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According to the Global Cancer Statistics 2020, colorectal cancer (CRC) represents the
third most frequent malignancy worldwide, and is the second in terms of mortality [1].

Its higher prevalence in geographic areas with a high human development index
is connected with dietary habits such as a high consumption of red meat and alcohol,
and with a sedentary lifestyle [1]. Since the early 2000s, screening programs and the
consequent early identification and removal of pre-cancerous lesions, together with the
shift to a healthier lifestyle, have reduced the frequency of CRC cases in high-incidence
areas [2,3]. In addition, the development of targeted therapies has given novel therapeutic
opportunities for patients affected by this malignancy [4].

Ongoing scientific research, by increasing the knowledge of the pathogenetic mecha-
nisms and identifying novel prognostic and predictive biomarkers, might lead to a further
progressive reduction in the incidence and mortality of CRC.

A relevant concept, which emerged in recent years, is the key role of inflammation
in in the tumorigenesis, progression, and metastasization of CRC [5]. The induction of an
inflammatory status of the colorectal mucosa is the way in which environmental or dietary
habits may trigger colorectal carcinogenesis [5,6]. Indeed, a high consumption of alcohol
or red meat may alter the composition of the gut microbiota—so-called dysbiosis—with a
decrease in commensal bacterial species (i.e., butyrate-producing bacteria) and the growth
of detrimental bacterial strains (i.e., pro-inflammatory opportunistic pathogens) [7]. Aside
from a role in the initiation of CRC, dysbiosis seems also to be involved in the resistance to
some chemotherapeutic agents, due to its ability to modulate the immune response, and is
associated with shorter cancer-specific survival [6,8]. Therefore, probiotics, prebiotics, or
antibiotics capable of restoring the normal equilibrium of gut microbiota (eubiosis) could
open new scenarios for the prevention or treatment of CRC [6,8].

Notably, assessment of the gut microbiota could represent a non-invasive diagnostic
tool for the early identification of CRC [6]. Indeed, some microbial species, including
Escherichia coli, Streptococcus gallolyticus, Bacteroides fragilis, Fusobacterium nucleatum, and
Enterococcus faecalis, among others, were found in the stools of patients with colorectal
adenoma or carcinoma, but not in heathy subjects [9].

The likely role of inflammation in the progression of CRC is also suggested by the
prognostic significance of the blood count of neutrophils in patients with this neoplasia [10].
Of note, a high neutrophil-to-lymphocyte ratio (H-NLR) was found to be significantly
associated with shorter overall survival in patients with non-metastatic CRC at diagno-
sis (pathological TNM Stages I and II) [10]. The mechanism by which a high H-NLR
could influence disease progression is still to be clarified; however, its association with
histopathological features connected with tumor de-differentiation (e.g., poorly differen-
tiated clusters) [10] suggests that an inflammatory status may induce the activation of
pathways connected to the epithelial mesenchymal transition in CRC.

The notion that a percentage of CRCs are inflammation-induced has prompted the
investigation of the tumorigenic role of some pro-inflammatory proteins, such as the
membrane-bound metalloproteinase ADAM17, which induces the release of TNF-α and
regulates IL-6 signaling [11].
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In spite of the development of novel therapeutic strategies for CRC, there are still
several open questions. A dilemma is whether and which patients with non-metastatic
CRC could benefit from adjuvant post-surgical therapies. Indeed, the treatment decision
regarding patients with CRC is currently based on the pTNM stage, which is regarded as
the main prognostic factor. However, a percentage of non-metastatic CRCs unexpectedly
progress [12]; therefore, additional prognostic markers are urgently needed to identify
high-risk patients who could benefit from adjuvant treatments. In this regard, several
histopathological factors, including lympho-vascular invasion, poor tumor differentiation
according to the World Health Organization (WHO) grading system, perineural invasion,
tumor budding, and poorly differentiated clusters (PDC) are considered high-risk factors
for the progression of non-metastatic CRC [13]. A recent consensus on best practice
established that pTNM Stage II CRC should be considered at a high risk of progression,
even if tumor budding is the only histopathological risk factor present [14].

If confirmed in other studies, H-NLR may also represent a prognostic biomarker of a
higher risk of progression in patients with non-metastatic CRC and may therefore be used
for the identification of subjects who may benefit from adjuvant treatments [10].

