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ABSTRACT 

Benjamin Paul Keith: Molecular Stratification and Prognostic Determinants of Adult and Pediatric Crohn’s 
Disease  

(Under the direction of Terry Furey, Praveen Sethupathy, and Shehzad Sheikh) 

 

Crohn’s disease (CD) is a chronic relapsing gastrointestinal inflammatory disorder with 

heterogeneous clinical presentation. Current clinical diagnostic methods involve invasive procedures and 

are ineffective towards predicting disease progression and response to therapy. High-throughput 

sequencing technologies have been utilized in various complex disorders to identify disease subtypes 

based on molecular signatures that are associated with clinical parameters. Given the success of 

molecular subtyping, particularly within the cancer field, there is substantive interest in implementing this 

methodology to predict disease progression and treatment response in CD. By analyzing differences in 

colonic gene expression between CD patients, our group revealed 2 subsets of patients—a group 

characterized by genes more highly expressed in the colon (colon-like CD) and a group with increased 

expression of ileum marker genes (ileum-like CD). Building on these initial findings, we aimed to validate 

molecular subtypes associated with CD through analysis of RNA-sequencing and small RNA-sequencing 

data in adult and pediatric cohorts. In the following chapters, I show that CD molecular subtypes can be 

detected using genome-wide expression of microRNAs, a class of small non-coding RNAs that post-

transcriptionally regulate gene expression. Further, I show that microRNA-31 (miR-31) is a molecular 

driver of CD subtypes in both adult and pediatric patient cohorts and, through association analyses of 

clinical patient phenotypes, show that miR-31 expression levels are associated with the development of 

distinct disease outcomes. Using gene expression data from a large cohort of adult colon-like patients, I 

identified heterogeneous expression signatures that suggests an additional molecular subtype of CD 

associated with the expression of Paneth cell markers. Together, the results presented in the dissertation 

provide novel insights into the molecular heterogeneity of CD that can be used to guide future molecular 

subtyping research within the field by our group and the wider IBD research community.  
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CHAPTER I: INTRODUCTION 

 

The release of the human genome in 2001, and the advances in high-throughput DNA 

sequencing technologies that followed, revolutionized our ability to detect changes in gene expression 

and regulatory mechanisms that cause complex disease. In the subsequent decade, large international 

consortia, such as ENCODE (1), Roadmap Epigenomics Project (2), and FANTOM (3), aiming to identify 

all functional elements within the human genome have provided vital insights into mechanisms of gene 

regulation. Initial efforts to apply information from these consortia to human disease through genome-

wide association studies (GWAS) suggested that non-coding regulatory elements of the genome 

contribute to the development of complex diseases (4). This has presented significant opportunities within 

biomedical research to find the molecular causes of disease. The utilization of genomic technologies will 

provide new insights into gene expression and its heterogeneous regulatory modalities in a disease-

specific context, revolutionizing disease diagnosis and providing novel disease classifications informed by 

changes in gene expression and gene regulation. 

 

Post-transcriptional regulation of gene expression by microRNAs 

The years following the initial draft of the human genome sought to further understand the ~99% 

of the genome that did not code for protein. Initially referred to as “junk DNA”, due to their inability to code 

for protein, consortium projects such as ENCyclopedia of DNA Elements (ENCODE) revealed that these 

non-coding regions are evolutionarily conserved serving important and diverse functions in regulating 

gene expression (5). Coordinating gene expression through intricate regulatory mechanisms ensures that 

cells maintain homeostasis through changing physiological conditions as well as control the fate of stem 

cell differentiation in distinct cells and tissues (6). The regulation of gene expression occurs through a 

broad range of mechanisms. Chapter II of this dissertation focusses on a specific class of small non-
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coding RNAs, called microRNAs, which bind to and suppress the translation of target genes with wide-

ranging functional utility and important roles in various disease contexts.   

MicroRNAs (miRNAs) are a class of small interfering ncRNAs (siRNAs) ~18-22 nucleotides in 

length that post-transcriptionally regulate the translation of messenger RNA (mRNA) through interactions 

with their 3’ untranslated region (UTR) (7). miRNA genes reside within intronic sequences of protein-

coding genes, as well as long ncRNAs (lncRNAs), and predominantly utilize RNA polymerase II  for their 

transcription (8). These immature transcripts, “pri-miRNAs”, contain at least one hairpin structure that is 

recognized and cleaved by RNase III Microprocessor liberating the “pre-miRNA” which is subsequently 

transported to the cytoplasm. In the cytoplasm, another RNase III endonuclease, termed Dicer, cleaves 

the pre-miRNA which is finally processed into a mature miRNA sequence (8). This mature sequence is 

loaded onto a protein called Argonaute (Ago) to form a multiprotein complex, the RNA-induced silencing 

complex (RISC) (8). A miRNA loaded onto RISC will scan for target sites typically within the 3’UTRs of 

mRNAs that are complementary to a miRNAs seed region, nucleotides 2-8 of a miRNA from the 5’ end. 

Gene silencing is subsequently achieved through the effector complexes of RISC preventing translation 

or destabilizing the mRNA target (9).  

Since their initial discovery in nematodes in 1993 (10) (11), miRNAs have emerged as key 

regulators of biological processes. Early studies of miRNAs suggested that they are broadly conserved 

across diverse animal lineages (12) (7) and are found within virtually all cells and tissues (13), owing to 

their importance in gene regulation. A single miRNA can repress potentially hundreds of genes, although 

the singular effect of each miRNA is generally mild (13), and a single gene can have multiple miRNA 

target sites (9). Largely acting as fine-tuners of gene translation, miRNAs buffer against fluctuations in 

gene expression, shaping the topology of the transcriptome (7). Collectively, miRNAs operate complex 

gene regulatory networks contributing to a cell's ability to adapt and provide robustness against diverse 

environmental stimuli (14). In the early stages of development, miRNAs have been known to act as binary 

switches, conferring roles as master regulators of gene expression programs (9) (15).  

According to the most recent update of the miRNA database miRbase (12) (October 2018), 2,654 

mature miRNAs have been discovered in humans with more than 60% of protein-coding genes found to 

be under a selective pressure to maintain miRNA target sites (16). miRNAs are implicated in almost all 
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cellular processes but are essential in developmental processes, cellular differentiation, immune 

response, and maintaining homeostasis (13). Intercellular communication may also be further facilitated 

through the packaging of miRNAs into exosomes for the regulation of gene expression in distant cells 

(17). Deregulated miRNAs have been associated with numerous diseases, such as various cancers, 

cardiovascular disease, neurodevelopmental disorders, autoimmune diseases, skin diseases, and 

inflammatory bowel diseases (18) (19). Although elucidating the role of miRNAs in complex disease may 

provide a tool for identifying key genes and pathways, the development of therapeutics that utilize the 

gene silencing ability of miRNAs offer novel strategies for tackling disease (20). As recently as 2018, a 

novel treatment for a rare polyneuropathy became the first siRNA drug to receive FDA-approval (21) and 

numerous active early phase trials for therapeutic miRNA mimics and siRNAs that target specific miRNAs 

are currently ongoing (22). Further, due to their secretion from cells, miRNAs are found and can be 

isolated from biological fluids making them ideal biomarker candidates and potential prognostic markers 

of disease progression within clinical settings (23) (22). 

 

High-throughput characterization of gene expression and gene regulation 

Over the past decade, rapid advances in sequencing technologies have revolutionized the ability 

of biomedical researchers to tackle the complexities of genomes, gene regulation, and alterations in both 

resulting in disease. The introduction of massively parallel sequencing platforms in the mid-2000s 

supplied cost-effective, high-throughput methods to study various molecular characteristics of the cell 

genome-wide. Although the downstream chemistry employed by various platforms differ (24), high-

throughput sequencing (HTS) is generally performed through the preparation of sequencing libraries 

followed by DNA amplification and the identification of DNA sequences in a platform-specific manner at 

nucleotide resolution (24). Modern sequencing platforms perform millions of sequencing reactions 

simultaneously, thus identifying millions of DNA molecules in parallel making these approaches high-

throughput. The output data from these platforms, termed sequencing reads, subsequently require 

bioinformatic approaches to process, analyze, and interpret their biological significance. 

Sequencing platforms are now used for a wide variety of applications. Through the isolation of 

specific fragments of DNA or RNA from cells, we can obtain genome-wide transcriptomic and regulatory 
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information. Transcriptomic information is obtained through the isolation of RNA transcripts and, for the 

compatibility for sequencing technologies, converted to a library of cDNA fragments before being 

sequenced (25). Following sequencing, the resulting transcriptomic readouts, referred to as “reads”, are 

aligned to the genome of interest to produce a genome-scale transcriptomic snapshot of the 

transcriptional landscape along with the level of expression for each gene and associated isoforms. RNA-

sequencing (RNA-seq) can be utilized to assay all species of mRNAs and lncRNAs, whereas small RNA-

sequencing (smRNA-seq) captures the small RNA content (<50 nucleotides) within the cell. By employing 

a size-exclusion step before sequencing, smRNA-seq facilitates the identification of small regulatory 

ncRNAs primarily comprising, but not limited to (26), miRNAs (27) (28). Compared with common 

alternatives for transcriptomic analyses, such as quantitative PCR and microarrays, RNA-seq provides a 

more accurate genome-wide quantitative determination of RNA abundance, does not require a priori 

sequence information, facilitating the discovery of novel RNAs and RNA isoforms, and can be used within 

species for which the genome has not been fully mapped (24) (27). 

The integration of various ‘omics’ data allows researchers to untangle the interconnectivity 

between transcription and its complex regulatory processes (29). HTS has contributed novel insights into 

the regulation of the human genome through large-scale consortium projects such as ENCODE (1), and 

more recently the Roadmap Epigenomics Project (2), revealing the importance of epigenomics and 

transcriptomics in cell-type identity and disease development. As technological advances have driven us 

in the era of the sub-$1000 genome (24), HTS has become ubiquitous within biomedical research. Our 

greater understanding of the possible molecular causes of disease, together with the decreasing costs of 

HTS, has facilitated new methods to study human disease with the potential to revolutionize clinical 

decision-making tools. 

 

Translational applications of high-throughput sequencing: biomarker discovery and molecular 
subtyping 

 
Through the analysis of patient samples from diseased individuals compared with healthy 

controls, we can further understand the molecular basis of disease (30). HTS is now frequently being 

utilized for the identification of biomarkers and drivers of disease, which can be detected at the DNA (31), 

RNA (32), and protein levels (33) (34). Although biomarkers typically serve to differentiate affected and 
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healthy individuals, they can serve multiple purposes (35). In breast cancer alone, specific biomarkers are 

used to estimate the risk of disease development, determine prognosis, predict response to therapy, and 

monitor progression in metastatic disease (36). A major benefit of biomarker use, compared to more 

traditional clinical distinctions of disease, is their potential detection in circulation (whole blood, serum, or 

plasma) preventing the need for repeated invasive procedures (36). In addition to identifying molecular 

profiles from diseased and non-diseases individuals, HTS has proven useful in the discovery of molecular 

subtypes of disease. 

Molecular subtyping involves the classification of samples using molecular data into clusters with 

distinct molecular profiles. Subtyping of disease across the various high-throughput molecular data allows 

for the classification of disease that associates better with clinical outcomes than traditional clinical 

methods. This has provided enhanced diagnostic, prognostic, and therapeutic options to treat disease 

while uncovering disease mechanisms that define disease heterogeneity (37) (38). Molecular subtyping in 

various cancer, largely driven by The Cancer Genome Atlas (TCGA) and the data made publicly available 

through their studies (39), has proven successful to classify patients into more homogeneous groups. A 

prominent example is the stratification of breast cancer into four distinct subtypes exhibiting distinct 

clinical outcomes (40), with subsequent studies largely recapitulating the identified subtypes using DNA 

methylation, copy number variation, and miRNA expression (41). Other notable examples include 

colorectal cancer (42), lung cancer (43) (44), leukemia (43) (45), pancreatic cancer (45), and multiple 

carcinomas (46) (47) (48) (49), resulting in the development of more targeted and personalized 

therapeutics. Advances in HTS, along with applications in the discovery of disease classifications and 

clinically relevant biomarkers, will supply novel breakthroughs in numerous fields of biomedical disease 

research. The inflammatory bowel diseases, particularly Crohn’s disease, are disorders that would greatly 

benefit from approaches that have become common in the cancer field. 

 

Crohn’s disease 

Crohn’s disease (CD), one of the major categories of inflammatory bowel disease (IBD), is a 

chronic autoimmune disorder of the gastrointestinal (GI) tract caused by an abnormal immune response 

to luminal gut contents in genetically susceptible individuals (50). In 2015, it was estimated that 
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approximately 3.1 million adults received a diagnosis of IBD in the United States alone (51), with around 

half being attributed to CD (52). Compared with the other principal IBD, ulcerative colitis (UC), CD exhibits 

transmural inflammation that can occur at any point along the GI tract contributing to the highly 

heterogeneous nature of the disease in terms of location and progression (50). Due to this heterogeneity, 

diagnosing CD is challenging due to widespread and cryptic manifestations, with clinical features varying 

according to disease location typified by periods of relapse and remission with cycles of intestinal 

inflammation (50) (53). Current methods of diagnosing CD involve a combination of often invasive 

procedures, utilizing a combination of endoscopic, histological, and clinical findings to differentiate CD 

from UC and irritable bowel syndrome, which can often be difficult based on early symptoms (54). 

Therapeutic intervention is tailored through monitoring of disease presentation and progression with 

surgical interventions being required in up to two-thirds of CD patients during their lifetime (53). There is 

currently no cure for CD, warranting further characterization of the underlying cause of disease and the 

implementation of methods that describe the heterogeneity in disease presentation and progression. 

Although the cause of CD is unknown, the manifestations of the disorder are highly 

heterogeneous with multifactorial etiology involving interactions between genetics, enteric microbiota, and 

the immune system (55). Since the publication of the first GWAS in CD in 2005 (56), 242 susceptibility 

loci have been associated with the presence of IBD (57). Further supported by twin studies (58), these 

findings have provided strong evidence of a strong genetic contribution to the disease. Attempts to 

provide molecular mechanisms associated with these variants have proved successful. Examples include 

studies of differential NOD2 expression suggesting a 2-4 times increased risk for IBD (59), IL23R 

expression conferring resistance against the development CD5 (60), and the association of HLA alleles 

with the development of colonic disease (61) (62).  

Consistent with other large scale GWAS studies (5), the majority of CD-associated loci are 

located within non-coding regions of the genome (63) suggesting the importance of gene regulation in the 

development of CD. miRNA expression has been found to be dynamic in both tissue (64) (65) and 

peripheral blood (66) (67), suggesting miRNAs as biomarkers for CD diagnosis and differentiation from 

UC, especially in early-onset and pediatric CD (68). miRNAs have also provided novel molecular insights 

through crucial roles in regulating autoimmunity and inflammation, with specific miRNAs exhibiting 
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regulatory roles in the maintenance of intestinal epithelia (69) (70) and the differentiation, maturation, and 

function of innate and adaptive immune cells (71). Recent studies using lncRNAs suggest important roles 

in immune responses associated CD pathogenesis with unique expression signatures in IBD relative to 

normal controls (72) and specific expression in pediatric CD (73). Although beneficial as a research tool 

to understand the molecular and genetic determinants of CD, these studies have not aided 

advancements in CD diagnosis, treatment selection, or prognosis (74). 

Genome-wide profiling studies of IBD have aided the identification of distinct CD and UC 

signatures using gene expression (75) (76), lncRNA expression (72), DNA regulatory elements (77), 

histone modifications (78), and miRNA expression (79) (80). Specific profiling of CD may provide insight 

into disease heterogeneity through the identification of CD subtypes that associate with clinical measures 

of disease activity and predict disease progression, which commonly used clinical activity scores fail to 

achieve (53) (81). A previous study by our group assessed transcriptional and regulatory landscapes of 

CD using RNA-seq to quantify gene expression and Formaldehyde-Assisted Isolation of Regulatory 

Elements sequencing (FAIRE-seq) to identify regions of accessible chromatin (82). Using principal 

component analysis, adult CD patients stratified into two specific subgroups. Differential expression 

revealed a contrasting enrichment for markers of normal colon-tissue (colon-like) and ileum-tissue (ileum-

like), despite all tissue samples originating from colonic tissue (82). Pathway enrichment indicated that 

the ileum-like subclass was characterized by upregulated lipid and xenobiotic metabolism pathways, 

whereas colon-like samples generally showed increased gene expression in energy metabolism 

pathways. Importantly, applying clinical phenotype data to identified clusters revealed that ileum-like 

patients were more likely to require biologics post-surgery while an increased incidence of severe rectal 

disease and need for colectomy was associated with the colon-like subgroup (82), indicating the potential 

translational utility of these identified subclasses.  

