series of assays including cytokine profiling, protein-DNA 

binding activity, co-immunoprecipitation of CXCR3 and its ligand were performed. Results: WT 

mice fed with MCD diet developed steatohepatitis and showed 2.5-fold higher hepatic CXCR3 

mRNA expression compared to the control diet fed WT mice with normal liver histology (P < 

0.05). Similarly, CXCR3 mRNA expression increased 4.0-fold in db/db mice fed with MCD than 

those fed with control diet. Compared with WT littermates, CXCR3 KO mice were more resistant 

to MCD-induced steatohepatitis as evidenced by the significantly ameliorated histological 

grading of hepatic inflammation (P < 0.0001) and steatosis (P < 0.0001); reduced hepatic 

triglyceride (P < 0.0001), lipid peroxide (P < 0.05) and serum ALT levels (P < 0.0001). Induction 

of CXCR3 in WT mice fed with MCD was associated with the increased expression of hepatic 

pro-inflammatory chemokines and cytokines including TNF-α, monocyte chemoattractant protein 
1 (MCP-1) and interlukin-5. CXCR3 was also associated with the activation of NF- κB signaling 

pathway as evidenced by increased NF-κB DNA binding activity and enhanced phospho-NF-κB 
p65, p50 expression. Moreover, CXCR3 induced steatosis was mediated by increased hepatic 

lipogenesis through inducing liver X receptors (LXRα and LXRβ), sterol regulatory element 

binding protein-1c (SREBP-1c), stearoyl-CoA desaturase-1 (SCD-1) and FAS. In particular, 

autophagy deficiency was involved in CXCR3 induced steatohepatitis as indicated by p62/ 

SQSTM1 accumulation. We further revealed that CXCR3 is a functional CXCL10 receptor in 

hepatocytes responsible for signaling onset of hepatic inflammation in steatohepatitis. Inhibition 

of CXCR3 using a highly selective CXCR3 antagonist NIBR2130 suppressed MCD-induced 

hepatocytes injury in AML-12 hepatocytes. Conclusions: CXCR3 plays a pivotal role in NASH 

development by promoting inflammation, fatty acid accumulation and autophagy deficiency. 

Pharmacologic blockade of CXCR3 is a potential novel approach for NASH treatment. 
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Background and aims: Cytokines/chemokines and their receptors play crucial roles in 

inflammatory conditions and might be the lynchpin in the transition of simple steatosis to non-

alcoholic steatohepatitis (NASH). Chemokine receptors have gained attention as potential target 

for novel therapeutics. Chemokine receptor CXCR3 correlates with chronic liver fibrosis and 

hepatitis C. However, the specific contribution of CXCR3 to the development of NASH is largely 

unknown. We aimed to elucidate the functional significance of CXCR3 in the development of 

NASH and to investigate the potential effect of its antagonist in suppressing NASH development. 

Methods: CXCR3 knockout (CXCR3-/-), wildtype (WT) littermates and db/db mice were fed 

with control diet or methionine and choline-deficient (MCD) diet to induce NASH for 4 weeks. 

Mouse AML-12 hepatocytes were cultured in MCD medium in the presence or absence of a 

CXCR3 specific inhibitor (NIBR2130) for 24 hours. A series of assays including cytokine 

profiling, protein-DNA binding activity, co-immunoprecipitation of CXCR3 and its ligand were 

performed. Results: WT mice fed with MCD diet developed steatohepatitis and showed 2.5-fold 

higher hepatic CXCR3 mRNA expression compared to the control diet-fed WT mice with normal 

liver histology (p<0.05). Similarly, CXCR3 mRNA expression increased 4.0-fold in db/db mice 

fed with MCD than those fed with control diet. Compared with WT littermates, CXCR3-/- mice 

were more resistant to MCD-induced steatohepatitis as evidenced by the significantly ameliorated 

histological grading of hepatic inflammation (p<0.0001) and steatosis (p<0.0001); reduced 

hepatic triglyceride (p<0.0001), lipid peroxide (p<0.05) and serum ALT levels (p<0.0001). 