Liquid biopsy might also be a promising tool for the identification of CRC patients
at a high risk of progression [8,15]. This represents the isolation of cancer-derived compo-
nents, such as circulating tumor cells (CTC), circulating tumor DNA (ctDNA), microRNAs
(miRNAs), long non-coding RNAs (lncRNAs), and proteins, from the peripheral blood or
other body fluids [8,15]. Although its use in routine practice is still limited by the lack of
validation, the demonstration of cancer-derived components in the blood of patients with
non-metastatic CRC may be relevant to identifying patients at a high risk of progression.

In the last two decades, the discovery of molecular therapeutic targets in CRC allowed
the development of several targeted therapies based on the use of monoclonal antibodies [4].
Although these are more effective and display lower toxicity compared with traditional
chemotherapy [16], they have not produced a substantial increase in the 5-year survival
rate of patients with metastatic (Stage IV) CRC, which is still less than 10% [17]. The failure
of targeted therapies may be due to several reasons. First, in most cases, the presence of the
target, or of eventual resistance-related mutations, is assessed in the primary tumor and not
in the metastases, which actually represent the neoplastic diseases to be treated. Therefore,
targeted therapy’s inefficacy may be due to a dissimilarity in the genetic abnormalities
between the primary CRC and the matched metastases, as reported in several studies [18].
The discordance between the primary tumor and the metastases may be due to a subclonal
evolution during metastasization, or to the genetic heterogeneity of the primary tumor [18].
A study analyzing matched samples showed that the genetic alterations in lymph node
metastases reflect those found in the invasive front rather than in the main tumor mass of
primary CRC, suggesting that the assessment of molecular targets should be preferentially
carried out in this part of the primary tumor [19]. However, discordant alterations may
also be present among the different metastases [18].

Another mechanism of drug resistance may also be related to the therapy-induced
selection of cancer stem cells, which represent tumor cells that are able to self-renew and to
generate tumor cells harboring different genetic alterations [20]. Therefore, understanding
their molecular features may be useful for developing therapeutic strategies that are able
to target cancer stem cells and to overcome drug resistance.

In conclusion, although the knowledge of the mechanisms underlying the pathogene-
sis, progression, and metastasization of CRC has greatly expanded in recent decades, many
aspects still remain to be clarified. This Special Issue represents a collection of original
and review articles focused on recent advances in CRC, providing new insights for future
research in this field.
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Abstract: There is wide evidence that CRC could be prevented by regular physical activity, keeping
a healthy body weight, and following a healthy and balanced diet. Many sporadic CRCs develop
via the traditional adenoma-carcinoma pathway, starting as premalignant lesions represented by
conventional, tubular or tubulovillous adenomas. The gut bacteria play a crucial role in regulating the
host metabolism and also contribute to preserve intestinal barrier function and an effective immune
response against pathogen colonization. The microbiota composition is different among people, and is
conditioned by many environmental factors, such as diet, chemical exposure, and the use of antibiotic
or other medication. The gut microbiota could be directly involved in the development of colorectal
adenomas and the subsequent progression to CRC. Specific gut bacteria, such as Fusobacterium
nucleatum, Escherichia coli, and enterotoxigenic Bacteroides fragilis, could be involved in colorectal
carcinogenesis. Potential mechanisms of CRC progression may include DNA damage, promotion of
chronic inflammation, and release of bioactive carcinogenic metabolites. The aim of this review was to
summarize the current knowledge on the role of the gut microbiota in the development of CRC, and
discuss major mechanisms of microbiota-related progression of the adenoma-carcinoma sequence.

Keywords: colorectal cancer; gut microbiota; colorectal adenoma; polyps; bacteria

1. Introduction

Colorectal cancer (CRC) is a leading cause of cancer mortality worldwide with approximately
900,000 deaths every year, and the increasing age-standardized incidence rate of CRC in most countries
represents an important public health challenge [1]. Indeed, the global incidence of CRC was 1.8 million
(95% UI 1.8–1.9) in 2017, with an age-standardized incidence rate of 23.2 per 100,000 person-years that
raised by 9.5% (4.5–13.5) between 1990 and 2017 [2]. There is wide evidence that CRC risk is highly
modifiable through diet and lifestyle [3]. Several studies suggested that a significant number of CRC
cases could be prevented by regular physical activity, keeping a healthy body weight, and following
a healthy and balanced diet [4–6].