In this dissertation, I further explore the molecular subtypes introduced by Weiser et al. (82). In 

chapter II, I investigate the contribution of miRNAs to colon-like and ileum-like subtypes in adult and 

pediatric CD cohorts using high-throughput genome-wide miRNA profiles (83). Through the identification 

of a specific miRNA, miR-31, by differential analysis and correlating miRNA activity with target genes, I 

show the utility of miRNAs in CD subtype classification and their potential utility in the clinic through the 



8 
 

application of clinical data to the two molecular subtypes (83). In Chapter III, I expand upon our 

established CD subtypes using genome-wide gene expression profiles in a large cohort of adult CD 

patients followed by clinical phenotype association testing. Through unsupervised clustering analyses and 

differential gene expression analysis, I identify a third CD molecular subtype. In Chapter IV, I discuss the 

contributions of CD molecular subtypes in furthering our understanding CD pathogenicity and I conclude 

by discussing the potential significance of my findings for future studies using genome-wide expression 

profiling as well as the downstream translations impacts of my findings. 
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CHAPTER II: COLONIC EPITHELIAL MIR-31 EXPRESSION ASSOCIATES WITH THE 
DEVELOPMENT OF CROHN'S DISEASE PHENOTYPES IN ADULT AND PEDIATRIC 

POPULATIONS1 
 

INTRODUCTION 
 

Crohn’s disease (CD), one of the primary inflammatory bowel diseases (IBD), is a chronic 

inflammatory condition of the gastrointestinal tract resulting from an aberrant immune response to the 

enteric microbiota in a genetically susceptible host. CD is highly heterogeneous in disease location, 

behavior, and progression. Using gene expression and chromatin accessibility profiles in colon tissue, we 

previously identified two molecular subtypes in adult CD associated with unique phenotypes (82). Recent 

studies validate the premise that specific genetic and molecular profiles are associated with, and may 

contribute to, disease heterogeneity and behavior. Over 200 genetic loci have been significantly 

associated with CD risk (84). A study of 29,838 adult individuals did not identify DNA variants predictive of 

CD behavior over time, but did associate genetic variants in IBD with disease location (74). Notably, a 

longitudinal inception cohort study of treatment-naïve pediatric CD patients revealed lipid metabolism and 

extracellular matrix gene expression signatures in the ileum as predictive of response to steroids and 

fibrostenotic ileal CD, respectively (75, 85). However, a more complete set of robust prognostic 

determinants for CD phenotypes, especially incorporating non-coding RNAs, is still lacking. As such, 

there remains active, substantive interest in the CD research community to identify specific genetic and 

molecular factors that mark disease subtypes, and more importantly, inform on disease progression and 

outcome. 

Distinct disease outcomes of CD are likely due in large part to variability in cellular processes that 

underlie the natural history of CD. Disruption of the intestinal epithelial barrier and loss of tolerance by 

 
1 This chapter originally appeared in the Journal of Biological Chemistry. The original citation is as follows: 

Keith BP et al. Colonic epithelial miR-31 associates with the development of Crohn’s phenotypes. JCI 
Insight 2018;3(19). doi:10.1172/JCI.INSIGHT.122788 
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immune cells to the enteric microbiota are critical cellular events that lead to chronic inflammation seen in 

CD. Precise cell type-specific mechanisms leading to these dysfunctions are poorly understood. Recently, 

microRNAs (miRNAs) that confer post-transcriptional regulation of gene expression have emerged as key 

modulators of intestinal epithelial cell (IEC) biology (69, 86) and of pathways that underlie the 

pathogenesis of CD (87, 88). Mice deficient for miRNAs in the intestinal epithelium exhibit altered 

intestinal architecture and increased barrier permeability (69), which leads to immune cell infiltration and 

severe intestinal inflammation.  

In this study, we identified miRNA-31 (miR-31) as the primary contributor to our previously 

identified two major molecular subtypes of adult CD patients. We determined that the upregulation of 

miR-31 in colonic tissue of CD patients is driven in large part by increased expression specifically in IECs. 

Importantly, we expanded our study to incorporate a large cohort of 234 formalin-fixed paraffin embedded 

(FFPE) index biopsies of colon and ileum tissue from 127 treatment-naïve pediatric patients and non-IBD 

(NIBD) controls. In medically refractory adult CD patients undergoing surgical resection, one subtype with 

a lower, more typical level of colonic miR-31 expression at the time of surgery was associated with a 

worse post-operative outcome (as measured by recurrence in the neo-terminal ileum at the anastomotic 

site) and need for subsequent colectomy. In pediatric patients, the same lower colonic miR-31 expression 

subtype in index biopsies was associated with progression to fibrostenotic ileal disease. Our study shows 

that miR-31 is a candidate prognostic determinant of CD behavior in adult and pediatric patients and 

highlights the potential role of miR-31 in the pathobiology of CD. 

 

RESULTS 
 

MicroRNAs and lncRNAs stratify adult CD patients into two molecular subtypes 

Previously, we demonstrated that medically refractory Crohn’s disease (CD) patients undergoing 

surgery clustered into two distinct groups using principal component analysis (PCA) of Mrna expression 

by RNA-seq on uninflamed colonic mucosa from 21 adult patients with CD and 11 adult control patients 

(NIBD) (82). Analysis of genes differentially expressed between these two groups revealed that genes 

more highly expressed in the colon of one group were enriched for previously identified NIBD colonic 

marker genes, while genes more highly expressed in the second group were enriched for normal ileum 
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marker genes. We labeled these groups colon-like (CL) and ileum-like (IL). We showed by a prospective 

analysis that these CL and IL CD subgroups exhibit colonic CD and ileal inflammation, respectively. To 

evaluate further whether this molecular stratification was evident within non-coding RNAs, we analyzed 

small RNA-seq data from most of the same CD and NIBD patients (18 CD, 12 NIBD) to quantify the 

expression of microRNAs (miRNAs), which we previously showed was able to distinguish CD patients 

from NIBD controls (79). We also re-interrogated the RNA-seq data from the same patients to quantify 

long, non-coding RNAs (lncRNAs). PCA on each of the miRNA and lncRNA datasets (Figure 2.1A and 

2.1B; Table 2.1) revealed that CD samples clustered into the same distinct CL and IL groups as initially 

defined with the Mrna data, which we also recapitulated in this study using updated gene annotations 

(Figure 2.2). These data demonstrate that the CL and IL CD subtypes are defined by expression profiles 

of several types of RNA molecules, which perform diverse functions within the cell. 

 

MiR-31 is the primary driver of molecular stratification and is associated with post-operative 
outcome in adult CD patients 
 

To identify the miRNAs that contribute most to the stratification of the two molecular CD subtypes, 

we initially compared genome-wide miRNA expression profiles between the 9 CL and 9 IL CD patients. 

We found that 19 miRNAs were significantly differentially expressed between the two groups (|log2(FC)| > 

1, FDR < 0.05). Strikingly, we observed a 13.5-fold change in miR-31-5p (miR-31; Padj = 1.43 x 10-18) 

between CL and IL samples. Analysis of PCA components revealed that miR-31 is the top contributor to 

the variance observed for principle component (PC)-2 that separates the CL and IL patients (Table 2.1). 

These findings suggest that miR-31 expression can stratify CD into two major molecular subtypes (Figure 

2.3A).  

We and others have identified miR-31 as a discriminant more generally of CD and NIBD patients 

(80, 89). We hypothesized that this difference is driven primarily by CD patients in the IL group. To test 

this hypothesis, we compared the levels of miR-31 in each of IL and CL groups relative to NIBD. We 

observed a dramatic and highly significant up-regulation (~60-fold) of miR-31 in IL patients compared with 

NIBD patients (Padj = 2.59 × 10-51; Figure 2.3B). We also detected a significant difference in expression 

between CL and NIBD (~4-fold, Padj = 7.66 × 10-06; Figure 2.3B); however, the magnitude of the difference 

is much lower. These findings support the above-stated hypothesis, indicating that while miR-31 is a 
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strong marker of disease presence in all CD patients, this signal is driven predominantly by those patients 

of the IL subtype. 

Expression levels of mature miRNAs can be altered in several ways, including changes to the 

rate of transcription, efficacy of the maturation (biogenesis) process, and RNA stability. To determine 

whether the miR-31 locus is subject to enhanced transcription in IL CD patients, we quantified the 

normalized density of RNA-seq reads mapping to the primary transcript of miR-31 (MIR31HG) across all 

samples. We observed that transcription levels of MIR31HG are indeed dramatically elevated in the IL 

subgroup relative to both the CL subgroup and NIBD patients (Figure 2.3C). These data indicate that 

increased level of transcription is one major contributor to the observed difference in miR-31 levels 

between IL patients and the NIBD and CL patients. Notably, RNA-seq data from the ileum of an NIBD 

patient (Figure 2.3C) revealed a signal at the MIR31HG locus that closely resembles the signal from the 

colon of IL CD patients.  

MiRNAs regulate gene expression by binding to recognition elements in the 3’ untranslated 

regions of target mRNAs and marking the mRNAs for translational repression and degradation (90). 

Therefore, we sought to determine, using our published tool miRhub (91), whether genes that are down-

regulated in IL relative to NIBD are enriched for predicted target sites of miR-31 or any other miRNA 

shown to be upregulated in the colon of IL patients. Notably, we found that miR-31 is the only upregulated 

miRNA whose target genes are significantly enriched among the genes downregulated in IL patients 

compared to both CL and NIBD patients (empirical P < 0.05; Figure 2.4). This indicates that miR-31 is not 

only dramatically elevated in the IL subtype of CD, but also a candidate master regulator of genes that 

are downregulated in that subtype. 

To validate the differential expression of miR-31 between the IL and CL subtypes of CD, we 

measured colon miR-31 levels in an independent cohort of 40 adult CD and 29 NIBD patients using Qrt-

PCR. Biopsies were obtained at the time of surgical resection for medically refractory disease. We first 

recapitulated the finding that miR-31 levels are significantly up-regulated overall in CD relative to NIBD (P 

= 3.27  10-4, 2-tailed unpaired Student’s t test; Figure 2.5A). As expected, we also found that miR-31 

expression levels stratify CD patients into two subgroups, “high” and “low”, which we hypothesized reflect 

the IL and CL molecular subtypes, respectively. To test this hypothesis, we measured Mrna levels of 
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APOA1 (Figure 2.5B), a marker gene in ileum, and CEACAM7 (Figure 2.5C), a marker gene in colon, 

both of which we previously showed can stratify IL and CL patients (92, 93). We found that the patients 

with high colonic miR-31 expression also show high APOA1 expression and low CEACAM7 expression, 

and we observed the opposite trend for the patients with low colonic miR-31 ex pression. Altogether, 

these data confirm that miR-31 expression levels stratify CD patients into two molecular subgroups.  

We then studied prospectively the clinical characteristics of adult patients after surgery for 

medically refractory disease. Since all patients had disease removed at initial surgery, we followed post-

surgery disease recurrence based on Rutgeerts post-operative endoscopic scoring (94) of the neo-

terminal ileum or the need for an end ileostomy due to severe refractory disease within a year after the 

initial surgery. Post-operative management as well as timing of endoscopy for reassessment was 

determined by the managing IBD specialist. Most patients had a post-operative staging colonoscopy 

within one year of surgery. Recurrence was defined as having a Rutgeerts score of i2, i3, i4 or the need 

for an end ileostomy within a year after the initial surgery. No recurrence was defined as a Rutgeerts 

score if i0, i1. Strikingly, despite similar patient demographics at time of surgery as well as no significant 

differences in post-operative management between the two subtypes (Table 2.3), the CL subtype of CD 

patients demonstrated a worse post-operative course compared to the IL subtype (Table 2.3, p=0.030). 

While, this patient population is not anti-TNF treatment naïve, to our knowledge, this data provides the 

first evidence for the potential clinical utility of miRNA profiling to predict a poor post-operative outcome of 

CD.  

 

MiR-31 is dramatically up-regulated in intestinal epithelial cells and crypt derived colonoids 
established from adult CD patients 
 

Colon tissue is composed of several distinct cell types, and expression studies in tissue do not 

reveal from which particular cells transcripts originated. To measure miR-31 expression in specialized cell 

types of the colon, we isolated intestinal epithelial cells (IECs; CD326+) and matched lamina propria 

immune cells (CD3+ T cells, CD20+ B cells, CD33+CD14- resident intestinal macrophages, 

CD33+CD14+ infiltrating inflammatory intestinal macrophages) by flow cytometry from macroscopically 

uninflamed tissue from adult patients with CD (N=11-20) and NIBD controls (N=8-16). While relative miR-

31 expression levels based on Qrt-PCR were increased in B cells and resident macrophages isolated 
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from CD patients compared to NIBD controls (P < 0.05, 2-tailed unpaired Student’s t test), these results 

were dwarfed in comparison to the increase seen in IECs (~52-fold difference, P = 1.28 × 10-8; Figure 

2.5D). 

To evaluate this finding further, we established three-dimensional epithelial colonoids from crypts 

isolated from both CD patients and NIBD individuals. These structures contain crypt-like domains 

reminiscent of the gut epithelium, and they continuously produce all cell types found normally within the 

intestinal epithelium (95). We found that colonoids from CD patients express significantly higher levels of 

miR-31 compared to NIBD controls, similar to the primary tissue from which the colonoids were derived 

(Day 2 P = 0.041, 2-tailed unpaired Student’s t test; Day 6 P = 0.0095, 2-tailed unpaired Student’s t test; 

Figure 2.5E). These results suggest upregulated miR-31-5p is not a transient result due to external 

signalling but is a predisposing factor in IECs of CD patients. Disruption of the intestinal epithelial barrier 

is a critical determinant of the predisposition to chronic inflammation and fibrosis seen in CD. Going 

forward these data open up the potential to understand the impact of miR-31 on barrier function.  

 

MiR-31 expression in formalin-fixed paraffin-embedded (FFPE) tissue from treatment-naïve 
pediatric CD patients also defines two subtypes and is associated with development of ileal 
fibrostenotic disease 
 

The molecular profiles we have generated and analyzed in fresh tissue and cells from adult CD 

represent a fundamental advance in understanding adult CD heterogeneity. At the time of this analysis, 

though, these adult patients had progressed to medically refractory disease, each with individual 

treatment histories that could potentially confound results. Therefore, as a next step, we performed 

smRNA-seq on microscopically uninflamed FFPE mucosal tissue from ascending colon and terminal ileal 

biopsies in age-matched treatment-naïve pediatric patients with CD (n=76) and NIBD controls (n=51) 

obtained at the time of diagnosis (index colonoscopies). It is important to note that this is not a validation 

cohort of the adult CD, but rather a completely independent analysis that offers at least five unique 

advantages. Firstly, as noted above, these samples are from treatment-naïve individuals, which greatly 

mitigates the potential confounding effects of treatment history that may be present in adults. Secondly, 

the samples are FFPE as opposed to fresh frozen tissue. Successful molecular subtyping of CD patients 

using FFPE tissue will greatly expand our ability in the future to analyze retrospectively the clinical 
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characteristics associated with subtypes, given that most tissue biopsies are bioarchived as FFPE. 

Thirdly, the number of samples is substantially greater than in our adult CD study, affording additional 

power for molecular subtyping. Fourthly, we have matched ileum and colon biopsies from the same 

patient allowing for the interrogation of site-specific changes and impact on disease phenotype. Finally, 

these tissue samples are index biopsies, obtained at the time of diagnosis and prior to significant disease 

progression, which provides a unique opportunity to determine whether miR-31 expression is associated 

with the development of CD phenotypes.   

As in the adult cohort, we found that the levels of miR-31 expression in the colon are significantly 

upregulated in CD patients relative to NIBD controls (~7.8-fold, P = 4.64 ×10-7, 2-tailed unpaired Student’s 

t test; Figure 2.6A and 2.7). We observed that miR-31 expression in the ileum is also significantly 

upregulated in CD patients (P = 9.97 × 10-7, ~1.5-fold), however the effect is not nearly as pronounced as 

in the colon (Figure 2.6B). This may be due in part to significantly higher baseline miR-31 expression 

levels in the ileum of unaffected (NIBD) individuals compared to in the colon (P = 5.71 × 10-28; Figure 2.8).  

Using miRNA expression data from the 100 most variable miRNAs, we independently performed 

PCA on the colon (Figure 2.6C) and ileum (Figure 2.6D) pediatric samples and observed a robust 

separation of NIBD and CD patients. Notably, miR-31 is the largest contributor to this stratification in the 

colon, but not in the ileum (Table 2.4 and 2.5). This indicates that specifically colonic miR-31 is a primary 

marker of disease presence.  

We investigated whether colonic miR-31 levels were associated with the eventual development of 

specific CD phenotypes and tested for association with clinical features both at the time of diagnosis and 

across disease course (Table 2.6). We first analyzed pediatric NIBD samples and found that all colon 

samples but one had miR-31 levels < 150 RPMMM and all ileum samples had mir-31 levels > 150 

RPMMM (Figure 2.9). Using this threshold, we defined two distinct subgroups within our colonic pediatric 

CD samples as “miR-31-low” (n = 46) and “miR-31-high” (n = 30). MiR-31 expression was validated in our 

two subgroups through Qrt-PCR of a subset of low- (n = 7) and high-miR-31 (n = 7) samples (r = 0.94, P 

= 3.89 × 10-7; Figure 2.10). 

We then studied prospectively the clinical characteristics of only pediatric patients that presented 

with inflammation at time of diagnosis (i.e., no initial stricturing, penetrating disease). Since all patients 
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were treatment naïve, we defined stricturing CD as primary (not anastomotic) fibrostenotic stricture of the 

terminal ileum where medical treatment would be ineffective, and therefore, surgical resection was 

considered a reasonable treatment option. These were diagnosed based on physician preference of 

using standard endoscopy and/or computed tomography (enterography) (CTE) or magnetic resonance 

imaging (MRI) and correlation with patient symptoms. Low miR-31 expression was significantly 

associated with the eventual development of ileal stricturing (P = 0.001) and having surgery involving an 

anastomosis (P = 0.048). Remarkably, we found that no miR-31-high patients progressed to develop a 

stricturing phenotyping. To our knowledge, this data provides the first evidence for the potential clinical 

utility of miRNA profiling to predict increased risk of the development of stricturing phenotype in patients 

with Crohn’s disease. 