Induction of CXCR3 in WT mice fed with MCD was associated with the increased expression of 

hepatic pro-inflammatory chemokines and cytokines including TNFα, monocyte chemoattractant 

protein 1 and interleukin-5. CXCR3 was also associated with the activation of nuclear factor-κB 

(NF-κB) signaling pathways as evidenced by increased NF-κB DNA binding activity, enhanced 

phospho-NF-κB p65, p50 expression and NF-κB downstream target intercellular adhesion 

molecule 1 expression. Moreover, CXCR3 induced steatosis was mediated by increased hepatic 

lipogenesis through inducing the expression of liver X receptors, sterol regulatory element 

binding protein-1c, stearoyl-CoA desaturase-1 and FAS. In particular, autophagy deficiency was 

involved in CXCR3 induced steatohepatitis. We further revealed that CXCR3 is a functional 

CXCL10 receptor in hepatocytes responsible for signaling onset of hepatic inflammation in 

steatohepatitis. Furthermore, inhibition of CXCR3 using a highly selective CXCR3 antagonist 

NIBR2130 suppressed MCD-induced hepatocytes injury in AML-12 hepatocytes. Conclusions: 

CXCR3 plays a pivotal role in NASH development by promoting inflammation, fatty acid 

accumulation and autophagy deficiency. Pharmacologic blockade of CXCR3 is a potential novel 

approach for NASH treatment. 
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Role of Interferon γ-Inducible Protein 10 in the Pathogenesis of Non-Alcoholic 

Steatohepatitis  

 

Xiang Zhang, Eagle SH Chu, Tung On Yau, Xiaoxing Li, Joseph J. Y. Sung, Jun Yu  

 

Background & Aims: Perpetuate liver inflammation is crucial in the pathogenesis of 

nonalcoholic steatohepatitis (NASH). Interferon γ-inducible protein 10 (IP-10) is a pro-

inflammatory cytokine that correlates positively with the incidence of obesity and type 2 diabetes. 

However, the role of IP-10 in NASH remains elusive. We aimed to elucidate the functional 

significance of IP-10 in the development of NASH and to investigate the potential effect of IP-10 

inhibitor in suppressing NASH development both in vitro and in vivo. Methods: IP-10 knockout 

(KO) and wildtype (WT) littermates were fed with control diet or methionine and choline-

deficient (MCD) diet to induce NASH for 4 weeks. Neutralizing anti-IP-10 mAb or control mAb 

was injected into WT mice fed with MCD diet for 10 days. Mouse AML12 hepatocytes were 

cultured in MCD medium in the presence of anti-IP-10 or control mAb for 24 hours. Results: We 

first compared the IP-10 expression in 11 human NASH biopsies and 15 normal human liver 

tissues, and found that IP-10 mRNA expression was significantly higher in NASH than in the 

normal liver tissues (P<0.001). WT mice fed with MCD diet developed steatohepatitis and 

showed 5.8-fold higher IP-10 level than the control diet-fed WT mice with normal liver histology 

(P<0.001). Compared with WT littermates, IP-10 KO mice were more resistant to MCD-induced 

steatohepatitis as evidenced by the reduced level of hepatic inflammation (P<0.01), steatosis 

(P<0.01), triglyceride (P<0.01), lipidperoxide (P<0.01) and serum ALT (P<0.001). We revealed 

that the effect of IP-10 in promoting steatohepatitis was associated with the induction of pro-

inflammatory cytokines TNF- α, IL6, IL-1β, monocyte chemoattractant protein 1 (MCP-1), 

macrophage inflammatory protein 1-alpha (MIP-1α) and MIP-2α; the upregulation of pro-

inflammatory factors COX-2 and intercellular adhesion molecule 1 (ICAM); and the activation of 

nuclear factor- κB (NF-κB). IP-10 enhanced hepatic oxidative stress through upregulation of pro-

oxidant cytochrome P450 2E1 (CYP2E1) and nuclear lipogenic CCAAT/enhancer binding 

protein β (C/EBPβ). Moreover, the IP-10-induced steatosis was mediated by increased hepatic 

lipogenesis through inducing the expression of sterol regulatory element binding protein-1c 

(SREBP-1c), liver X receptors (LXRs) and stearoly-CoA desaturase isoform-1 (SCD1). 