Around 60–90% of sporadic CRCs arise via the traditional adenoma-carcinoma pathway, starting as
premalignant lesions represented by conventional, tubular, or tubulovillous adenomas [7]. Cancers that
derive from this pathway are frequently associated with male sex, and located in the distal colon.
These tumors are characterized by chromosomal instability (CIN), inactivating mutations or losses
in the adenomatous polyposis coli (APC) tumor suppressor gene, and in some cases mutations
in the KRAS oncogene, SMAD4, PIK3CA, and TP53 genes [8,9].

The term “gut microbiota” indicates the collection of microorganisms (bacteria, archaea and
eukarya) colonizing the human gastrointestinal tract. Overall, the number of these microorganisms
has been calculated to exceed 1014, with a ratio of human:bacterial cells closer to 1:1 [10,11].
The gut bacteria play a crucial role in regulating host metabolism (i.e., absorption of indigestible

Biomedicines 2020, 8, 489; doi:10.3390/biomedicines8110489 www.mdpi.com/journal/biomedicines5
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carbohydrates and fat-soluble vitamins, and stimulation of innate and cell-mediated immunity)
and also contribute to preserve intestinal barrier function and an effective immune response
against pathogen colonization [12–14]. The microbiota composition is different among people,
and is conditioned by many environmental factors, such as diet, chemical exposure, and the use
of antibiotic or other medication [15].

Several studies suggested that the gut microbiota could be directly involved in the development
of colorectal adenomas and the subsequent progression to CRC [16]. Patients with CRC could present
changes in microbial composition and ecology, and functional studies in animal models underlined
the importance of certain bacteria, such as Fusobacterium nucleatum, Escherichia coli, and Bacteroides
fragilis, in colorectal carcinogenesis [17,18]. Possible mechanisms of CRC progression may include DNA
damage, promotion of chronic inflammation, and release of bioactive carcinogenic metabolites [19–21].

The aim of this review was to summarize the current knowledge on the role of the gut
microbiota in the development of CRC, including major mechanisms of microbiota-related progression
of the adenoma-carcinoma sequence.

2. Risk Factors for the Development of Adenomas and CRC

Genetic alterations play a key role in the progression of adenomas to CRC; for instance, mutations
may occur in oncogenes (i.e., KRAS), tumor suppressor genes such as APC, p53, and CTNNB1,
as well as in pathways associated with CpG island methylation (CIMP), mismatch repair (MMR),
and chromosomal and microsatellite instability (CIN and MSI) [22–24]. Ageing and family history
have been also correlated with higher risk of adenomas and CRC [25–27].

It has been suggested that genetic predisposition and somatic mutations in combination
with environmental factors could be responsible for CRC, in the way of a complex disease [28–30].
Lifestyle and dietary habits represent the most common environmental factors associated with
colorectal adenomas and CRC [31–33]. Even if it is difficult to analyze the single dietary risk factors
in epidemiological studies, preclinical animal models have shown the key role of nutrition in tumor
development [34,35]. Nutrition may affect the incidence, natural progression and therapeutic response
of cancer, modulating the release of endocrine factors, modifying inflammatory and immunological
pathways, or by changing the gut microbiota composition [36–38].

An increased risk of adenomas and CRC has been observed in subjects consuming diets high in
red meat or processed meat, food with a high glycemic index, salt and alcohol, and low daily water
and fiber intake [39,40]. On the contrary, the consumption of white meat, vegetables and fish oils with
a high omega-3 polyunsaturated fatty acids (PUFA) to omega-6 PUFA ratio could lower the risk of
CRC [41–43]. A diet rich in fiber, vitamin B6, C, D, E, folic acid, magnesium and selenium, has also been
suggested to decrease the risk of CRC [44]. Other risk factors that may contribute to the development of
CRC are obesity, smoking, male sex, non-hispanic black ethnicity, and lack of physical activity [45–47].

There is growing evidence that diet may select for the microbiota composition, thus regulating
many beneficial or harmful effects of gut bacteria [15,48]. For instance, dietary fiber are able to stimulate
the colonic microbial production of anti-proliferative and counter carcinogenic substances, especially
butyrate [49]. The adoption of a healthy lifestyle, and a diet rich in fiber, vegetables and fruit, could
decrease the risk of CRC. Moreover, a recent study showed that higher fiber intake after the diagnosis
of non-metastatic CRC (non-mCRC) was associated with decreased CRC-specific and overall mortality.
Indeed, an increased fiber intake after CRC diagnosis could give supplementary advantages to patients
with CRC due to the interaction with gut microbiota [50,51].