 

DISCUSSION 

We identified colonic miR-31 expression as central to clinically-relevant molecular subtypes found 

in independent cohorts of adult and treatment-naïve pediatric patients. Notably, low levels of miR-31 in 

medically refractory adult CD patients at the time of surgical resection are indicative of a worse post-

operative outcome as measured by recurrence in the neo-terminal ileum. Similarly, lower miR-31 

expression in pediatric patients at the time of diagnosis is indicative of increased risk for development of 

ileal stricturing complications. Our study introduces small RNAs as potential predictors of disease 

phenotype and, with use of FFPE samples, offers distinct advantages over Mrna studies in the context of 

fresh tissue. These findings are reminiscent of early descriptions of transcriptomic signatures in breast 

cancer (40). Further large-scale studies of gene expression profiles in breast tumors, including those of 

The Cancer Genome Atlas (TCGA) project (96), eventually established four major molecular classes that 

vary in their aggressiveness and respond differently to therapies. Similarly, diffuse large B cell lymphoma 

(97), glioblastoma (98), endometrial cancer (49), and lung cancer subtypes (44) have been identified by 

genomic profiling, facilitating the development and application of targeted therapies 

(https://cancergenome.nih.gov).   

Our study includes two distinct populations of patients with disease at different stages of 

development. It is unclear how clinical associations are related to patient age and/or disease state. For 

https://cancergenome.nih.gov/
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instance, molecular levels at initial diagnosis that predict disease progression may not be maintained 

once disease has actually progressed (99).  Long-term longitudinal studies will need to be conducted with 

serial quantification of genomic profiles over the course of disease evolution in pediatric patients 

transitioning into adulthood. It is also imperative we understand the unique characteristics of disease 

presentation and evolution in adult patients, impacted by major life style and environmental factors, each 

uniquely contributing to colonic miR-31 regulation and its impact on phenotype. Medical management of 

fibrostenotic ileal disease is unpredictable and in many cases, is not long lasting and requiring surgery. 

Thus, results from these longitudinal studies may eventually impact treatment designs for these difficult 

disease phenotypes. The robust establishment of CD subtypes may also influence future design of 

clinical trials where subtypes can be considered during patient randomization, allowing for better 

evaluation of subtype identification when making therapeutic decisions.  

Recent studies have started to unravel the molecular mechanisms associated with distinct IBD 

phenotypes. Genetic variants in NOD2, MHC, and MST1 3p21 were shown to be associated with disease 

location (colonic CD, ileal CD and ulcerative colitis (UC)) but not disease behavior (74). But, the genetic 

contribution to CD pathogenesis has been shown to be disproportionate, ranging from most impactful in 

very early onset IBD (100) (VEOIBD) to modest significance in older pediatric and adult IBD patients 

(101–104).  In rectal tissue from pediatric patients, expression patterns of IL-13, IL23A, and IL17 

distinguished colonic CD from UC (105). Also, a lipid metabolism related gene expression signature in the 

ileum of pediatric CD patients accurately predicted 6-month steroid-free remission (75). Follow-up studies 

of these same ileal samples showed a distinct collagen and extracellular matrix gene expression 

signature present at time of diagnosis in a subset of patients who developed fibrostenotic ileal disease 

(85). Interestingly, our prior analysis of these patients identified an association between these same 

pathways in the ileum and the CL molecular phenotype (82). Moving forward, the challenge is to define 

molecular subtypes while also uncovering the cell type-specific genetic, molecular, and environmental 

contributors to each subtype. 

This current study along with our previous study have now shown that whole genome Mrna, 

miRNA, and lncRNA transcript levels, along with the open chromatin landscape, define two molecular 

adult CD subtypes. In addition, miRNA expression patterns can stratify pediatric CD. Together, these 
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findings suggest that across CD patients, colonic tissue is altered in different ways at a cellular level 

supporting the idea of multiple Crohn’s diseases. This also underscores the necessity for a more 

complete molecular characterization of CD across larger populations to uncover additional distinct 

subtypes. We advanced our work into FFPE tissue which opens the possibility to increase sample 

numbers, perform longitudinal follow-up studies, and facilitate the association of molecular markers to 

disease course.  

We demonstrate miR-31 to be specifically dysregulated in colonic epithelial cells. Breakdown in 

the intestinal barrier is critical to intestinal chronic inflammation; a hallmark of CD. MiRNAs, including miR-

31, are known to have significant contributions to gastrointestinal epithelial barrier function (70). Dicer1 

deficient mice display colonic barrier integrity dysfunction as evidenced by lymphocyte and neutrophil 

infiltration as well as mis-localization of the tight junction protein Claudin-7 (69). In the esophagus, 

Hussey et al. found that miR-31 is one of only a few differentially expressed miRNAs in post-ablation 

epithelium with increased barrier permeability (106, 107). In the colon, Wu et al. postulate that lowly 

expressed miR-31 plays a protective role after hypothermic ischemia induced barrier dysfunction in the 

colon, perhaps aiding in post-injury healing, specifically by targeting the hypoxia inducible factor (HIF)-

factor inhibiting HIF (FIH-1) pathway (108). Using combinational computational methods to predict miR-31 

target-pathways, one group found a connection specifically between miR-31 and tight junctions in lung 

epithelium (109). Most recently, Yu et al. demonstrated using in vivo knock-in and knock-out models that 

miR-31 plays a role in regulating intestinal stem cell behavior during regeneration after radiation injury 

(110). We show that patient crypt-derived colonoids in a sterile environment retain the aberration in miR-

31 expression present in the tissue of origin, which supports a cellular defect that is intrinsic and not 

secondary to inflammation or other external signals due to the presence of disease. The colonoid 

experimental system will enable future studies to interrogate the role(s) of specific factors in driving a 

fibrostenotic phenotype, especially in the context of co-culture with lamina propria immune cells, 

mesenchymal cells, as well as stimulation with commensal and/or colitogenic bacteria. 

In summary, we provide the most comprehensive molecular characterization of CD to date.  We 

uncover miR-31 as an identifier of CD, but more importantly a molecular stratifier of both pediatric and 

adult patients, an indicator of established disease phenotype in adult patients, and a predictor of clinical 
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phenotype at the time of diagnosis in pediatric patients. These findings represent significant progress in 

molecularly defining the Crohn’s disease(s), moving closer toward potential personalization of therapy 

and improving outcomes. 

 

MATERIALS AND METHODS 
 

Patient populations and phenotyping 

Adult and pediatric patients with CD and NIBD related illnesses diagnosed at The University of 

North Carolina hospitals (UNC) were included in this study. Clinical phenotypes considered in this study 

include demographic and clinical variables such as age, sex, disease duration, age at diagnosis, age at 

sample acquisition, disease location, and disease behavior. Summarized (Table 2.7) and detailed 

information of patient demographics and phenotypes for the adult and pediatric cohorts are provided. This 

study was not blinded, and all authors had access to the study data and reviewed and approved the final 

manuscript.  

 

Tissue isolation and characterization 

For our adult cohort, all CD and NIBD mucosal biopsies were obtained from macroscopically 

unaffected sections of the ascending colon at the time of surgery and flash-frozen. No samples showed 

signs of active microscopic inflammation or disease, as confirmed by an independent pathologist. 

Treatment-naïve pediatric patients were diagnosed at UNC. From formalin-fixed, paraffin-embedded 

(FFPE) tissue, mucosal sections from both macroscopically and microscopically non-inflamed sections of 

the ascending colon and terminal ileum from the time of initial diagnosis (index biopsy) were identified by 

a pathologist, and scrolls were obtained for small RNA isolation. Absence of acute (active) inflammation, 

including neutrophilic inflammation of crypt epithelium and crypt abscess formation, and chronic 

inflammation, including architectural distortion and basal lymphoplasmacytosis of the lamina propria, was 

determined after review of each H&E stained slide (Figure 2.11). 

RNA isolation, sequencing, and analysis 

RNA was isolated from flash-frozen adult samples from surgical resections using the Qiagen 

RNeasy Mini Kit (Valencia, CA) following the manufacturer’s protocol. This kit uses column-based DNase 
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treatment to eliminate DNA contamination, and allows the miRNA and mRNA content to be preserved. 

miRNA was enriched from FFPE tissue for pediatric samples using the Roche High Pure miRNA Isolation 

Kit (Penzberg, Germany). RNA purity and integrity were assessed with Thermo Scientific NanoDrop 2000 

(Waltham, MA) and Agilent 2100 Bioanalyzer (Santa Clara, CA), respectively. For all clinical categories of 

flash frozen adult samples, we observed average RNA integrity (RIN) values above 7. 

RNA-seq libraries were prepared using the Illumina TruSeq polyA+ Sample Prep Kit. Paired-end 

(50 bp) sequencing was performed on the Illumina HiSeq 2500 platform (GEO accession GSE85499). 

Reads were aligned to the GRCh38 genome assembly using STAR (111) with default parameters.  

Transcript expression was quantified with Salmon (112) using default parameters. Post-alignment 

normalization and differential analysis was performed using DESeq2 (113) with GENCODE_V25 gene 

annotations requiring base mean expression >10 and an FDR <0.05.  

Small RNA libraries were generated using Illumina TruSeq Small RNA Sample Preparation Kit 

(San Diego, CA). Single-end (50 bp) sequencing was performed on the Illumina HiSeq 2500 platform 

(GEO accession GSE101819). miRquant 2.0 (114) was used for miRNA annotation and quantification. 

Samples with less than 3 million reads mapping to miRNAs were excluded. Differential analysis was 

performed using DESeq2 (113).  

PCA was performed using the prcomp function in R on DESeq2 normalized VST transformed 

counts for mRNAs (“protein_coding” in GENCODE_V25) and lncRNAs (“lincRNA” or “antisense” in 

GENCODE_V25) with an expression base mean > 10. For miRNA expression data, PCA was performed 

using reads per million miRNAs mapped (RPMMM) normalized log2 transformed counts for the 100 

miRNAs with the highest standard deviation values across all samples and a normalized expression level 

of 500 RPMMM across at least 20% of samples. For pediatric samples, we eliminated 18 miRNAs not 

found in the adult samples to remove potential artifacts due to FFPE preservation. Candidate master 

regulator miRNAs were detected using miRHub (91), using “non-network” mode and requiring a predicted 

target site to be conserved between human and at least two other species. 

Quantitative reverse transcriptase PCR 

For miR-31, total RNA was isolated from tissues using Norgen’s Total RNA Purification Kit 

(Thorold, ON, Canada). 50ng of RNA was used for reverse transcription with the Life Technologies 
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TaqMan MicroRNA Reverse Transcription Kit (Grand Island, NY). MiRNA qRT-PCR were performed 

using the TaqMan Universal PCR Master Mix per Life Technologies’ protocol, on Bio-Rad Laboratories 

CFX96 Touch Real Time PCR Detection System (Richmond, CA). Reactions were performed in triplicate 

using RNU48 as the normalizer. For APOA1 and CEACAM7, total RNA was isolated as described above. 

cDNA was derived from 1µg RNA by reverse transcriptase using the BioRad iScript cDNA Synthesis kit. 

RT-qPCR was then performed on these cDNA samples using the BioLine Hi-ROX SYBR kit. 

LPMCs and IECs were isolated from intestinal specimens using modifications of previously 

described techniques (115). LPMCs were isolated from human colon by an enzymatic method, followed 

by Percoll (GE Healthcare, Piscataway, NJ) density-gradient centrifugation. LPMCs were further 

separated into CD33+14+ peripheral macrophages, CD33+CD14- intestinal resident macrophage, CD20+ 

B cells, and CD3+ T cells corresponding antibody labeled microbeads (Miltenyi Biotec, Auburn, CA). IECs 

were isolated from human colon mucosa using Ethylenediaminetetraacetic acid (EDTA) followed by 

magnetic bead sorting via CD326 labeled microbeads. Purity was >90% by flow cytometric analysis. 

 

Colonoid generation and analysis 

Epithelial colonoid cultures were generated from non-inflamed regions of colon tissue from NIBD 

controls and CD patients. The intestinal tissues were washed and mucosectomy performed with surgical 

scissors. Minced colonic mucosal fragments were incubated at 37°C in 5 ml of digestion media (1 mg/ml 

collagenase VIII in Advanced Dulbecco’s modified Eagle medium/F12 (ADF), 10% FBS, 15mM HEPES 

buffer, penicillin/streptomycin, 2mM Glutamax, 100ug/ml Primocin (Invivogen, antibiotic/antimitotic), 10uM 

Y-27632) for 30 minutes with mechanical disruption. The digested tissue/crypts were centrifuged at 200g 

for 5 minutes to separate crypts from single cells. Pelleted colonic crypts were resuspended in 5 ml of 

digestion media and centrifuged again at 200g for 5 minutes. Volume of crypts needed for 40-50 crypts 

per 96-well well was centrifuged in 1.5 mL tubes at 2500 RPM for 5 minutes. Crypts were embedded in 

appropriate volume of Growth Factor Reduced Matrigel (Corning) on ice and seeded at 10uL per 96-well. 

Basal stem culture medium (50% WNT3a conditioned media, 50% R-spondin 2 conditioned media, 

supplemented with 1 mM HEPES, 2mM Glutamax, 1X N2, 1X B27, and 1 mM N-acetylcysteine, 100ug/ml 

Primocin, with growth factors 50ng/mL murine EGF, 100ng/mL murine noggin, 1 ug/mL gastrin, 0.01uM 
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PGE2, 10mM nicotinamide, and small molecule inhibitors 500 nM LY2157299, 10 uM SB202190) with 10 

uM Y-27632 was added at 100uL per well. At selected timepoints, colonoids embedded in matrigel were 

lifted from wells with cold ADF. For miRNA analysis, day 2 and 6 reverse transcription and quantitative 

real time PCR for miR-31 and RNU-48 (housekeeping) were performed using predesigned TaqMan 

miRNA assays (Life Technologies). The relative expression was calculated by the comparative CT 

method and normalized to the expression of RNU-48.  

 

Statistics 

Differential expression analyses of RNA-seq and small RNA-seq data were performed using 

DESeq2 (113), with FDR adjusted p-values being used to measure statistical significance. MicroRNA 

target enrichment was determined using miRHub, which generates empirical p-values through Monte 

Carlo simulations (91). Significance of differential expression in RT-qPCR and colonoid assays was 

assessed using Student’s t test (unpaired, 2 tailed) to compare 2 groups of independent samples. 

Significance of association with patient phenotype data was determined using Fisher’s exact test 

(categorical data) or a 2-tailed unpaired Student’s t test (continuous data). For all tests, Padj < 0.05, 

empirical P < 0.05, or P < 0.05 was considered statistically significant. 

 

Study Approval 

Both the adult and pediatric sections of this study received Institutional Review Board approval at 

UNC (protocol 10-0355 and 15-0024). Written informed consent was received from all participants prior to 

inclusion in the study. All participants are identified by number and not by name or any Protected Health 

Information (PHI).  
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Figure 2.1 Two distinct molecular subtypes across multiple data types in adult Crohn's disease (CD). Principal 
components analysis (PCA) of microRNA (A) and long non-coding RNA (B) expression profiles for patients with CD 
and patients with NIBD exhibit (black, n=11-12) distinct clusters; one enriched for colon-like CD patients (blue, n=9-
11), and another enriched for ileum-like CD patients (red, n=9-10). 
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Figure 2.2 mRNA expression profiles segregate Crohn’s disease (CD) samples into two distinct molecular 
subtypes. Using updated gene annotations from GENCODE, we recapitulated our previous analysis (82) to show 
that clustering of colon-like CD patients (blue, n=11) with non-IBD patients (black, n=11) is distinct from ileum-like CD 
patients (red, n=10). 
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Figure 2.3 miR-31 is a driver of colon-like and ileum-like stratification. (A) Principal components analysis of 
miRNA expression data from small RNA-seq. MiR-31 expression (blue-gold, low-high) appears to distinguish the 
NIBD (n=12) and colon-like samples (n=9) from ileum-like samples (n=9). (B) Normalized miR-31 expression exhibits 
a significant upregulation in Crohn’s disease sub-groups (colon-like, n=9; ileum-like, n=9) samples compared with 
NIBD samples (n=12). (C) UCSC browser representation of normalized RNA-seq reads mapping to the miR-31 host 
gene for NIBD colon (black, n=11), colon-like CD (blue, n=9), NIBD Ileum (purple, n=1) and ileum-like CD (red, n=9). 
miR-31 transcript expression levels from small RNA-seq (RPMMM) are displayed to the right of each track. FDR 

adjusted p-values determined using DESeq2, with data presented as mean RPMMM  SE.  
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Figure 2.4 microRNA-31 is potential master regulator of pathways disrupted in CD pathogenesis. Using genes 
that were differentially expressed between IL-CD and CL-CD samples, CD and NIBD samples, IL-CD and NIBD 
samples, and CL-CD and NIBD samples, we used miRHub to test whether the top differentially expressed 
microRNAs significantly targeted differently expressed genes within four different conditions. miR-31 significantly 
targets genes that are downregulated in IL-CD. 
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Figure 2.5 miR-31 is specifically upregulated in intestinal epithelial cells. qRT-PCR for miR-31 (A), APOA1 (B), 
and CEACAM7 (B) in an independent adult cohort displays colon-like (blue; n=27-28) and ileum-like (red; n=12) 
clustering patterns for CD samples compared with NIBD samples (black; n=18-29). (D) qRT-PCR of five colon-
specific cell types reveal significant miR-31 upregulation in intestinal epithelial cells isolated from CD patients (n=11-
20) relative to NIBD controls (n=8-16). (8 NIBD matched and 6 CD matched across all cell types). (E) Relative miR-31 
expression by qPCR of in colonoid cultures generated from NIBD controls (n=4) compared with CD patients (n=4). 
miR-31 expression is increased in fresh crypts and remains higher at day 2 and day 6 of colonoid culture.  miRNA 
levels are relative to RNU-48 expression compared to fresh NIBD crypts. Significance values determined by a 2-tailed 

unpaired Student’s t test. Data are presented as mean  SE. 
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Figure 2.6 miR-31 is differentially expressed in treatment-naïve pediatric Crohn's disease (CD) samples. miR-
31 expression is significantly upregulated in the colon (A) and ileum (B) of treatment-naïve pediatric CD samples 
(colon, n=76; ileum, n=60) compared with pediatric NIBD samples (colon, n=48; ileum, n=50). Principal components 
analysis of miRNA expression profiles from small RNA-seq results in distinct clusters of NIBD and CD patients for 
colon (C) and ileum (D) samples. Points are colored according to miR-31 expression (blue-gold; low-high). 