Furthermore, inhibition of IP-10 using a neutralizing anti-IP-10 antibody protected against the 

development of steatohepatitis in both AML-12 hepatocytes and mice. Molecular basis of the IP-

10-induced NASH is shown in the figure. Conclusions: We demonstrate for the first time that IP-

10 plays a pivotal role in the development of NASH by promoting inflammation, oxidative stress 

and fatty acid accumulation. IP-10 inhibition is a potential novel approach for the treatment of 

NASH. 



356 | P a g e  

 

  
CXCL10 Induces Hepatocyte Apoptosis and Autophagy in Experimental Non-Alcoholic 

Steatohepatitis  

 

Xiang Zhang, Xiaojuan Wang, Eagle SH Chu, Tung On Yau, Minnie Y. Go, Joseph J. Y. Sung, 

Jun Yu  

 

Background and Aims: Aberrant expression of the pro-inflammatory chemokine CXCL10 is 

related to the severity of liver injury. Apoptosis and autophagy are two major forms of 

programmed cell death that regulates hepatocellular injury and may be crucial in nonalcoholic 

steatohepatitis (NASH) progression. Thus, we examined the association of CXCL10 with 

autophagy and apoptosis pathways in both in vitro and in vivo NASH models. Methods: 

Immortalized mouse hepatocytes (AML-12) were exposed to control or methionine and choline-

deficient (MCD) medium in the presence of neutralizing anti-CXCL10 mAb or control mAb for 

24 hours to investigate the role of CXCL10 in hepatocellular apoptosis and autophagy in vitro. 

CXCL10 knockout (KO) and C57BL/6 wildtype (WT) mice were fed with MCD diet for 4 weeks 

to induce NASH followed by systematic analysis of the CXCL10 effects on cell death in vivo. 

Results: AML-12 cells exposed to MCD medium developed significant steatosis with increased 

release of alanine transaminase (ALT) and oxidative injury. Analysis of AML-12 cells by 

Annexin V assay demonstrated that MCD medium induced a 2.9-fold increase of early apoptotic 

cells compared with control medium (P < 0.01). However, CXCL10 inhibition using anti-

CXCL10 mAb (1µg/mL) prevented MCD-induced apoptosis (P < 0.05) in AML-12 hepatocytes, 

concomitant with the reduced mRNA expression of TNFα-related apoptosis-inducing ligand 

(TRAIL) receptors. Microtubule associated protein light chain 3 II (LC3-II), an autophagy 

marker, was also down-regulated by anti-CXCL10 mAb treatment in AML-12 cells cultured in 

MCD medium. The effects of CXCL10 on apoptosis and autophagy in NASH were further 

investigated in vivo. CXCL10 KO mice fed with MCD diet developed less severe NASH 

compared with WT littermates fed with the same diet. CXCL10 KO mice showed reduced cell 

apoptosis as indicated by less TUNEL-positive cells in the liver (0.94% versus 4.06%, P < 0.01) 

and decreased protein expression of pro-apoptotic factors including TNFα, cleaved poly ADP-

ribose polymerase and cleaved caspase-3. In parallel, MCD-fed CXCL10 KO mice showed 

decreased MCD-induced autophagy compared with WT mice fed with the same diet, as indicated 

by reduced expression of LC3-II and autophagy-related protein 7. Furthermore, autophagy and 

apoptosis modulators including toll-like receptor (TLR) 2 and TLR9 were ablated in the livers of 

CXCL10 KO mice. Concomitantly, JNK and p53, which are two apoptosis-regulatory factors 

involved in the modulation of autophagy, were observed to be down-regulated in the livers of 

MCD-fed CXCL10 KO mice compared with MCD-fed WT mice. Conclusions: CXCL10 is an 
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essential pro-apoptotic and pro-autophagic chemokine in NASH development through the 

regulation of JNK and p53. CXCL10 deletion inhibits hepatocyte apoptosis and autophagy 

induced by MCD both in vitro and in vivo. 
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