3. Dysbiosis, Inflammation and Toxic Bacterial Metabolites

The adenomas are the most frequent premalignant precursor lesions of almost all the sporadic
CRCs [52]. Up to 40% of individuals aged 60 years or older may present adenomatous polyps,
with a transformation rate into CRC of approximately 0.25% per year [53,54]. Inactivating mutations
of the APC gene are considered as the initial step of the adenoma-carcinoma sequence. A loss of APC

6
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gene activity results in the accumulation of β-catenin, that leads to abnormal cell proliferation,
and formation of adenomatous polyposis [55]. There is evidence that an interaction between
gut microbiota and genetic could contribute to the genetic pattern of the adenoma-carcinoma
sequence; indeed, bacterial drivers could be responsible for the initiation of precancerous lesions
and the subsequent accumulation of gene mutations [56–58].

Chronic inflammation has also been suggested to play a crucial role in many aspects of CRC
initiation, promotion, and progression [59,60]. A meta-analysis confirmed the association between
circulating levels of C-reactive protein (CRP), a non-specific marker of systemic inflammation,
and risk of colorectal adenoma [61]. Also, higher levels of pro-inflammatory cytokines, such as
tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6), have been observed within adenoma
tissues as an expression of an inflammatory state. TNF-α and IL-6 are also involved in cell growth,
differentiation, and apoptosis [62,63].

At the phyla level, the colonic microbiota of healthy individuals usually shows a predominance of
Gram-positive Firmicutes and Gram-negative Bacteroidetes, with a less presence of Verrucomicrobia
and Actinobacteria. The Firmicutes phylum is represented by more than 200 different genera
including Clostridium, Lactobacillus, Enterococcus, Bacillus, and Ruminicoccus. The Actinobacteria
phylum mainly consists of the Bifidobacterium genus [64,65]. Variation in the composition of gut
microbiota between phenotypically similar and healthy subjects may be influenced by age, gender,
genetics, diet and diseases [66].

Some studied reported abnormalities in the normal bacterial community composition, known as
dysbiosis, in CRC patients [67]. Dysbiosis of the gut microbiota is characterized by the reduction in
commensal bacterial species (i.e., butyrate-producing bacteria) and the growth of detrimental bacterial
strains (i.e., pro-inflammatory opportunistic pathogens) [68].

Changes in the balance of commensal bacteria may lead to a raise in mucosal permeability,
bacterial translocation, and activation of factors of the innate and adaptive immune system to stimulate
chronic inflammation [69]. Over-expression of proinflammatory cytokines, such as IL-12, IL-23, IFNγ

and TNF-α by dendritic cells, macrophages, and natural killer (NK) cells, may further promote the
activation of T and B cells and different inflammatory mediators. The activation of signaling pathways
by transcription factors such as NF-κB and signal transducer and activator of transcription 3 (STAT3) in
colonic epithelial cells, the production of reactive oxygen species (ROS) and the related oxidative stress,
DNA damage, and abnormal cell proliferation, may favor the development of colorectal adenomas
and cancer [70–72] (Figure 1).

During chronic inflammation, there is a general imbalance in the gut due to release of toxic
compounds and procarcinogens. Actually, an abnormal generation of bacterial metabolites directly
involved in tumor metabolism, such as polyamines and short-chain fatty acids (i.e., butyrate, propionate
and acetate), has been observed in patients with adenomas and CRC [15,73]. Under homeostasis,
the gut microbiota is metabolized to generate many beneficial compounds for the host, whereas under
an unbalanced state, the bacterial growth and health of the host may be negatively influenced [74].

The microbiota initiates and supports the hypoxic environment of the gut that is fundamental
for nutrient absorption, epithelial barrier function, and immune response. The response to
hypoxia is regulated by hypoxia-inducible factors (HIFs), which modulate the expression of genes,
including the ones involved in metabolism, that promote adaptation to hypoxia. Chronic HIF activation
may aggravate disease conditions, leading to intestinal damage, inflammation, and CRC [75–77].