Significance determined by a 2-tailed unpaired Student’s t test where P < 0.05. Data presented as mean  SE 
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Figure 2.7 miR-31 is uniquely upregulated in the colon of pediatric CD patients relative to NIBD patients. The 

average expression of the 82 microRNAs used for principal component analysis were compared between CD and 

NIBD patients for colon samples (CD, n=76; NIBD=48) and ileum samples (CD, n=60; NIBD, n=50). microRNAs with 

a fold change greater than 2 when comparing CD expression with non-IBD expression are shown above for colonic 

microRNA expression (A), and ileal microRNA expression (B). 
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Figure 2.8 Pediatric NIBD microRNA expression profiles are significantly different between colon and ileum 

tissue. (A) miR-31 is significantly differentially expressed between NIBD colon samples (n=48) and NIBD ileum 

samples (n=50). (B) More broadly, PCA using microRNA expression profiles reveals that PC1 splits NIBD colon and 

ileum samples, with miR-31 being the highest contributor to the variance explained along this axis. Data is mean 

RPMMM ± SEM with significance determined by 2-tailed unpaired Student’s test  
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Figure 2.9 Stratification of pediatric colon CD samples guided by NIBD miR-31 expression. Normalized miR-31 

expression of 150 reads per million mapped to miRs (RPMMM) can distinguish pediatric NIBD colon (n=48) and ileum 

samples (n=50). (A) Pediatric miR-31 expression is lower in the colon compared with miR-31 expression the ileum. 

The lowest ileal miR-31 expression that we observed in the ileum was 181 RPMMM. (B) Using a threshold of 150 

RPMMM, we segregate pediatric CD samples into a low miR-31 group (<150 RPMMM; n=46), and a high miR-31 

group (≥150 RPMMM; n=30). 
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Figure 2.10 RT-qPCR confirmation of miR-31 expression in FFPE pediatric colonic mucosal samples. (A) 

Pediatric miR-31 expression of FFPE colon samples according to small RNA-sequencing is confirmed through RT-

qPCR of a subset of miR-31 low (n = 7) and miR-31 high (n = 7) samples from each group (r = 0.94, p = 3.89 x 10-7). 

Points are colored according to RQV obtained through RT-qPCR of the same samples (blue-gold, low-high). (B) 

Table of expression values of small RNA-sequencing and RT-qPCR matched samples. Significance determined 

through a test for association between paired samples using Pearson’s product moment correlation coefficient.   
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Figure 2.11 Hematoxylin and eosin (H&E) staining of isolated tissue from FFPE histological sections. H&E 

staining for an FFPE sample from a pediatric Crohn’s disease patient, and mucosal region selected for miRNA 

isolation and qRT-PCR. A) Section before and B) after selection of the mucosal region. Circles indicate the selected 

area selected for RNA extraction for small RNA-sequencing and qRT-PCR. 
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microRNAs PC1 PC2 PC3 

miR-31-5p -0.203 0.648 0.023 

miR-215 -0.236 0.301 -0.027 

miR-194-1-5p -0.143 0.185 0.068 

miR-194-2-5p -0.141 0.117 0.067 

miR-146b-5p -0.093 0.102 -0.252 

miR-141-3p -0.127 0.092 0.105 

miR-192-5p_+_1 -0.149 0.086 0.036 

miR-192-5p -0.151 0.067 -0.011 

miR-181a-2-5p -0.050 0.059 0.037 

miR-181a-1-5p -0.050 0.059 0.037 

miR-200c-3p -0.085 0.039 0.114 

miR-197-3p -0.052 0.035 0.114 

miR-574-3p -0.051 0.034 0.110 

miR-22-3p -0.097 0.027 -0.034 

miR-146a-5p -0.081 0.024 -0.264 

miR-21-3p -0.109 0.023 -0.078 

miR-484 -0.102 0.023 0.126 

miR-342-3p -0.138 0.015 0.015 

miR-142-5p_-_2 -0.209 0.012 -0.207 

miR-221-3p -0.092 0.011 0.006 

miR-200a-3p -0.122 0.007 -0.007 

miR-222-3p -0.085 0.007 0.077 

miR-423-3p -0.016 0.005 0.129 

miR-181b-1-5p -0.046 0.004 0.039 

miR-181b-2-5p -0.046 0.004 0.036 

miR-486-5p -0.056 -0.005 0.071 

miR-21-5p -0.159 -0.006 -0.219 

miR-375 -0.058 -0.007 0.186 

miR-25-3p -0.112 -0.008 -0.001 

miR-92a-1-3p -0.051 -0.009 0.155 

miR-191-5p -0.084 -0.011 -0.008 

miR-99b-5p -0.126 -0.011 0.139 

miR-92a-2-3p -0.051 -0.012 0.150 

miR-423-5p -0.018 -0.012 0.115 

miR-24-1-3p -0.083 -0.016 -0.100 

miR-24-2-3p -0.083 -0.016 -0.101 

miR-93-5p -0.076 -0.016 0.058 

miR-451a -0.145 -0.019 -0.200 

let-7d-3p -0.035 -0.019 0.174 

miR-140-3p -0.105 -0.019 0.029 

miR-27a-3p -0.104 -0.020 -0.019 

miR-182-5p -0.133 -0.021 -0.088 
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miR-191-5p_+_1 -0.082 -0.024 0.012 

miR-200b-3p_+_1 -0.098 -0.024 0.088 

miR-30b-5p -0.101 -0.024 -0.027 

miR-151a-3p -0.103 -0.026 0.025 

miR-30d-5p -0.058 -0.030 0.032 

miR-148a-3p -0.158 -0.031 -0.108 

miR-29a-3p -0.109 -0.032 -0.024 

miR-126-3p -0.135 -0.032 -0.106 

miR-125a-5p -0.084 -0.035 0.141 

miR-16-1-5p -0.145 -0.036 -0.055 

miR-16-2-5p -0.145 -0.036 -0.055 

miR-127-3p -0.071 -0.039 0.104 

miR-26a-1-5p -0.085 -0.041 0.031 

miR-26a-2-5p -0.085 -0.041 0.031 

miR-140-3p_+_1 -0.077 -0.044 0.047 

miR-26b-5p -0.100 -0.045 -0.003 

miR-103a-2-3p -0.087 -0.046 0.013 

miR-103a-1-3p -0.087 -0.047 0.013 

let-7i-5p -0.071 -0.049 -0.049 

miR-200b-3p -0.121 -0.049 0.090 

miR-150-5p -0.116 -0.049 0.138 

miR-30a-5p -0.085 -0.049 -0.026 

miR-320a -0.016 -0.050 0.087 

miR-92b-3p -0.041 -0.052 0.146 

miR-27b-3p -0.083 -0.053 -0.022 

miR-28-3p -0.056 -0.054 0.096 

miR-30c-2-5p -0.098 -0.054 0.010 

miR-30c-1-5p -0.098 -0.054 0.010 

let-7g-5p -0.075 -0.056 0.008 

let-7b-5p -0.022 -0.056 0.126 

miR-155-5p -0.099 -0.057 -0.065 

miR-186-5p -0.101 -0.059 -0.060 

miR-30e-5p -0.106 -0.059 -0.059 

miR-100-5p -0.160 -0.061 0.116 

miR-125b-1-5p -0.096 -0.075 0.157 

miR-125b-2-5p -0.096 -0.075 0.157 

miR-23b-3p -0.064 -0.079 0.055 

miR-23a-3p -0.089 -0.081 -0.016 

miR-497-5p -0.091 -0.082 0.120 

let-7a-3-5p -0.071 -0.083 0.077 

let-7a-1-5p -0.071 -0.083 0.077 

let-7a-2-5p -0.071 -0.083 0.077 

miR-10a-5p_+_1 -0.087 -0.083 -0.112 
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let-7f-2-5p -0.102 -0.083 -0.046 

let-7f-1-5p -0.103 -0.084 -0.046 

miR-199a-1-3p -0.099 -0.085 -0.001 

miR-199b-3p -0.099 -0.085 -0.001 

miR-199a-2-3p -0.098 -0.086 0.000 

miR-378a-3p -0.045 -0.087 0.090 

miR-10a-5p -0.096 -0.088 -0.120 

let-7e-5p -0.036 -0.089 0.122 

miR-145-5p -0.054 -0.092 0.103 

let-7d-5p -0.059 -0.094 0.066 

miR-143-3p -0.087 -0.108 -0.032 

let-7c -0.029 -0.117 0.155 

miR-10b-5p_+_1 -0.087 -0.128 -0.166 

miR-10b-5p -0.098 -0.132 -0.189 

miR-196b-5p 0.007 -0.359 -0.126 
Table 2.1 Adult miRNA PCA loadings. First three loadings from PCA analysis of miRNA data from all NIBD and CD 
adult samples (Figure 2.1A).  These cumulatively explain 82.0% of total variation. 
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Phenotype Colon-like (n=39) Ileum-like (n=22) P Value 

Patient Characteristics       

Age at Sample Collection (years) 37.64 34.73 0.456 

Male 18 10 1.000 

Female 21 12 1.000 

Smoker (current or previous ) 15 7 0.782 

     
Location    
Ileum-only 8 4 1.000 

Colon-only 11 3 0.225 

Ileum+Colon 20 15 0.282 

Upper GI 5 4 0.710 

     
Phenotypes and Involvement    
Perianal 17 5 0.165 

Ileal Disease 28 19 0.225 

   Inflammatory 7 0 0.000 

   Stricturing 17 15 0.108 

   Penetrating 4 4 0.443 

Disease Duration (years) 11.79 10.50 0.702 

     
Pre-operative treatment history    
Steroids 22 12 1.000 

5-ASA 11 11 0.104 

Immunomodulation 11 12 0.056 

Anti-TNF 22 13 1.000 

Non-anti-TNF biologic 5 1 0.404 
 
Table 2.2 Demographics of adult CD patients. CD patients were classified into colon-like and ileum-like CD 

molecular subtypes. Phenotype associations with subtypes were assessed using Fisher’s exact test (categorical 

data) and 2-tailed unpaired Student’s t test (continuous data). P < 0.05 (bolded) was considered statistically 

significant. 
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Phenotype 
Colon-like 

(n=39) 
Ileum-like 

(n=22) 
P Value 

Surgery 33 22 0.079 

Biologic Use =21/33 =16/22 0.566 

End ileostomy =11/33 =1/22 0.006 

Second resection =16/33 =8/22 0.418 

Time to first resection (years) 6.91 8.82 0.349 

Time from first to second resection (years) 9.4 (=15/33) 5 (=8/22) 0.292 

Post-op Colonoscopy =32/33 =17/22 NA 

   Remission (i0,i1) =9/32 =10/17 0.030 

   Recurrence (i2,i3,i4) or end ileostomy =23/32 =7/17 0.030 
Table 2.3 Post-operative clinical characteristics of adult CD patients. Associations between CD molecular 

subtypes with post-operative phenotypes were assessed using Fisher’s exact test (categorical data) and 2-tailed 

unpaired Student’s t test (continuous data). P < 0.05 (bolded) was considered a statistically significant association. 

Recurrence was defined as having a Rutgeerts score of i2, i3, i4 or the need for an end ileostomy within a year after 

the initial surgery. Remission was defined as a Rutgeerts score if i0, i1.  
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microRNAs PC1 PC2 PC3 

hsa-mir-31-5p 0.3016 -0.3615 0.1582 

hsa-mir-100-5p 0.0237 -0.2002 0.0119 

hsa-mir-125b-2-5p 0.0712 -0.1962 -0.0386 

hsa-mir-125b-1-5p 0.0716 -0.1958 -0.0400 

hsa-mir-146b-5p -0.0992 -0.1708 0.1077 

hsa-mir-155-5p 0.1276 -0.1466 -0.0824 

hsa-mir-142-5p_-_2 0.1203 -0.1457 -0.0524 

hsa-mir-486-5p -0.0415 -0.1448 -0.0408 

hsa-mir-146a-5p -0.0294 -0.1326 0.1265 

hsa-let-7i-5p 0.1052 -0.1247 -0.0669 

hsa-mir-127-3p -0.0223 -0.1242 -0.0431 

hsa-mir-342-3p 0.1622 -0.1185 -0.0053 

hsa-mir-99b-5p -0.0216 -0.1164 -0.0066 

hsa-mir-143-3p -0.0331 -0.1084 0.0236 

hsa-let-7e-5p -0.1734 -0.1028 -0.2720 

hsa-mir-222-3p -0.0621 -0.0972 -0.2130 

hsa-mir-21-3p 0.1425 -0.0960 0.0068 

hsa-mir-150-5p 0.1715 -0.0921 -0.2049 

hsa-mir-125a-5p -0.0363 -0.0809 -0.0506 

hsa-mir-126-3p 0.1165 -0.0808 -0.0938 

hsa-mir-221-3p 0.1655 -0.0742 -0.0092 

hsa-mir-92b-3p -0.0987 -0.0728 -0.1797 

hsa-mir-181a-1-5p 0.0303 -0.0588 -0.1138 

hsa-mir-181a-2-5p 0.0303 -0.0588 -0.1138 

hsa-mir-30a-5p 0.0352 -0.0548 -0.0246 

hsa-mir-21-5p 0.1848 -0.0536 -0.0131 

hsa-mir-29a-3p 0.2077 -0.0513 -0.0347 

hsa-mir-27a-3p 0.0881 -0.0511 -0.0833 

hsa-mir-199a-1-3p 0.1187 -0.0494 -0.0877 

hsa-mir-199b-3p 0.1187 -0.0494 -0.0877 

hsa-mir-199a-2-3p 0.1186 -0.0485 -0.0884 

hsa-mir-10b-5p_+_1 -0.0771 -0.0432 0.0673 

hsa-mir-148a-3p 0.0478 -0.0423 -0.0463 

hsa-mir-27b-3p 0.0523 -0.0372 -0.0259 

hsa-let-7f-1-5p -0.1088 -0.0345 -0.1806 

hsa-mir-25-3p 0.0660 -0.0344 -0.0581 

hsa-mir-10b-5p -0.0877 -0.0327 0.0574 

hsa-let-7f-2-5p -0.1090 -0.0317 -0.1810 

hsa-mir-451a 0.2300 -0.0310 0.0150 

hsa-let-7a-3-5p -0.0843 -0.0253 -0.1997 

hsa-let-7a-1-5p -0.0845 -0.0252 -0.1999 

hsa-let-7a-2-5p -0.0850 -0.0251 -0.2001 
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hsa-let-7g-5p 0.0676 -0.0202 -0.0738 

hsa-mir-423-5p -0.1294 -0.0196 -0.2563 

hsa-mir-26b-5p 0.0949 -0.0106 -0.0700 

hsa-let-7b-5p -0.0637 -0.0106 -0.1841 

hsa-mir-145-5p 0.1503 -0.0101 0.0681 

hsa-mir-10a-5p_+_1 -0.0227 -0.0015 0.1161 

hsa-mir-320a 0.0377 0.0006 -0.1335 

hsa-mir-10a-5p -0.0372 0.0029 0.1007 

hsa-mir-22-3p 0.1272 0.0042 -0.0391 

hsa-mir-92a-2-3p -0.0545 0.0089 -0.2035 

hsa-mir-103a-2-3p 0.1191 0.0093 -0.0782 

hsa-mir-103a-1-3p 0.1189 0.0093 -0.0782 

hsa-mir-16-2-5p 0.1693 0.0095 -0.0490 

hsa-mir-16-1-5p 0.1693 0.0096 -0.0488 

hsa-mir-92a-1-3p -0.0549 0.0127 -0.2052 

hsa-mir-26a-1-5p 0.0828 0.0154 -0.0461 

hsa-mir-26a-2-5p 0.0829 0.0155 -0.0462 

hsa-mir-191-5p 0.0051 0.0202 0.0492 

hsa-mir-182-5p -0.0018 0.0206 0.0891 

hsa-mir-423-3p -0.0158 0.0226 -0.1806 

hsa-mir-186-5p 0.0985 0.0295 -0.0190 

hsa-mir-28-3p -0.0529 0.0339 -0.0902 

hsa-mir-30e-5p 0.1083 0.0434 -0.0485 

hsa-mir-30d-5p 0.0344 0.0459 -0.0909 

hsa-mir-30c-1-5p 0.1170 0.0901 -0.1760 

hsa-mir-30c-2-5p 0.1170 0.0901 -0.1761 

hsa-mir-196b-5p 0.0146 0.1053 -0.0554 

hsa-mir-30b-5p 0.2464 0.1173 -0.0940 

hsa-mir-141-3p 0.1438 0.1357 0.1066 

hsa-mir-192-5p -0.0248 0.1501 0.0364 

hsa-mir-200b-3p 0.0357 0.1530 -0.1058 

hsa-mir-378a-3p 0.0432 0.1701 -0.0626 

hsa-mir-200a-3p 0.1710 0.1742 -0.0164 

hsa-mir-215 0.0307 0.1810 0.0630 

hsa-mir-375 -0.0738 0.1829 -0.1513 

hsa-mir-200b-3p_+_1 0.0626 0.1841 -0.0862 

hsa-mir-192-5p_+_1 0.0020 0.1852 0.0257 

hsa-mir-200c-3p 0.1313 0.2138 -0.0205 

hsa-mir-194-1-5p 0.1438 0.2363 -0.0050 

hsa-mir-194-2-5p 0.1755 0.2492 -0.0400 
Table 2.4 Pediatric miRNA colon tissue PCA loadings. First three microRNA PCA loadings from pediatric CD and 
non-IBD colon samples (Figure 2.6C).  These cumulatively explain 67.7% of total variation. 
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microRNAs PC1 PC2 PC3 