Overall, the fermentation of carbohydrates produces short-chain fatty acids, especially butyrate,
which can be utilized by the host and shows antineoplastic properties, while proteolytic fermentation
generates ammonia, sulphides, phenols, and cresols, which may exert a pro-inflammatory effect,
increase tissue permeability and in turn contribute to the development of adenomas and CRC [78,79].
Great amounts of specific strains of bacteria may lead to the generation of other substances with anti-
and/or pro-carcinogenic effects, such as enterotoxins, B vitamins, urolithins, cyclomodulins, lignans,
and equol [16,80].
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Figure 1. Dysbiosis and other factors contributing to the adenoma-carcinoma progression.
The adenoma-carcinoma progression may occur because of the genomic instability caused by alterations
in the gut microbiota. These changes may be supported by diet and lifestyle, which promote dysbiosis,
inflammatory state and epithelial DNA damage, thus contributing to CRC development. The carcinogenesis
leads to gut niche changes, which may favor the proliferation of opportunistic pathogens.

Changes of the microbiota profile in adenomas could enhance the production of primary and
secondary bile acids, as well as sucrose, lipid, starch, and phenylpropanoid metabolism, thus supporting
an intestinal environment that favors the growth of bile-resistant and sulfidogenic microorganisms
including Desulfovibrio and Bilophilia [81,82].

It is well recognized that hydrogen sulfide (H2S) generated by bacteria in the gut is related to
adenoma development and eventually CRC [83]. Many anaerobic bacterial strains such as Salmonella
enterica, Clostridia, Escherichia coli, and Enterobacter aerogenes are able to convert cysteine to H2S,
ammonia and pyruvate by cysteine desulfhydrase; moreover some gut bacteria (i.e., Escherichia coli,
Salmonella, Enterobacter, Staphylococcus, Bacillus, Klebsiella, Corynebacterium, and Rhodococcus) may
generate H2S by sulfite reduction [84]. H2S modulates inflammation, ischemia and/or perfusion injury
and motility, and exerts a toxic activity on the colonic epithelium [85]. Phenolic substances such as
amines, N-nitroso compounds (NOCs) found in processed meat, may also exert toxic activities favoring
carcinogenesis [86,87].

Colibactin is a genotoxin produced by certain strains of bacteria, such as B2 phylogroup
E. coli strains that colonize the human gut [88]. The synthesis of colibactin by the polyketide
synthetase (pks) genomic island, especially in members of the family Enterobacteriaceae, may lead to
chromosomal instability and DNA damage in eukaryotic cells, apoptosis of immune cells, and in turn
the development of CRC [89].

4. Specific Bacteria Associated with Colorectal Adenoma and Cancer Development

Numerous studies have identified tumour-specific bacteria present in colorectal mucosal and/or
faecal samples, and not detectable in healthy controls or tumour tissue versus the bordering healthy
mucosa [90] (Table 1). A metagenome-wide association study (MGWAS) on stools from advanced
adenoma and CRC patients and from healthy individuals, detected microbial genes, strains and
functions enriched in each group. High consumption of red meat relative to fruits and vegetables seems
to be associated with development of specific bacteria that could contribute to a more hostile intestinal
milieu [91]. In general, microbial species associated with CRC development are represented by specific

8
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strains of Escherichia coli, Streptococcus gallolyticus, Bacteroides fragilis, Fusobacterium nucleatum, and
Enterococcus faecalis among others [16].

Hale et al. observed significant abundances of multiple taxa in subjects with adenomas, such as
Bilophila, Desulfovibrio, pro-inflammatory bacteria in the genus Mogibacterium, and Bacteroidetes spp.
On the other hand, Veillonella, Firmicutes (class Clostridia), and Actinobacteria (family Bifidobacteriales)
were more represented in patients without adenomas [81].

A study by Peters et al. analyzed for the first time the link between the gut microbiota and
specific colorectal polyp types in 540 subjects, and showed that conventional adenomas (CA) cases
had lower species diversity in faeces compared to controls (p = 0.03), especially with regard to
advanced CA cases (p = 0.004). Only subjects with distal or advanced CA showed significant
differences in general microbiota composition compared to controls (p = 0.02 and p = 0.002).
Faeces of CA cases were characterized by the reduction in Clostridia from families Ruminococcaceae,
Clostridiaceae, and Lachnospiraceae, and the increase in the classes Gammaproteobacteria and Bacilli,
order Enterobacteriales, and genera Streptococcus and Actinomyces. There were not significant differences
between sessile serrated adenoma (SSA) and hyperplastic polyps (HP) cases in diversity or composition
compared to controls [92].

Feng et al. detected a great amount of Bacteroides and Parabacteroides, together with Bilophila
wadsworthia, Lachnospiraceae bacterium, Alistipes putredinis, and Escherichia coli in CRC compared with
both healthy and advanced adenoma. Also, gut commensals such as Bifidobactium animalis and
Streptococcus thermophilus, were diminished in stools from adenoma or CRC patients, thus highlighting
a divergence from healthy microbiota. Patients with advanced adenoma or CRC seem to be lacking in
lactic acid-producing commensals such as Bifidobacterium that could facilitate epithelium regeneration
and inhibition of opportunistic pathogens [91].
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4.1. Fusobacterium nucleatum

F. nucleatum is an oral symbiont, and opportunistic pathogen that has been detected in
intestinal cancers [93,94]. F. nucleatum may enhance CRC carcinogensis by stimulating the
production of interleukin (IL)-17F/21/22/23/31/cluster of differentiation (CD)40L and protein expression
of phospho-STAT3 (p-STAT3), p-STAT5, and phospho-extracellular regulated protein kinases
(p-ERK)1/2 [95]. A great amount of Fusobacteria has been observed in SSA [108,109]; a study by
Yu et al. reported that the prevalence of invasive Fusobacteria within proximal SSAs (78.8%) and
HPs (65.7%) was significantly more elevated than that of proximal and distal traditional adenomas
(28.9% and 24.4% respectively; p < 0.05) [96]. The presence of F. nucleatum has been associated with
poor prognosis in CRC patients and development of chemoresistance [97,98]. F. nucleatum binds
E-cadherin in the clonic epithelium and stimulates colorectal carcinogenesis through the fusobacterial
adhesin FadA [110,111]. The interplay between Gal-GalNAc, a host polysaccharide, with fusobacterial
lectin (Fap2) may promote the increase of F. nucleatum in colorectal adenoma and cancer [112].
A study by Mima et al. showed that multivariable hazard ratios (HRs) for CRC-specific mortalityin
F. nucleatum-low subjects and F. nucleatum-high subjects, compared with F. nucleatum-negative subjects,
were 1.25 (95% C.I. 0.82 to 1.92) and 1.58 (95% C.I. 1.04 to 2.39), respectively (p for trend = 0.020).
The quantity of F. nucleatum was correlated with microsatellite instability (MSI)-high (multivariable
odd ratio (OR), 5.22; 95% CI 2.86 to 9.55) independent of the presence of CIMP and BRAF mutation.
A significant association between CIMP and BRAF mutation with F. nucleatum was observed only in
univariate analyses (p < 0.001) but not in multivariate analysis that adjusted for MSI status [97].

Yang et al. observed that an infection of CRC cells lines (HCT116, HT29, LoVo, and SW480)
with F. nucleatum increased cell growth, invasiveness, and capability to form xenograft cancers in
mice. F. nucleatum promoted Toll-like receptor 4 (TLR4) signaling to myeloid differentiation factor 88
(MYD88), activating NFκB signaling pathways and increasing the expression of microRNA-21 (miR21),
which reduced the levels of the RAS GTPase p21 protein activator 1 (RASA1). Shorter survival times
were observed for tumors with high amounts of F. nucleatum DNA and miR21 [113].

It has been also observed that F. nucleatum may promote LC3-II protein expression, autophagy
pathway, and autophagosome production in CRC cells. F. nucleatum may favor the release of the
autophagy-related proteins, pULK1, ULK1, and ATG7, contributing to the resistance to oxaliplatin and
5-fluorouracil regimens in CRC cells [98].

A study by Bullman et al. showed the persistance of F. nucleatum also in distal metastatic lesions
of CRC patients. Administration of metronidazole in mice bearing a colon cancer xenograft decreased
F. nucleatum load, tumor cell proliferation, and overall cancer development, thus suggesting that
specific antibiotics could potentially be used to treat patients with Fusobacterium-associated CRC [114].

4.2. Streptococcus gallolyticus (Formerly S. bovis)

Streptococcus gallolyticus subsp. gallolyticus (SGG), formerly known as S. bovis biotype I, represents
a common causative agent for bacteremia and endocarditis in older adults. Gut colonization by SGG
is strongly correlated with the development of CRC [99,115]. Indeed, both American and European
guidelines recommended colonoscopy in patients with SGG bacteremia [116,117].