hsa-mir-150-5p 0.2897 -0.0660 0.1074 

hsa-mir-142-5p_-_2 0.2386 -0.1092 0.0487 

hsa-mir-342-3p 0.2326 0.0033 -0.0736 

hsa-mir-155-5p 0.2289 -0.1013 0.0449 

hsa-mir-29a-3p 0.2156 0.0630 0.0705 

hsa-mir-21-5p 0.1879 0.1005 0.0547 

hsa-mir-125b-1-5p 0.1830 -0.0837 -0.1763 

hsa-mir-125b-2-5p 0.1828 -0.0839 -0.1759 

hsa-mir-21-3p 0.1799 0.0568 0.0225 

hsa-mir-100-5p 0.1681 -0.1133 -0.3045 

hsa-let-7i-5p 0.1676 -0.0216 0.0737 

hsa-mir-16-1-5p 0.1601 0.0637 0.0922 

hsa-mir-16-2-5p 0.1601 0.0635 0.0922 

hsa-mir-221-3p 0.1598 0.0792 0.0451 

hsa-mir-145-5p 0.1566 0.1991 -0.1190 

hsa-mir-199a-1-3p 0.1472 0.0326 0.1227 

hsa-mir-199b-3p 0.1472 0.0326 0.1227 

hsa-mir-199a-2-3p 0.1467 0.0323 0.1231 

hsa-mir-30b-5p 0.1405 0.2144 0.0958 

hsa-mir-126-3p 0.1332 0.0306 0.0618 

hsa-mir-146a-5p 0.1278 -0.1993 -0.1700 

hsa-mir-186-5p 0.1202 0.0498 0.0266 

hsa-mir-99b-5p 0.1139 -0.0556 -0.2917 

hsa-mir-27a-3p 0.1049 0.0234 0.0659 

hsa-mir-451a 0.1037 0.1861 0.0732 

hsa-mir-103a-2-3p 0.1003 0.0628 0.0916 

hsa-mir-103a-1-3p 0.1001 0.0625 0.0918 

hsa-mir-26a-1-5p 0.0959 0.0116 0.0327 

hsa-mir-26a-2-5p 0.0959 0.0117 0.0327 

hsa-mir-30e-5p 0.0956 0.0523 0.0645 

hsa-let-7g-5p 0.0952 -0.0257 0.0725 

hsa-mir-181a-1-5p 0.0898 -0.0672 0.0562 

hsa-mir-181a-2-5p 0.0898 -0.0672 0.0562 

hsa-mir-30c-2-5p 0.0878 0.0680 0.1255 

hsa-mir-30c-1-5p 0.0878 0.0680 0.1255 

hsa-mir-125a-5p 0.0868 -0.0755 -0.1776 

hsa-mir-25-3p 0.0847 -0.0213 0.0452 

hsa-mir-26b-5p 0.0814 0.0222 0.0361 

hsa-mir-30a-5p 0.0781 -0.0101 -0.0191 

hsa-mir-27b-3p 0.0746 0.0151 -0.0044 

hsa-mir-191-5p 0.0726 0.0031 -0.0980 

hsa-mir-127-3p 0.0664 -0.0422 -0.0624 



42 
 

hsa-mir-148a-3p 0.0599 0.0269 -0.0053 

hsa-mir-146b-5p 0.0585 -0.1648 -0.1995 

hsa-mir-320a 0.0559 0.0174 0.1025 

hsa-mir-143-3p 0.0528 -0.0375 -0.0468 

hsa-mir-22-3p 0.0482 0.0839 0.1250 

hsa-mir-30d-5p 0.0441 0.0046 0.0433 

hsa-mir-10a-5p_+_1 0.0423 0.0108 -0.1020 

hsa-mir-10b-5p_+_1 0.0392 -0.0723 -0.1094 

hsa-mir-92b-3p 0.0294 -0.1995 0.0646 

hsa-mir-10b-5p 0.0283 -0.0775 -0.1211 

hsa-mir-10a-5p 0.0274 -0.0009 -0.1294 

hsa-mir-423-3p 0.0180 -0.0792 0.2023 

hsa-mir-92a-2-3p 0.0134 -0.1304 0.0867 

hsa-mir-486-5p 0.0121 -0.1203 0.0152 

hsa-mir-182-5p 0.0108 0.0237 -0.0893 

hsa-mir-92a-1-3p 0.0102 -0.1283 0.0895 

hsa-mir-222-3p -0.0015 -0.1338 0.1592 

hsa-mir-28-3p -0.0038 -0.0762 0.0432 

hsa-mir-31-5p -0.0112 0.1615 0.1179 

hsa-mir-196b-5p -0.0115 0.0509 0.0131 

hsa-mir-200a-3p -0.0189 0.1887 0.0416 

hsa-mir-200b-3p -0.0189 0.1336 -0.0432 

hsa-mir-378a-3p -0.0222 0.1172 0.0767 

hsa-mir-200c-3p -0.0224 0.1892 0.0622 

hsa-let-7b-5p -0.0251 -0.1169 0.1303 

hsa-mir-141-3p -0.0251 0.1620 -0.0245 

hsa-let-7a-3-5p -0.0359 -0.1530 0.1507 

hsa-let-7a-1-5p -0.0361 -0.1532 0.1509 

hsa-let-7a-2-5p -0.0366 -0.1537 0.1512 

hsa-let-7e-5p -0.0398 -0.2765 0.2285 

hsa-let-7f-1-5p -0.0400 -0.1820 0.1722 

hsa-mir-423-5p -0.0401 -0.2089 0.1330 

hsa-mir-200b-3p_+_1 -0.0406 0.1462 0.0596 

hsa-let-7f-2-5p -0.0420 -0.1808 0.1712 

hsa-mir-194-2-5p -0.0444 0.2281 0.0809 

hsa-mir-194-1-5p -0.0905 0.1734 0.0266 

hsa-mir-375 -0.1101 0.0053 0.0639 

hsa-mir-192-5p -0.1234 0.0433 -0.0345 

hsa-mir-192-5p_+_1 -0.1255 0.0580 -0.0142 

hsa-mir-215 -0.1509 0.0527 -0.0294 
Table 2.5 Pediatric miRNA ileum tissue PCA loadings. First three microRNA PCA loadings from pediatric CD and 
non-IBD ileum samples (Figure 2.6D).  These cumulatively explain 77.3% of total variation. 
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Phenotype 
Low miR-31 

(n=46) 
High miR-31 

(n=30) 
P Value 

Patient Characteristics       

Age at Diagnosis 12.1 11.6 0.524 
Male 30 21 0.804 
Female 16 9 0.804 

     
INITIAL PHENOTYPES    
     
Location    
Ileum-only 10 1 0.042 
Colon-only 6 8 0.225 
Ileum + Colon 30 21 0.804 
Upper GI* 19 7 0.134 

     
Phenotypes and Involvement    
Perianal 15 8 0.620 
Ileal Disease 40 22 0.225 
   Inflammatory 35 20 0.436 
   Stricturing 4 2 1.000 
   Penetrating 1 0 1.000 

     
SUBSEQUENT PHENOTYPES    
     
Location    
Ileum-only 8 1 0.078 
Colon-only 4 7 0.100 
Ileum + Colon 34 22 1.000 
Upper GI* 26 13 0.348 

     
Phenotypes and Involvement    
Perianal 16 12 0.808 
Ileal Disease 42 23 0.100 
   Inflammatory 24 19 0.356 
   Stricturing 16 2 0.005 
   Penetrating 2 2 0.645 
Disease Duration (years) 6.2 6.7 0.404 

     

Phenotypes and Involvement (Progression)    
Ileal Disease (no initial complications) =37/41 =21/28 0.106 
   Inflammatory =23/41 =19/28 0.452 
   Stricturing =12/41 =0/28 0.001 
   Penetrating =2/41 =2/28 1.000 
Time to Stricturing (years) 2.9 NA NA 

     
Surgical History    
Surgery with Anastomosis 20 6 0.048 
Peri-anal Surgery 8 3 0.511 
Temporary Ileostomy 4 3 1.000 
Permanent Ileostomy 1 0 1.000 

 

Table 2.6 Clinical phenotypes of pediatric CD patients. Pediatric CD patients were classified into low miR-31 

expression (<150 RPMMM; n=46) and high miR-31 expression (≥150 RPMMM; n=30) groups. Clinical phenotypes 

were recorded at time of initial diagnosis when miR-31 expression was determined, and at subsequent time points 

after these initial diagnoses. Location of disease in the upper gastrointestinal (GI) tract is in addition to colonic and/or 

ileal disease. Only patients that initially presented with inflammation only and no complications were considered when 

assessing progression to disease complications. Associations between molecular subtypes and clinical phenotypes 

were assessed using Fisher’s exact test and were performed only on categories with at least 8 patients across both 

subtypes. Significant associations (p<0.05) are bolded.  
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CHAPTER III: UPREGULATION OF PANETH CELL-ASSOCIATED ANTIMICROBIAL PEPTIDE 
EXPRESSION WITHIN COLONIC IECS DEFINES A NOVEL MOLECULAR CD SUBTYPE 

 
INTRODUCTION 

 

The number and scale of disease-specific sequencing studies continue to increase, improving our 

ability to accurately and robustly determine molecular subtypes of disease. As well as providing the 

potential to identify novel subtypes, this increase in power allows for a more nuanced distinction of the 

molecular drivers underpinning distinct disease subtypes. Subtyping of disease through biologically 

relevant molecular similarities and differences has been well documented in various cancers where this 

methodology has resulted in a more accurate prognosis, better optimized individualized patient 

management, and improved therapeutic selection (37). The molecular subtyping of pancreatic cancer 

(PDAC), where subtypes do not currently inform clinical decision making (116), is still in its infancy. The 

first classification studies of PDAC using transcriptomic data discovered three prognostic subtypes that 

have been further revised to four subgroups after numerous subsequent studies (117) (118) (119), 

reminiscent of early breast cancer studies (120). The established subtypes of breast cancer identified 

through molecular profiles are now routinely used to guide decision making in the clinic and to facilitate 

the development of novel therapeutics (37). 

Previously, our group identified distinct molecular subtypes of Crohn’s disease (CD), a genetically 

and clinically heterogeneous disorder of the gastrointestinal (GI) tract characterized by abnormal immune 

responses to luminal gut contents, and one of the primary inflammatory bowel diseases (IBD) (50). Using 

non-inflamed samples of the colonic mucosa from 21 adult patients, striking differences in molecular 

profiles were observed across genome-wide gene expression, open chromatin, and microRNA data (82) 

(83).  Differential gene expression analysis revealed a contrasting enrichment for markers of normal 

colon-tissue (colon-like; CL) and ileum-tissue (ileum-like; IL) between the two groups. Importantly, we 

identified clinically relevant associations with these molecular subtypes, including stricturing ileal disease, 

severe rectal disease, and need for anti-TNF therapy post-surgery (82) (83).  
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Although the exact cause of CD is unknown, numerous studies have suggested that the 

dysfunction of intestinal barriers is fundamental to its pathogenesis (121) (122). Intestinal epithelial cells 

(IECs) are at the interface of the enteric microbiota and the intestinal mucosa, mediating complex 

crosstalk to provide a physical and chemical barrier that protects the intestine from pathogenic and 

commensal microbial species (123). The IEC monolayer consists of various cell types with specialized 

functions whose proportions change according to specific segments of the GI tract, protecting host tissue 

through mucus secretion, tight junctions between cells, and antimicrobial peptide (AMP) production (122). 

Paneth cells are a specialized cell type within IECs of the small intestine that produces antimicrobial 

peptides (AMPs) to protect stem cell populations residing within the base of intestinal crypts from the 

enteric microbiota (121) (124). In the colon, the exact mechanisms driving the protection of the intestinal 

epithelial are unclear, but a comparatively thicker mucus layer due to increased abundances of goblet 

cells is thought to play a critical role in host protection from the intestinal microbiota (125). Although 

Paneth cells are not detected within the colonic mucosa of healthy individuals, several studies suggest 

that inflammation induces Paneth cell metaplasia in the colon (126) (127) (128). 

Validation of previously established subtypes using a larger patient cohort will provide a more 

complete understanding of the molecular and cellular drivers of CD subtypes to enable novel 

development of therapeutics. Due to the heterogeneity of CD and transcriptomic profiles of the colonic 

mucosa (82) (77) (129), increasing the study size may facilitate the discovery of additional molecular 

subtypes. In this study, we performed RNA-sequencing (RNA-seq) on a large cohort of non-inflamed 

mucosal samples from the ascending colon consisting of 90 CD and 27 non-IBD controls (NIBD). 

Through deconvolution analysis of bulk colonic mucosal tissue, we first confirmed that the primary cellular 

faction of our samples was IECs. After correcting for varying proportions of IECs across our cohort, we 

repeat the stratification of CD samples into the previously established CL and IL subtypes (82), and 

further confirm our previous finding that used microRNA expression data to suggest that the stratification 

is driven by gene expression profiles within IECs (83). Using CL samples, we performed consensus 

clustering analysis to further subdivide the subtype into two distinct clusters. Through differential gene 

expression and pathway analyses, we determined that specific Paneth cell markers drive the separation 

of these novel CD subtypes suggesting the presence of undefined Paneth-like cells with AMP function. 
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Our study underscores the importance of molecular profiling in heterogeneous disorders such as CD. 

These results may reflect a novel mechanism for the colon to respond to an increased inflammatory and 

microbial burden that is absent in a subset of patients. 

 

RESULTS 
 

Covariate correction and deconvolution analyses reveal bulk colon mucosa transcriptomic 
profiles driven by intestinal epithelial cells  
 

In contrast to our previous study that demonstrated distinct clusters of CD patients using Mrna 

expression profiles (82), the patient cohort utilized here incorporated an additional 78 medically refractory 

CD patients undergoing surgery as well as CD patients undergoing routine endoscopies at UNC 

hospitals. This presented additional challenges in the processing of expression data for downstream 

analyses. Tissue samples obtained for expression analysis were ascending colon mucosal biopsies and 

expected to predominantly consist of intestinal epithelial cell (IEC) populations. To confirm this, we 

performed deconvolution analysis of our bulk RNA-seq data using expression profiles from 12 cell types 

expected within mucosal tissue, along with control expression profiles from pancreas and heart tissue 

(Figure 3.1A), to predict IEC representation within tissue samples. As expected, IECs were the primary 

cell type across our samples with the remainder mainly consisting of T-cells and macrophages. For 

skeletal muscle, heart, and pancreas data, deconvolution did not attribute these expression profiles to any 

of our colonic samples. Although predicted IEC proportion varied across samples (mean: 78.9%, SD: 

0.073), differences in IEC proportions were not significant between CD and NIBD (P = 0.195) or surgical 

and endoscopic (P = 0.541) samples. These findings suggest that variations in expression profiles across 

samples are largely representative of changes in IEC gene expression. 

 To facilitate the detection of changes in gene expression driven by CD and molecular subtypes of 

CD, we corrected for several covariates in differential gene expression and downstream clustering 

analyses. Samples were sequenced across 9 batches which separated when performing principal 

components analysis (PCA) (Figure 3.1B). Subsequent PCA after correcting for batch resulted in 

significant correlations between top principal components and patient sex (PC2: r = -0.686, P = 2.2 × 10-

16; Figure 3.1C), IEC proportion (PC1: r = 0.400, P = 6.5 × 10-06; Figure 3.1D), RNA degradation 

(Transcript Integrity Number, TIN; PC1: r = 0.339, P = 1.6 × 10-04), and age at sample acquisition (PC2: r 
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= -0.289, P = 0.002; Table 3.1). Significant correlations were also observed between these covariates and 

top principal components when analyzing CD subtypes independently. Further, we detected significant 

differences between patient age at sample acquisition and disease status (P = 2.3 × 10-08), in addition to 

TIN and disease subtype (P = 1.9 × 10-06; Table 3.2). Although differences in patient age between our 

NIBD and CD patients are not surprising due to an increased prevalence of GI complications in later life 

compared to the presentation of CD predominantly in young adults (130) (131), age needed to be 

corrected to prevent the detection of variation due to differences in age across sampled patients. To 

ensure consistency, gene expression data throughout our analyses were corrected for batch, sex, age at 

sample acquisition, IEC proportion, and TIN.  