A case-control study by Corredoira-Sánchez et al. carried out on 109 cases showed that the
prevalence of CRC was higher in patients with SGG bacteremia compared to controls (70% vs. 32%;
OR, 5.1; 95% CI 3.0–8.6). The study did not show significant differences when comparing nonadvanced
adenomas (19% vs. 12%). However, significant differences were observed in advanced adenomas (40%
vs. 16%; OR 3.5, 95% C.I. 2.0–6.1) and invasive CRC (12% vs. 5%, OR 2.9, 95% C.I. 1.2–6.9) [100].

A large epidemiological study by Butt et al. showed for the first time a statistically significant
association between exposure to SGG antigens and CRC, and pointed out that the risk for CRC was
stronger among subjects younger than 65 years [101].

Aymeric et al. observed that CRC-specific conditions may favor SGG colonization of the gut
at the expense of commensal enterococci. Indeed, gut colonization by SGG is promoted by a
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bacteriocin called “gallocin”, which is enhanced by bile acids and may exert toxic activity to enterococci.
Also, the stimulation of the Wnt pathway, and the reduced expression of the bile acid apical transporter
gene Slc10A2, may act on the APC founding mutation, supporting the gut colonization by SGG [115].

4.3. Enterotoxigenic Bacteroides fragilis (ETBF)

Enterotoxigenic B. fragilis (ETBF) may support colorectal carcinogenesis by the production of
pro-inflammatory cytokines and the stimulation of Wnt signaling. Expression of B. fragilis toxin
(BFT), a 20 kDa metalloprotease produced by ETBF, is able to promote persistent colitis in mice,
damage E-cadherin junctions, as well as stimulate B-catenin signaling and IL-8 production in colonic
epithelial cells [118].

A study by Purcell et al. underlined the key role of ETBF in the development of colorectal
low-grade dysplasia, tubular adenomas, and serrated polyps (p-values of 0.007, 0.027 and 0.007,
respectively) [102]. Similar findings were reported in a study of patients with colonic adenomas that
presented higher expression of the B. fragilis toxin gene (bft) associated with adenoma tissue compared
to normal healthy mucosa [103].

Zamani et al. reported an increased positivity of ETBF in patients with precancerous and cancerous
lesions compared to healthy controls. Higher ORs of ETBF were significantly associated with serrated
lesions and adenoma with low-grade dysplasia. The most common subtype of bft gene was the bft1
gene, followed by the bft2 gene. An assessment of ETBF could represent a marker of CRC prognosis,
especially in the precancerous lesions, and could be used for the screening of these conditions [104].

4.4. Enterococcus faecalis

E. faecalis is a Gram-positive commensal bacterium, that may be responsible for human disease
through translocation from intestinal wall, oral cavity, and genito-urinary mucosa, leading to a systemic
infection [119]. E. faecalis represents one of the most frequent causes of infection in older
adults, and some studies underlined its importance for the development of cancer [120]. It has also been
reported an association between enterococcal endocarditis and hidden CRC [119,121]. On the other hand,
E. faecalis showed anti-inflammatory properties and probiotic activity, and is frequently administered
in subjects with chronic sinusitis and bronchitis or in infant acute diarrhea [122].

Actually, there is no consensus on the role of E. faecalis in CRC: some studies highlighted its
protective role or no role in CRC, whereas others reported potential pro-carcinogenic effects [123].

A study by Viljoen et al. carried out on 55 patients, did not highlight any significant clinical
association between E. faecalis and CRC. However, the same study showed a relevant association
bewteen clinicopathological features of CRC and Fusobacterium spp. and ETBF [105]. Miyamoto et al.
observed that heat-killed E. faecalis strain EC-12 could suppress intestinal polyp development in Apc
mutant Min mice. Administration of heat-killed EC-12 reduced the levels of c-Myc and cyclin D1 mRNA
expression in intestinal polyps, by blocking the transcriptional activity of the T-cell factor/lymphoid
enhancer factor [124].

E. faecalis could play a role in inducing CRC by activation of Wnt/β-catenin signaling and
induction of pluripotent transcription factors linked to dedifferentiation. Indeed, exposure of murine
primary colon epithelial cells to E. faecalis-infected macrophages contributed to CRC initiation through
gene mutation, chromosomal instability, and endogenous cell transformation, which involved the
transcription factors c-Myc, Klf4, Oct4, and Sox2i [125].

Perhaps, these controversial data could be explained taking into account the different geographical
origin of the isolated strain, and dysbiosis due to the use of antibiotics or changes in diet [126,127].