 

Transcriptomic data from a large adult cohort recapitulates previously established molecular 
subtypes 
 

Our previous two studies demonstrated the utility in genome-wide Mrna, lncRNA, microRNA, and 

chromatin accessibility for the stratification of CD into distinct molecular subtypes (82) (83). To strengthen 

these findings, we combined our previous cohort of 13 adult mucosal biopsies from the ascending colon 

(12 CD and 1 NIBD) and further introduced 107 adult mucosal biopsies (78 CD and 29 NIBD) to identify 

CD molecular subtypes using Mrna and lncRNA expression. PCA of Mrna (Figure 3.2A) and lncRNA 

(Figure 3.2B) expression profiles revealed the characteristic stratification of CD samples as observed 

previously, with one subgroup of CD samples more closely clustering with NIBD controls and the other 

clustering independently. Differential expression (DE) analysis was performed between these two CD 

subgroups, revealing an 8.5 fold increase in the number of DE genes between the two groups than 

observed previously (849 genes at FDR < 0.05 previously (82) versus 7230 genes at FDR < 0.05 in the 

current study), primarily due to the increase in power obtained by our increased sample size in the 

present study. Colon-like (CL) and ileum-like (IL) expression signatures were confirmed through the 

comparison of colon-specific and ileum-specific marker expression used in our previous analysis (Figure 

3.2C) (93) (82). In our previous studies (82) (83), we used the ileum-specific marker APOA1 (Figure 3.2D) 

and colon-specific marker CA2 (Figure 3.2E) to designate samples as CL or IL. By contrasting the 

expression of these markers across our two CD groups, we observed a clear distinction between samples 

that strongly associate with ileum or colonic transcriptomic signatures. 
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To interrogate genome-wide colon and ileum expression signatures further between the identified 

CD subgroups, gene set enrichment analysis (GSEA) was performed using weighted gene scores based 

on DE significance and fold change. Custom phenotypes consisting of colon-specific and ileum-specific 

tissue markers from an analysis of gene expression signatures from various regions of the 

gastrointestinal tract (93) were tested across our weighted gene set. As expected, we discovered a strong 

enrichment of ileum-specific genes for upregulated genes within our isolated CD subgroup (FDR < 

0.0001) compared with highly significant enrichment of colon-specific marker genes within the 

upregulated gene set of our other CD subgroup (FDR < 0.0001) (Figure 3.2F). Pathway enrichment 

analysis further recapitulated our previous findings. IL CD samples were enriched in genes involved in 

metabolism (FDR = 5.67 × 10-23), specifically lipid metabolism (FDR = 2.60 × 10-18) and xenobiotic 

metabolism (FDR = 0.0014), whereas CL CD samples exhibited enrichment for energy production 

through the TCA cycle (FDR = 4.37 × 10-06). Together, these results demonstrate that our novel cohort of 

CD samples from non-inflamed regions of ascending colonic mucosa display distinct gene expression 

profiles replicating the findings of our previous studies. 

 The identification of molecular CD subtypes through PCA resulted in 11 IL CD samples (4 novel 

IL samples) and 79 CL CD samples (74 novel CL samples). In contrast to our previous two studies (82) 

(83), where samples used were identical across both publications, we observe unequal proportions of our 

two CD subtypes (11.5% IL CD in the present study versus 47.6%-50% IL CD in previous studies). There 

may be several reasons for this discrepancy. Firstly, our original two molecular subtypes may represent 

extremes within the CD patient population that are not fully captured in the cohort selected for this study. 

A total of 21 patients were selected for our original study, with tissue samples being taken from various 

regions of the colon, compared with 96 samples taken specifically from the ascending colon of patients 

discussed here. These differences in both sample size along with the anatomical location of the sampled 

tissue may contribute to the altered molecular subtype proportions we observed. Secondly, the samples 

acquired here consist of surgical and endoscopic biopsies. In general, patients who undergo surgery 

might exhibit more active disease in comparison to non-surgical patients, which we may expect to be 

reflected at the molecular level when looking at gene expression with our previous studies associating 

molecular subtypes with disease course (82) (79) (83). Overall, 0/40 CD samples obtained via an 
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endoscopy were identified as IL CD compared with 11/56 IL CD samples from surgical procedures. These 

data again confirm that at least two distinct molecular subtypes exist within colonic CD driven by GI 

location-specific expression profiles. Further studies of these molecular subtypes, in particular IL CD, will 

require careful study design to ensure sufficient sample sizes for statistical power and further refinement 

of the IL CD subtype. 

 

Differential gene expression analysis reveals ileal gene signatures in colon-like CD samples 

To evaluate further whether additional CD molecular subtypes could be identified using 

transcriptomic signatures from non-inflamed colonic tissue, we filtered samples identified as IL CD. Due to 

the extreme variation in gene expression profiles between IL and CL CD samples, dimensionality 

reduction through PCA was sufficient to confidently assign samples into subtypes for downstream 

analyses. PCA of gene expression data from CL CD and NIBD samples (Figure 3.3A) indicated that 

variation among CL CD samples was largely driven by principal component 1 (PC1; r = 0.56, P = 

7.91×10-08). Interestingly, PC2 was strongly correlated with disease status (r = 0.52, P = 1.26×10-08) 

suggesting that variability across these samples is primarily driven by CL CD samples rather than 

changes in gene expression due to disease status. Through differential gene expression analysis of CL 

CD and NIBD, we detected 210 differentially expressed genes (FDR < 0.05; Figure 3.3B). After setting a 

magnitude threshold (log2 fold change > 1.5) for genes significantly upregulated in CL CD, 5/9 genes 

(REG3A, DEFA6, DEFA5, REG1B, ITLN2) were specifically elevated in the terminal ileum according to 

GTEx (132). These same genes are upregulated further in IL CD when compared against CL CD samples 

(FDR < 1×10-06, log2 fold change > 5.1), suggesting a discrete, but detectable, ileal signature within a 

subset CL CD samples. 

 

Consensus clustering identifies colon-like CD clusters driven by Paneth cell-associated 
expression signatures 
 

To stratify CL CD into further subgroups, we employed the class discovery methodology 

consensus clustering (CC) (133) and the partitioning around medoids clustering algorithm across 79 CL 

CD samples. Compared to common clustering approaches that produce varying results either due to a 

randomized start procedure (K-means) or a user-defined number of clusters (K-means/hierarchical 
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clustering) (134), CC relies on multiple iterations of a clustering algorithm on subsamples of the data to 

gain consensus subgroup assignments (133). After first removing rare and ubiquitously expressed genes 

from the dataset that would not be informative for identifying novel sample clusters, and further identifying 

a gene set of the most variable genes across all CL CD samples, unsupervised CC analysis was 

performed. To identify the optimal number of clusters from CC analysis of CL CD samples, we used the 

cumulative distribution function (CDF; Figure 3.4A). Using consensus index (CI) values in the range [0.2, 

0.8], we defined the optimal and stable partitioning of samples as the flattest CDF curve within our CI 

range. The proportion of ambiguous clusters (PAC) score was also employed as a robust alternative to 

identify the correct number of clusters (135), with the lowest PAC score of k clusters indicating optimal 

cluster number. We found that 2 clusters inferred the optimal number of clusters within our dataset, 

defined by the most stable CDF curve (Figure 3.4A, red) and the lowest PAC score (2 clusters = 0.181). 

To identify the genes driving CC clusters, we first performed hierarchical clustering on the 100 

most variably expressed genes across 79 CL CD samples (Figure 3.4B). Across one of our CC derived 

clusters we observed a group of genes that are more robustly expressed within the small intestine (132) 

(136). Additionally, we determined that a subset of these genes were markers of Paneth cells, a 

specialized cell type found at the base of small intestinal crypts that produce antimicrobial peptides 

(AMPs), which is not usually within the colon in healthy individuals (121) (124). The variability in AMP 

expression across CD samples from the colonic mucosa was also recently observed in a study using 

Genome-wide 5’-RNA sequencing of capped RNAs (CAGE) (77). To further confirm this Paneth cell 

signature, we performed differential gene expression analysis between CC-derived CL CD subgroups 

revealing 452 differentially expressed (DE) genes (FDR < 0.05, Figure 3.4C). By considering significantly 

DE genes with the largest changes in magnitude between CC groups (log2 fold change > 1.5), 6/16 genes 

(REG1A, DEFA6, REG3A, DMBT1, REG1B, DEFA5) were established Paneth cell markers (FDR < 

0.003, log2 fold change > 1.7; Table 3.3). These results suggest that the upregulation of ileum-associated 

genes, especially marking Paneth cells, are driving the differences across our two CC clusters. Due to the 

upregulation of this Paneth-associated signature, we referred to CC clusters as Paneth enriched CD (PE) 

and Paneth depleted CD (PD). 
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To more broadly evaluate differential gene signatures, we compared pathway-level expression 

patterns of CC subgroups. We first identified several significant associations (FDR < 0.05) with innate 

immune responses, including interferon signaling, defensins, and antigen presentation in the PE 

subgroup (Figure 3.4E, orange). Reanalysis of our deconvolution results for predicted immune cell 

fractions revealed no significant differences in T-cell, macrophage, or B-cell proportions between CC 

groups. With the majority of colonic samples previously being shown to consist of IECs, upregulated 

immune-associated pathways may reflect an increased immune capacity of PE IECs. Pathway analysis 

also revealed a significant enrichment of metabolism-associated pathways in PE samples, resembling the 

upregulation metabolic functions observed in IL CD (82). In the PD subgroup, we observed a significant 

association of pathways involved in BMP signaling along with guanylate cyclase and sialic acid 

metabolism (Figure 3.4E, blue). BMP signaling is part of the transforming growth factor (TGF)-beta family 

of signaling molecules and contributes to a range of biological functions across various tissues (137). 

Interestingly, a recent study by our group discovered that BMP signaling restricts the stemness of colonic 

IECs, with upregulated BMP signaling diving differentiation towards colonocytes (138), a key cell type in 

maintaining colonic barrier function (139). These associations may, therefore, suggest that differences in 

gene expression profiles between our CC groups point to an altered stemness capacity within IECs 

promoting elevated immune function.  

Together, these results suggest that the heterogeneity among CL samples is indicative of 

additional CD molecular subtypes. Similar to the identification of the IL subtype, differences between CL 

subgroups are driven by gene expression signatures found outside the colon in healthy individuals. The 

upregulation of AMP gene expression may reflect a primed state of PE IECs within a subset of CL CD 

patients for defense against infiltrating bacterial populations within the colonic lumen. 

Upregulation of Paneth marker genes may suggest the differential proliferation of an undefined 
Paneth-like cell type between colon-like CD groups. 
 
 To contrast the expression of Paneth-associated genes across our 3 CD subgroups and between 

NIBD controls from the colon (Cnibd) and ileum (Inibd), we compared the expression of three AMPs that 

are critical to the antimicrobial function of Paneth cells, DEFA5 (Figure 3.5A), REG1A (Figure 3.5B), and 

LYZ (Figure 3.5C). LYZ is an important enzyme that is secreted by Paneth cells to regulate intestinal 

inflammation (140) (141) and is often used as a marker of Paneth cells (142) (143). We observed a 
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striking gradient of increasing DEFA5 and REG1A expression from Cnibd to Inibd samples that are not 

shared by LYZ. LYZ is not differentially expressed between PD and PE subtypes (FDR < 0.324) but is 

significantly elevated in IL samples compared to PD and PE subtypes (FDR < 5.65×10-07 and FDR < 

4.23×10-03 for PD and PE comparisons respectively). We further performed a supervised hierarchical 

clustering analysis using a combination of CL, IL, PD, and PE specific genes selected through differential 

analysis (Figure 3.5D). The result from this analysis again reveals the extreme variations in expression 

profiles between IL and CL subtypes and displays the underlying heterogeneity among CL CD samples. 

Although a clear stratification of IL CD and CL CD samples was observed, we did not observe a clean 

stratification of PE and PD subtypes. Interestingly, the only subset of genes used in this analysis that are 

consistently upregulated in both IL and PE CD samples are the Paneth cell AMPs identified through PCA. 

While these results generally agree with the classification obtained through CC analysis, further 

refinement of these subtypes will be necessary to understand the molecular mechanisms driving Paneth 

signature displayed by a subset of CL CD samples.   

 To characterize the impact of CL CD subgroups on disease presentation, we analyzed the clinical 

phenotypes of the same 50 PE and 29 PD samples defined through CC analysis (Table 3.4). Although we 

detected no significant differences in disease location, disease behavior, or treatment history at the time 

of sample collection, we found that disease duration at the time of sampling was significantly shorter in 

PE compared with PD (P = 0.026). However, after further correlation analysis of mean AMP expression 

against disease duration, we found that the variability in disease duration among CL CD patients resulted 

in a no correlation between AMP expression and disease duration (r = 0.08, P = 0.943). Compared with IL 

and CL molecular subtypes, our newly discovered PD and PE CD subtypes display more subtle changes 

in gene expression profiles. Longitudinal prospective monitoring of clinical characteristics will be 

necessary to relate these molecular subtypes to clinical presentation.  

Taken together, these results suggest that differences in AMP expression drive the stratification 

of CL CD samples. The specific combination of AMP genes driving this expression profile point to an 

undefined Paneth-like cell type that may form part of a response to inflammation of the colonic mucosa in 

a subset of CL CD patients. Further confirmation of AMP expression in colonic IECs will be vital to 
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understand this expression signature and its function within CL CD. More extensive clinical characteristics 

will also become important in follow up studies to translate these findings to the clinic. 

 

DISCUSSION 

We confirmed our previous findings that genome-wide transcriptomic profiles of colon tissue from 

adult CD patients stratify into two distinct molecular subtypes. While further confirming the enrichment of 

pathways involved in lipid and xenobiotic metabolism in the IL subtype, our study builds on this result by 

performing deconvolution analyses to confirm that molecular signatures are driven by expression profiles 

in the colonic epithelia. Surprisingly, we found far fewer IL samples in this larger patient cohort. 

Compared to the adult cohort used across our previous studies (82) (83), here we recruited samples from 

patients undergoing surgical procedures and routine endoscopies. We found that 0/40 endoscopy 

samples displayed IL gene expression signatures suggesting that disease course may be inherently 

linked to the presentation of CL and IL molecular subtypes. Although additional analyses focusing on IL 

samples was not performed in this study due to limitations in power, it will become vital in the future to 

design studies that ensure greater numbers of samples to refine this molecular subtype further. 

Through unsupervised consensus clustering analysis of 79 CL subtype samples, we identified 

two distinct clusters that were driven by the upregulation of small intestinal genes. Further, differential 

analysis suggested that the antimicrobial peptides (AMPs), specially REG family genes and α-defensins, 

and DMBT1 indicate Paneth cell signatures within a subset of CL CD patients that is not observed within 

the colonic epithelia of healthy individuals. Generally, these genes function to regulate the enteric 

microbiota within the small intestine, representing key players of innate immunity (144) (145) (146). The 

REG family of genes represent a group of secretory proteins that play a wide range of roles to promote 

proliferation, differentiation, and prevent apoptosis (144) with expression mainly localized to the pancreas, 

liver, brain and GI tract (147). A previous study suggested that REG is upregulated in the colon in 

response to inflammation (148) and further investigations by in situ hybridization showed that REG1A, 

REG1B, and REG3A are detected in the colonic mucosa of inflamed and uninflamed IBD patients, 

localizing to metaplastic Paneth cells (128). Various studies have shown that ileal CD is characterized by 

decreased α-defensin expression compromising the antimicrobial activity of the gut mucosa (149) (150). 
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Although normal colonic mucosa does not express α-defensins, they have been detected within the crypt 

of inflamed and uninflamed IBD samples due to Paneth cell metaplasia (126) (127). DMBT1 has been 

proposed to play roles in various epithelial cancer types with studies suggesting potential functions in the 

differentiation of epithelial and stem cells for tumor suppression (151) (152). In the intestine, upregulation 

of DMBT1 has been observed primarily within Paneth cells of various epithelial cell lines (153), human 

ileal Paneth cells correlating with disease activity in IBD patients (154), and in the IEC of the colonic 

mucosa biopsies in response to intestinal inflammation (155). In contrast to our sample cohort, which 

consists of non-inflamed sections of the ascending colon, recent studies have suggested that 

inflammation plays a key role in the upregulation of Paneth cell markers in the colonic epithelial. Follow-

up studies will be required to determine whether the upregulation of Paneth cell marker genes in colon 

IECs is the result of aberrant regulatory mechanisms or represents a priming response to intestinal 

inflammation. 

While our results are consistent with previous studies that have discovered Paneth-like gene 

expression profiles in colonic crypts in rats (156), mice (157), and humans (158), a major discrepancy 

between studies performed using human colon samples are the genes marking Paneth-like cell 

populations. Studies in mice have discovered populations of goblet cells marked by the stem cell growth 

factor cKit (cKit+ cells) located at the base of colonic crypt and interspaced between Lgr5+ stem cells, 

reminiscent of Paneth cells in the small intestine (157). Through the secretion of several important 

factors, such as defensins, these cells were hypothesized to play an important role in maintaining crypt 

homeostasis in the colon. A more recent study suggested that cKit+ cell differentiation is promoted by 

Stat5 upregulation in response to intestinal injury (159). In human colonic crypts, significant upregulation 

of DEFA5, DEFA6, and LYZ  has been attributed to metaplastic Paneth-like cells in the colon of UC 

patients (160). Single-cell RNA-seq (scRNA-seq) of non-inflamed colonic mucosa sections from colon 

cancer patients revealed a Paneth-like population of cells marked by a number of Paneth marker genes, 

including LYZ (158). In contrast to our findings, the Paneth-like cell signature did not include defensins 

and REG family genes. Through reanalysis of this scRNA-seq dataset, we found that cell clusters 

identified as Paneth cells in ileal mucosa samples were not specifically marked by DEFA5 or reg family 

genes, raising further question about the reliability of this data in identifying Paneth-like gene signatures. 
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Although Paneth signatures in the colon reported in the literature and our study appear different in terms 

of the genes marking this cell population, they provide significant evidence to suggest a secretory Paneth-

like cell type that is generated in response to intestinal injury to protect the colonic mucosa from the 

enteric microbiota. 

In summary, we have recapitulated previously established molecular CD subtypes and provided 

evidence that Paneth cell signatures drive the stratification of a third CD subtype across surigcally 

resected and ensocopic samples from human patients. In agreement with previous studies, we find that 

the upregulation of AMPs in the colonic mucosa is upregulated and associated with intestinal injury and 

inflammation. We hypothesize that the differentiation of cells with Paneth-like function within colonic 

crypts is in response to the infiltration of enteric microbiota, although further investigation will be required 

to determine the causal stimulus that facilitates the proliferation of this cell population. Future longitudinal 

studies of patient phenotypes of Paneth-enriched and Paneth-depleted CL patients will be required to 

understand the clinical utility of these novel CD subtypes. High-throughput single-cell assays that assess 

the transcriptomic and regulatory landscape of Paneth-like cell types within colonic crypts of CD patients 

will become vital for future follow-up studies of molecular CD subtypes. 

 

MATERIALS AND METHODS 
 

Patient populations and phenotyping 

Patients with CD and NIBD-related illnesses diagnosed at The UNC hospitals were included in 

this study. Clinical phenotypes considered in this study include demographic and clinical variables such 

as age, sex, disease duration, age at diagnosis, age at sample acquisition, disease location, and disease 

behavior. A Summarized table of patient demographics and phenotypes for clinical associations are 

provided in Table 3.4 and a summary of samples used in the study is provided in Table 3.5. This study 

was not blinded, and all authors had access to the study data. 

 

Tissue isolation and characterization 

For our adult cohort, all CD and NIBD mucosal biopsies were obtained from macroscopically 

unaffected sections of the ascending colon or terminal ileum at the time of surgery or endoscopy and 
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were flash-frozen. The ascending colon was chosen specifically to avoid the detection of colon 

sublocation-specific gene expression differences. No samples showed signs of active microscopic 

inflammation or disease, as confirmed by an independent pathologist. Absence of acute (active) 

inflammation, including neutrophilic inflammation of crypt epithelium and crypt abscess formation, and 

chronic inflammation, including architectural distortion and basal lymphoplasmacytosis of the lamina 

propria, was determined after a review of each H&E-stained slide. 

 

RNA isolation, sequencing, and processing 

RNA was isolated from flash-frozen adult samples from surgical resections and endoscopic 

biopsies using the Qiagen RNeasy Mini Kit following the manufacturer’s protocol. This kit uses column-

based DNase treatment to eliminate DNA contamination, and it allows the miRNA and mRNA content to 

be preserved. miRNA was enriched from FFPE tissue for pediatric samples using the Roche High Pure 

miRNA Isolation Kit. RNA purity and integrity were assessed with Thermo Scientific NanoDrop 2000 and 

Agilent 2100 Bioanalyzer, respectively. For all clinical categories of flash-frozen adult samples, we 

observed average RNA integrity (RIN) values above 7. RNA-seq libraries were prepared using the 

Illumina TruSeq polyA+ Sample Prep Kit. Paired-end (50 bp) sequencing was performed on the Illumina 

HiSeq 2500 and 4000 platforms. 

 Before alignment of sequencing reads to the reference genome, sequencing adapters were 

removed using TagDust (161). Further filtering of sequencing reads based on quality was performed 

using FASTX-Toolkit (161) using the parameter ‘-q 33’. Quality metrics were retrieved using FastQC 

(162), RSeQC (163), and curated via MultiQC (164). Samples with an average GC content greater than 

60% were excluded from the analysis. Sequencing reads were aligned to the hg19 genome assembly 

using STAR (111) using default parameters. Quantification of gene transcripts was performed through 

RSEM (165) with default parameters. Measures of RNA degradation were obtained using median 

Transcript Integrity Number (TIN) (166) from the RSeQC (163) package. 

Tissue deconvolution 

 Deconvolution of colonic gene expression profiles to estimate cell type proportions was 

performed using the function ‘unmix’ within the DESeq2 package v1.22.2 (113). Gene expression profiles 
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of 12 distinct cell types from 3 different sources were used to deconvolute colonic gene expression. 

CD326 Intestinal epithelial cell (IECs), CD3 T-cell, and CD33 macrophage profiles were obtained from in-

house, unpublished data of antibody-based magnetic cell sorted cells from NIBD individuals. B-cell 

Neutrophil, and Natural killer cell expression data were taken from Linsley et al. (167) (Gene Expression 

Omnibus [GEO] accession no. GSE60424). Finally, fibroblast, adipose, nerve, skeletal muscle, pancreas, 

and heart expression profiles were obtained through GTEx (132). Pancreas and heart were intended as 

control expression profiles and no cell type proportions were attributed to either for any sample analyzed.  

 All cell-specific expression profiles were normalized using DESeq2 and were corrected for study-

specific biases using the function ‘removeBatchEffects’ from the limma package v3.38.3 (168). Unmix 

was performed using the parameter ‘shift=0.5’. Samples with a predicted IEC proportion of less than 60% 

correlated well with obvious PCA outliers and were therefore removed from downstream analyses. 

 

RNA analysis 

 Correction of sequencing batches and sex, age, IEC proportion, and TIN covariates was 

performed using the ‘removeBatchEffects’ function in limma on DESeq2 normalized variance stabilizing 

transformation (VST; ‘blind=TRUE’) transformed counts. mRNAs were defined as “protein_coding” and 

lncRNAs as “lincRNA”,” sense_intronic”,” sense_overlapping”, or “antisense” using GENCODE GRCh37 

version 19 biotype annotations. PCA was performed using normalized, transformed, and corrected counts 

using the prcomp function in R. Correlations with principal components for quality control was performed 

using the ‘cor.test’ function in R. 

Consensus clustering was performed using the ConsensusClusterPlus package v1.46.0 in R. 

‘partitioning around medoids’ and ‘maximum’ were used for as the clustering algorithm and distance 

metric, respectively, across 10000 iterations of the 500 most variable protein-coding genes across 79 CD 

samples. For each iteration, pFeature=1 and pItem=0.8, resulting in clustering of 80% of samples across 

all 500 protein-coding genes. The optimal value of k-clusters was selected by visual inspection of the 

cumulative distribution function (CDF) and the lowest proportion of ambiguous clustering (PAC) using 

consensus index values of 0.2 and 0.8 for lower and upper bounds, respectively. The ‘PAC’ function in 

diceR package v.0.6.0 was used to calculate PAC values. Hierarchical clustering analysis was performed 
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using the ComplexHetmap (169) v2.1.0 package v in R. ‘ward.D2’ was selected as the clustering method 

and ‘euclidean’ was chosen as the method to measure distance for both rows and columns. 

 For differential gene expression analysis, we used DESeq2. Sequencing batches and covariates 

corrected for downstream analyses were included in the design formula. Numeric covariates were 

centered and scaled before differential analysis to prevent convergence issues with the generalized linear 

model employed by DESeq2. Volcano plots were generated using the EnhancedVolcano (170) v.1.3.5 

package in R following DESeq2 analysis. R version 3.5.0 was used for all processing and visualization of 

data. 

Pathway analysis was performed using gene set enrichment analysis (GSEA) (171) through 

WebGestalt (172) and Enrichr (173). Gene weightings for GSEA were calculated using DESeq2 FDR and 

log2 fold change. Colon-specific and ileum-specific genes used as GSEA phenotypes in Figure 3.2F were 

taken from Weiser et al. (82). 

 

Statistics 

 Statistical significance for differential analyses using DESeq2 was measured using FDR adjusted 

p-values. Correlations were performed using Pearson’s distance and correlation significance was 

assessed using a correlation test for association using Pearson’s distance. Patient phenotypes were 

tested for significant associations using a 2-tailed unpaired Student’s t test (continuous data) or a Fisher’s 

exact test (categorical data). For all tests, Padj < 0.05 or P < 0.05 was considered statistically significant, 

unless otherwise stated. 

 

Study approval 

This study received IRB approval at UNC (protocol 10-0355). Written informed consent was 

received from all participants before inclusion in the study. All participants are identified by number and 

not by name or any protected health information (PHI).  
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Figure 3.1. Covariate correction and deconvolution of colonic mucosa samples. (A) Deconvolution analysis of 
RNA-seq data of 145 non-inflamed mucosal biopsies from the ascending colon using cell-type-specific profiles from 
12 distinct cell types. Predicted cell type percentages are displayed for cell types in which percentages were 
assigned. IEC percentage (navy blue) was identified as the top cell type across most samples. Samples with a 
predicted IEC percentage of less than 60% was removed from downstream analyses. PCA analysis of 136 colonic 
mucosa samples resulted in significant correlations with sequencing batch (B), patient sex (C), or predicted IEC 
percentage (D) and PC1 or PC2. As a result, these covariates were included in design formulas for differential 
analyses and downstream count correction procedures. 
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Figure 3.2. Transcriptomic profiles recapitulate colon-like and ileum-like molecular subtypes. PCA analysis 
reveals the stratification of previously identified CD molecular subtypes using 136 non-inflamed mucosal biopsies 
from the ascending colon using mRNA (A) and lncRNA (B) data. (C) Volcano plot of CD molecular subtypes after 
differential analysis using DESeq2. Markers of normal ileum (red; n=11) and colon (blue; n=79) tissue for significantly 
differential genes (black) between molecular subtypes indicate characteristic colon and ileum-specific expression 
profiles (82). Expression of APOA1 (D) and CA2 (E) across CD samples reveals a perfect stratification of molecular 
subtypes. (F) GSEA using ileum and colon tissue marker sets from (93) as custom phenotypes further suggest 
tissue-specific profiles across colon-like and ileum-like molecular subtypes. FDR adjusted P values and log2 fold 
changes were determined using DESeq2.
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Figure 3.3. Ileal gene expression profiles drive colon-like CD and NIBD differences. PCA of colon-like CD (blue; 
n=79) and NIBD (black; n=27) samples reveals heterogeneity across colon-like CD in PC1 (r = 0.56, P = 7.91×10-08) 
and a significant correlation with disease status in PC2 (r = 0.52, P = 1.26×10-08). (B) Volcano plot after differential 
gene expression using DESeq2. Labelled genes meeting significance and log2 fold change thresholds (Padj < 0.05, 
|Log2 fold change| > 1.5) were specifically elevated in the terminal ileum according to GTEx (132). FDR adjusted P 
values and log2 fold changes were determined using DESeq2. 
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Figure 3.4. Consensus clustering followed by a differential analysis of colon-like subgroups reveals Paneth 
cell-driven signature. (A) Consensus clustering (CC) analysis using the 500 most variable genes across 79 colon-
like CD samples identified k=2 (red) as the correct number of clusters. The proportion of ambiguous clusters (PAC) 
score was used to further quantify cluster stability and select the correct k clusters. (B) Hierarchical clustering 
analysis across CC subgroups, cluster 1 (light blue; n=29) and cluster 2 (orange; n=50), reveals the upregulation of 
small intestine markers in cluster 2. A subset of small intestinal-associated genes were identified as markers of 
Paneth cells, a cell type usually found in the small intestine. Columns (samples) were fixed according to CC assigned 
cluster labels and rows (genes) were clustered using ward’s method and Euclidean distance measure. (C) Volcano 
plot of significantly differential genes between Paneth depleted (PD; light blue) and Paneth enriched (PE; orange) CD 
samples. Paneth marker genes REG1A, REG3A, REG1B, DEFA5, DEFA6, and DMBT1 are significantly upregulated 
within one of the CC assigned subgroups. (D) Pathway analysis through GSEA using the Reactome database 
revealed an enrichment of immune and metabolic-related pathways among genes upregulated in PE CD genes 
(orange, FDR ≤ 0.05) compared with BMP signaling enrichment among upregulated PD CD genes (light blue, FDR ≤ 
0.05). FDR adjusted P values and log2 fold changes were determined using DESeq2.  
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Figure 3.5 Upregulation of specific antimicrobial peptides indicates an undefined Paneth-like cell type in 
Paneth enriched CD samples. Boxplots across colonic NIBD (cNIBD; n=27), Paneth depleted CD (PD; n=29), 
Paneth enriched CD (PE, n=50), ileum-like CD (IL; n=11), and ileal NIBD samples (iNIBD; n=3) for DEFA5 (A) and 
REG1A (B) expression reveals a general gradient in expression from NIBD colon to NIBD ileal samples. LYZ (C), a 
well-established Paneth cell marker, is not differentially expressed between CL CD subclusters but is generally 
increased in IL CD samples. (D) Supervised hierarchical clustering using subtype-specific markers of CD molecular 
subtypes reveals the extreme variation between IL and CL subtypes while displaying underlying heterogeneity among 
PE (orange) and PD (light blue) subgroups. Mean AMP expression (purple-gold; low-high) using DEFA5, DEFA6, 
REG1A, REG3A, and REG1B suggests that expression of these genes largely separates CL subgroups, but that this 
stratification is likely driven by additional gene expression signatures. 



 
 

Table 3.1. Principal component correlations indicate significant covariate-driven variation across samples. Correlation (r) values are reflective of 
Pearson’s distance and significance was determined using a correlation test between a covariate and a principal component (PC) value assigned to a sample. P < 
0.05 (bold) was considered statistically significant. 

  All Samples IL Samples Removed 

  PC1 PC2 PC1 PC2 

Sex r = -0.066 (P = 0.469) r = -0.686 (P = 2.2E-16) r = 0.415 (P = 4.05E-06) r = 0.875 (P = 2.2E-16) 

IEC proportion r = 0.400 (P = 6.54E-06) r = -0.492 (P = 1.25E-08) r = -0.617 (P = 2.01E-13) r = 0.549 (P = 2.16E-10) 

TIN Score r = 0.339 (P = 1.64E-04) r = 0.079 (P = 0.391) r = 0.107 (P = 0.253) r = -0.051 (P = 0.587) 

Age at sample collection r = 0.027 (P = 0.766) r = -0.276 (P = 0.002) r = 0.289 (P = 0.001) r = -0.093 (P = 0.32) 

6
4
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Table 3.2. Significant differences between sample groups and covariates warrant correction. Associations 
between covariates and various sample stratifications were assessed using Fisher’s exact test (categorical data) and 
2-tailed unpaired Student’s t test (continuous data). P < 0.05 (bolded) was considered statistically significant. 

  

  Sex IEC proportion Age at sample collection RNA degradation 

Status P = 0.6721 P = 0.1953 P = 2.35E-08 P = 0.9270 

Subtype P = 0.7537 P = 0.0477 P = 0.8935 P = 1.90E-06 

CL NIBD P = 0.6672 P = 0.2680 P = 0.0571 P = 0.0967 

Procedure P = 0.1305 P = 0.5408 P = 0.9227 P = 0.0439 
          

Mean NA 0.7892 43.6849 63.2367 

Standard Deviation NA 0.0731 15.3932 4.2379 
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Gene ID Mean Normalized Expression log2 Fold Change FDR  
FAM3B 380.080 5.041 8.58E-39 

Paneth enriched 
high 

GATA5 25.119 4.453 1.68E-05 

REG1A 3650.597 4.443 4.63E-12 

SLC14A2 125.483 3.313 1.14E-09 

SLC37A2 2066.635 3.173 5.53E-13 

REG1B 153.326 2.774 0.003 

POPDC3 26.818 2.704 9.26E-09 

DRD5 56.233 2.495 4.26E-07 

DEFA6 576.288 2.356 2.14E-04 

REG3A 932.356 2.298 6.61E-04 

DEFA5 1435.380 2.011 0.003 

GPC3 73.037 1.977 1.09E-07 

FOSB 972.589 1.908 0.010 

DMBT1 10688.210 1.775 1.03E-03 

SLC34A2 2.824 1.772 0.031 

DPEP1 58.903 1.756 5.49E-08 
     

TDRD1 10.951 -1.576 0.027 

Paneth depleted 
high 

GLDN 32.683 -1.620 5.84E-07 

HOXA13 370.622 -1.638 0.049 

ST3GAL4 445.753 -1.771 3.69E-05 

CLDN8 128.254 -2.157 3.32E-07 

SLC13A1 4.429 -2.450 4.70E-05 

EVX1 2.421 -2.762 1.54E-03 

INSL5 22.443 -2.977 2.33E-08 

HOXB13 54.135 -5.022 3.63E-08 

PRAC1 30.549 -5.728 2.54E-05 
Table 3.3. Top differential genes for Paneth enriched and Paneth depleted comparisons meeting FDR and 
fold change thresholds. An FDR adjusted Padj < 0.05 and absolute log2 fold change > 1.5 was used to filter genes 
after differential analysis using DESeq2. 6/16 genes identified upregulated within the Paneth enriched subgroup 
(bolded) were identified as Paneth cell markers. 
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Paneth 

Enriched 
Paneth 

Depleted 
p value 

Total number 50 29 NA 

Sample acquisition, Surgical/Endoscopy, n 27/23 12/17 0.352 

Sex, Male/Female, n 20/30 13/16 0.813 

Age at sampling, mean (SD) 38.18 (13.14) 41.38 (13.50) 0.300 

Disease duration at sampling (years), mean (SD) 10.56 (8.26) 16.24 (14.10) 0.026 

Former/Current smoker, n (%) 29 (58%) 19 (66%) 0.634 

       

Disease extent at sampling       

Ileum-only, n (%) 17 (34%) 12 (41%) 0.634 

Colon-only, n (%) 11 (22%) 4 (14%) 0.387 

Ileum + Colon, n (%) 20 (40%) 13 (45%) 0.816 

Upper GI, n (%) 8 (16%) 2 (7%) 0.304 

        

Disease behavior at sampling       

B1 - Inflammatory, n (%) 8 (16%) 5 (17%) 1.000 

B2 - Stricturing, n (%) 27 (54%) 16 (55%) 1.000 

B3 - Penetrating, n (%) 13 (26%) 8 (28%) 1.000 

B2/B3 - Stricturing/Penetrating, n (%) 40 (80%) 24 (83%) 1.000 

Perianal disease, n (%) 14 (28%) 9 (31%) 1.000 

Stricture/Penetration, n (%) 40 (80%) 24 (83%) 1.000 

        

Ileal involvement disease behavior at sampling       

Ileal involvement, n (%) 37 (74%) 25 (86%) 0.387 

B1 - Inflammatory, n (% ileal involvement) 6 (16%) 4 (16%) 1.000 

B2 - Stricturing, n (% ileal involvement) 24 (65%) 16 (64%) 1.000 

B3 - Penetrating, n (% ileal involvement) 7 (19%) 5 (20%) 1.000 

B2/B3 - Stricturing/Penetrating, n (% ileal involvement) 31 (84%) 21 (84%) 1.000 

        

Treatment history until sampling       

Aminosalicylates, n (%) 19 (38%) 9 (31%) 0.629 

Oral steroids, n (%) 31 (62%) 14 (48%) 0.250 

Immunosappressants, n (%) 21 (42%) 11 (38%) 0.814 

Anti-TNF alpha agents, n (%) 28 (56%) 20 (69%) 0.340 

Anti-integlin, n (%) 6 (12%) 0 (0%) 0.080 

Anti-IL12/23p40, n (%) 5 (10%) 2 (7%) 1.000 

Antibiotics, n (%) 31 (62%) 16 (55%) 0.637 

Surgery, n (%) 19 (38%) 13 (45%) 1.000 

1 Surgery, n (% surgery) 13 (26%) 6 (21%) 0.786 

More than 1 Surgery, n (% surgery) 6 (12%) 7 (24%) 0.211 

Time to 1st Surgery (years), mean (SD) 5.00 (5.55) 9.00 (12.19) 0.236 

Table 3.4. Demographics and clinical phenotypes of colon-like CD patients. Clinical phenotypes of Paneth 
enriched (n=50) and Paneth depleted (n=29) were recorded at the time of initial diagnosis with Crohn’s disease and 
at the time of sample acquisition. Location of disease in the upper gastrointestinal tract is in addition to colonic and/or 
ileal disease. Associations between molecular subtypes and clinical phenotypes were assessed using Fisher’s exact 
test (discrete data) and 2-tailed unpaired Student’s t test (continuous data). Significant associations (P < 0.05) are 
bolded.  



 
 

 

Table 3.5. Summary of patient sample numbers.  

  Sample location/subtype Sample acquisition Sample cohort 

Disease 
status 

Ascending 
colon 

Ileum-
like 

Colon-
like 

Paneth 
depleted 

Paneth 
enriched 

Terminal 
ileum 

Surgery Endoscopy 
Weiser/Keith 

et al. 
Present 
study 

Non-IBD 27 - - - - 3 25 5 1 29 

CD 90 11 79 29 50 - 50 40 12 78 

6
8
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CHAPTER IV: DISCUSSION 

 

The advances in and the availability of high-throughput sequencing technologies are changing 

the landscape of disease classification in the lab and the clinic. In heterogeneous and complex disorders, 

such as Crohn’s disease (CD), where standardized treatment may not be effective in all patients, the 

molecular stratification of disease is a methodology that may translate into novel intervention and 

prognostic strategies. Through pioneering studies in breast cancer (40), which provided a novel method 

to study complex disease resulting in enhanced therapeutic strategies, molecular subtyping is now being 

applied throughout biomedical disease research (174) (37) (175) (176) (177). 

The overall theme of the research presented in this dissertation centered on further investigating 

and refining previously identified molecular subtypes of CD (82) by utilizing high-throughput microRNA 

(miRNA) and mRNA expression data. The results from our studies can be used to guide future molecular 

subtyping research within the field by our group and the wider IBD research community.  

 

Stratification of CD molecular subtypes by miR-31 and association with clinical phenotypes 

In chapter II, I primarily utilized small RNA-sequencing (smRNA-seq) to evaluate the regulatory 

impact of miRNA expression on CD subtypes using human mucosal tissue samples from adult and 

pediatric patient cohorts. Motivated by the lack of personalized therapeutic approaches in CD we aimed 

to discover novel markers of CD subtypes. With the ability to detect miRNA expression using blood 

samples, future studies can build on our findings to identify markers of disease behavior within a clinical 

setting without the need for invasive procedures. The combination of bioinformatic, experimental, and 

clinical expertise within our group allowed us to find potential microRNAs (miRs) of interest through 

bioinformatic analyses, experimentally validating expression in vitro and ex vivo, and accessing patient 

phenotypes to evaluate the clinical utility of our findings. 
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 By performing RNA-sequencing (RNA-seq) on a cohort of 12 non-IBD (NIBD) and 18 CD patient 

samples, our group discovered two distinct molecular subtypes of CD that exhibited differential gene 

expression profiles associated with normal colon-like (CL) and ileum-like (IL) expression patterns. Using 

the same cohort of patient samples, I showed that miRNA expression profiles stratified CD into the same 

distinct molecular subtypes. Additionally, through the reanalysis of our RNA-sequencing (RNA-seq) data, 

we showed that long non-coding RNA (lncRNA) expression recapitulated CD subtype stratification. 

Differential analysis of miRNA expression between CL and IL subtypes revealed several significantly 

differential miRs. In particular, miR-31 exhibited a 13.5-fold change between CL and IL samples and was 

the only significantly enriched miR among genes downregulated in IL patients, suggesting a role as a 

candidate master regulator of downregulated genes within the IL subtype. Although only miR-31 was 

selected for further downstream analysis and was the only statistically significant miR identified through 

miRHub analysis, 3 additional miRs (miR-196b-5p, miR-194-1-5p, and miR-615-3p) were identified with at 

least a 4-fold increase in the IL subtype compared to CL CD. In isolation, these additional miRs do not 

appear to significantly target downregulated IL genes, but the cumulative effect of multiple miRs on gene 

expression pathways was not investigated. Due to the complex nature of CD pathogenesis, an interesting 

potential follow-up analysis would involve considering the contribution of other IL-upregulated miRs in 

supplementing miR-31 inhibition of gene expression pathways. In addition, future studies that assess the 

utility of miR-31 as a non-invasive indicator of CD subtypes through analysis of patient serum samples will 

benefit from a selection of multiple miRs. While miR-31 provides a clear distinction of CD subtypes in 

tissue samples, this may not be the case in serum where other miRs may provide better resolution for this 

separation. 

  Validation of miR-31 upregulation in IL CD was confirmed using an independent cohort of 40 CD 

and 29 NIBD patients, although proportionally fewer IL CD samples were identified compared to CL 

samples. Through isolation of colon-specific cell types, we found that intestinal epithelial cells (IECs) 

appeared to drive miR-31 upregulation in mucosal colonic tissue. Using ex vivo patient-derived colonoids, 

we further found that miR-31 expression in colonoids from CD patients was significantly higher compared 

with NIBD controls. Together, these results suggested that miR-31 upregulation in our colonic tissue data 

was driven by a cell type critical to the barrier function within the colonic mucosa and that IECs were 
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predisposed to high miR-31 expression in CD patients. These results served as the basis of a functional 

follow up study that investigated the role of miR-31 targets in disrupting the IEC barrier in CD (138). In 

this study, miR-31 was identified to target and suppress the expression of ALK1, increasing the stemness 

of colonic IECs through TGF-beta signaling. Through barrier permeability assays, we discovered that 

decreased colonic ALK1 expression resulted in disrupted IEC barrier integrity and was associated with an 

increased risk of surgery in CD patients (138). Together, the results of our experimental validation assays 

in chapter II combined with further mechanistic studies performed in (138) suggest that miR-31 

upregulation within IEC populations in the colon function to increase the expression of stemness-related 

genes in-part through interactions with ALK1. High expression of miR-31, and therefore low ALK1 

expression, results in increased barrier permeability associated with worse disease course in CD patients. 

Although these findings highlight the importance of miR-31 interactions with ALK1 within IECs in the 

colon, additional targets of miR-31 may still play critical roles in maintaining barrier integrity within the 

colonic crypt.  

 Using a pediatric cohort consisting of formalin-fixed paraffin-embedded (FFPE) tissue from 76 

treatment-naïve CD patients and 51 NIBD controls, I discovered that miR-31 again exhibited significant 

upregulation in CD samples compared with NIBD controls. By considering patients that presented with 

inflammation at the time of diagnosis, we discovered that low levels of miR-31 in the ascending colon 

were associated with the development of ileal stricturing, a severe phenotype involving narrowing and 

obstruction of the gastrointestinal tract. The design of this cohort offered distinct advantages compared 

with our adult cohort, discussed further in chapter II. However, a limitation of this analysis was the lack of 

matching RNA-seq to facilitate CL and IL subtype stratification, although this was overcome through the 

utilization of ileal miR-31 expression from NIBD controls. RNA extracted from FFPE tissue is generally of 

lower quality compared with fresh frozen tissue as a result of the fixation procedure that modifies, cross-

links and degrades RNA (178). Transcriptomic analyses on full-length RNAs is therefore difficult due to 

the quality of data that is often obtained (179).  At this time the analyses were conducted, there was a 

lack of robust methods to extract RNA from FFPE tissue to produce high-quality data but these methods 

have recently improved providing an opportunity to revisit this sample cohort using addition high-

throughput methods (180) (179). In addition, methods for high-quality chromatin extraction from FFPE 
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tissue are continually improving, providing an opportunity for additional studies into regulatory signatures 

using cohorts consisting of FFPE tissue (181) (182). 

 

Paneth-like expression profiles further stratify colon-like CD into distinct molecular subtypes 

 By incorporating additional adult CD and NIBD samples, we increased our adult patient cohort in 

chapter III to gain further insights into CD subtypes and increase our power to investigate the 

heterogeneity within CD subtypes. Probing the transcriptome of colonic CD samples through RNA-seq 

allowed us to identify altered gene expression pathways within the colonic mucosa and deconvolution 

analyses confirmed a largely IEC-driven expression signature within our samples. After first correcting for 

variation in sample quality and predicted IEC proportions across our dataset, we increased our 

confidence in determining differential gene sets between CL and IL subtypes. Our increased sample size 

resulted in an 8.5-fold increase in the number of significant differentially expressed genes detected, with 

pathway enrichment analyses revealing a large degree of overlap with our initial molecular subtyping 

study (82). Consistent with experimental validation studies conducted in chapter II, we detected 

proportionally fewer IL CD samples compared with CL samples. An important future direction for this 

project will involve using larger IL cohorts to potentially refine the IL subtype further and to understand cell 

type-specific mechanisms driving the ileal expression signature we observe in this subset of samples. By 

restricting patients in a future study cohort to those exhibiting phenotypes associated with IL patients in 

our previous studies, such as an absence of rectal disease (82) and surgery without the need for an end 

ileostomy (83), we would be better poised to identify larger numbers of IL patients allowing us to more 

finely study IL CD. 

The remainder of chapter III centered on investigating the heterogeneity across CL samples. 

Through consensus clustering analyses, we discovered two distinct subgroups there were associated 

with differential small intestinal gene expression signatures. Further investigation revealed distinct 

upregulation of several antimicrobial peptide (AMP) genes within one subgroup, specifically reg and 

defensin-α family genes, which initially suggested metaplastic Paneth cell differential within colonic crypts 

of a subset of CL CD patients, consistent with several previous studies (128) (126) (127). Based on these 

expression profiles, novel subgroups of CL CD were therefore referred to as Paneth enriched (PE) or 
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Paneth depleted (PD) samples. However, due to an absence of well-established Paneth cell markers, 

such as lysozyme (LYZ), we hypothesized that this Paneth profile was associated with the differentiation 

of cells with the capacity to secrete AMPs in response to intestinal inflammation. Similar to Paneth cells in 

the small intestinal and Paneth-like cells discovered previously within the colon (157), we expect Paneth-

like cells discovered within PE CD patients to be interspaced between stem cell populations at the base 

of colonic crypts. A vital next step for our group will involve experimental validation of AMP presence 

within the colonic crypt of PE samples through immunohistochemistry and ex vivo assays. As well as 

AMP presence suggesting an increased antimicrobial function of this undefined cell type, the position of 

these cells relative to stem cell populations within the crypt will offer additional clues to their potential 

function. While missing traditional Paneth cell markers, I hypothesize that these AMP marked cells 

function to protect stem cell populations due to the breakdown of the colonic mucus layer that acts as the 

main antimicrobial barrier in healthy individuals. 

Although additional work remains to accurately define our novel expression signature within the 

PE subset of CL patients, our findings provide further evidence of distinct molecular subtypes within CD. 

Through further longitudinal clinical association analyses of PE and PD patients, we will be able to assess 

the clinical utility of our newly defined subclasses. Future studies will benefit from single-cell assays to 

determine the presence of Paneth expression profiles within CL samples and accurately pinpoint the cell 

populations expressing AMPs. Through comparisons with single-cell data generated in other colonic 

disease contexts (158), we will better understand the disease-specific effects of Paneth-like signatures in 

the colon. 

 

Future directions and closing thoughts 

 In chapters II and III, we discovered variation across CD samples attributed to non-coding RNA 

(ncRNA) regulation through miRNAs and lncRNAs, but there is still plenty of room for exploration in the 

contribution of ncRNAs in establishing CD subtypes. LncRNAs are now emerging as important functional 

regulators of a range of diverse biological functions (183) (184) and are now appreciated as critical 

regulators that play a contributing role in disease development (185) (186). In the IBD field, various 

studies have indicated that lncRNAs are critical to the pathogenesis of IBDs (187) (188). In IL and our two 
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distinct CL subtypes, the role of lncRNAs in driving separation of the subtypes along with their 

mechanistic roles within IEC population warrants further attention due to the promise of lncRNAs as 

therapeutic targets (189) (190) (191) and functions in molecular disease mechanisms across various 

disorders. Through analysis of smRNA-seq, a novel class of small ncRNAs called tRNA-derived RNAs 

(tDRs) can be robustly detected (192). tDRs have recently generated excitement due to their association 

with human disease (193) (192) and detection within serum samples, facilitating their use as disease 

biomarkers (194). To date, no papers have been published with a primary focus of tDRs within IBD, 

although a previous study by our group suggests that tDRs are detectable and variable among CD 

patients. Using the smRNA-seq data generated in chapter II, we found that genome-wide tDR expression 

did not separate adult CD patients in molecular subtypes (data not shown) but this was not investigated 

further in our pediatric patient cohort. With evidence in other disease fields suggesting important roles for 

tDRs in disease development, it would be interesting to revisit these non-coding regulators in the context 

of CD. 

 In the cancer field, integrating molecular information across various high-throughput molecular 

assays has become essential in characterizing consensus subtypes as well as facilitating a greater 

biological understanding of the molecular drivers underpinning disease subtypes (96). In our studies, 

employing additional high-throughput assays to gain insights into gene regulation will help us develop a 

more accurate picture of the complex regulatory network that underlie subtype-specific gene expression 

patterns. Our group has performed assay for transposase-accessible chromatin with high-throughput 

sequencing (ATAC-seq) on most of the adult samples used in chapter III, allowing us to study genome-

wide changes in chromatin accessibility within CD and between CD subtypes. By integrating our findings 

from analyses of ATAC-seq data with transcriptomic data through RNA-seq and smRNA-seq, we will 

identify subtype-specific dysregulation at sites through the genome that correlates with subtype-specific 

transcriptomic profiles. Although analysis is currently underway, this data will supplement our RNA-seq 

data and provide novel regulatory insights into Paneth-driven molecular signatures in CL subtype 

samples. In addition, we have also performed genotyping of matched RNA-seq and ATAC-seq samples 

for quantitative trait locus (QTL) and allelic imbalance analyses to further map the genetic variation that 

underlies CD subtypes. 
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 In conclusion, there remains active, substantive interest in the CD research community to identify 

molecular factors that distinguish subtypes of CD to develop more accurate diagnostic methods and 

identify more effective therapeutic strategies. By utilizing high-through molecular assays, we have 

identified reproducible signatures that are reflective of the underlying molecular biology driving CD 

heterogeneity and disease presentation. Through additional experimental validation and ongoing 

analyses of the regulatory signatures that underpin the findings discussed in the dissertation, our 

understanding of CD subtypes will continue to develop in the coming years. Although there is still much 

work to be done before CD subtypes become a clinical utility, this research demonstrates the value of 

molecular subtyping approaches in CD and provides another step towards the identification of novel 

diagnostic and prognostic indicators of disease. 
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