4.5. Escherichia coli

Classification of the Gram negative bacterium E. coli includes 8 phylogenetic groups (A, B1, B2,
C, D, E, F and clade I). Commensal strains are commonly represented by A and B1 groups, being
the largest part of the fecal flora of healthy individuals. Extraintestinal pathogenic strains (ExPEC)
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include mainly B2 and D groups, and may be responsible for many extraintestinal infections, due to the
achievement of numerous virulence factors that potentially support the colonization of extraintestinal
tissues [128]. However, both commensals and ExPEC are considered as a part of the normal gut
microbiota in healthy subjects [129].

There is evidence that E. coli could play a role in the development of CRC [106,130].
Indeed, some patients with CRC may show an excessive growth of E. coli strains, mainly B2,
characterized by high expression of virulence genes, including those encoding toxins and effectors
that may induce carcinogenesis, such as colibactin, cytolethal distending toxins, cytotoxic necrotizing
factors, and cycle-inhibiting factor [131,132]. In vitro studies showed that colibactin could be involved in
DNA alkylation on adenine residues, leading to double-strand breaks [133,134]. Pleguezuelos-Manzano
et al. demonstrated that exposure to genotoxic pks + E. coli, could be responsible for specific mutational
signature in human intestinal organoids; indeed, an identical mutational signature was observed in
5876 human cancer genomes from two independent study cohorts, mostly in CRC [135].

Ambrosi et al. analyzed 272 E. coli isolates from colonoscopy biopsies, and showed that E. coli
strains colonizing adenomatous polyps were characterized by specific phenotypes compared to those
from normal mucosa, which included lack of motility, moderate to strong biofilm forming activity,
and poor proteolytic capability [106].

In a study by Iyadorai et al. pks + E. coli was detected more frequently in CRC patients compared
to healthy subjects. In vitro assays carried out on primary colon epithelial (PCE) and CRC (HCT116)
cell lines, highlighted that the cytopathic effect of pks + E. coli strains could support the initiation and
development of CRC [107].

5. Future Perspectives

Modulation of the gut microbiota, aiming to reverse microbial dysbiosis, could represent a new
tool for prevention and treatment of CRC. The strategies could include the use of probiotics, prebiotics,
postbiotics, antibiotics, and fecal microbiota transplantation (FMT) [136–139].

Overall, the effects of microbiota modulation on CRC prevention could be due to many
mechanisms, such as the suppression of inflammatory state, stimulation of apoptosis of early cancer
cells, re-establishment of intestinal barrier function and correction of microbiota composition [140,141].
Also, manipulation of the gut microbiota could alleviate chemotherapy-induced side effects,
such as mucositis, as confirmed by a decreased incidence of diarrhea and weight loss after the
administration of several probiotics strains in animal models [142,143].

There is growing evidence that modifications of microbial abundances in some pathological
conditions could affect their co-abundance interactions; indeed, Chen et al. observed specific gut
microbial co-abundance networks in patients with inflammatory bowel disease (IBD) and obesity.
These findings underlined the importance of microbial dysbiosis in the pathogenesis of some diseases,
and suggested that even the development of CRC could share similar mechanisms [144–146].

Promising preclinical studies suggested that modulation of gut microbiota could increase
therapeutic efficacy of anticancer drugs. There is evidence that the administration of antibiotics
could lead to clinical benefits to CRC patients by gut microbiota depletion and subsequent reduction
of chemotherapeutic resistance. Indeed, a study by Geller et al. observed that intratumor bacteria
could favor gemcitabine resistance through enzymatic inactivation, and therefore the administration of
a gemcitabine-ciprofloxacin combination therapy could enhance the efficacy of chemotherapy [147].

Some studies demonstrated that the gut microbiota is also able to affect chemotherapy and/or
immunotherapy efficacy by modulating immune response [148]. Oral administration of some probiotics,
such as Bifidobacterium spp. and Akkermansia muciniphila, or FMT from treatment-responsive patients,
stimulated the programmed cell death protein 1 ligand 1 (PD-L1)-based immunotherapy, thus blocking
cancer development through the increase of dendritic cell and T cell response [149–151].

There is growing evidence that microbial shift markers could be used succesfully for non-invasive
early diagnosis and/or prognostic assessment of CRC and advanced adenomas [81,152]. Mangifesta
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et al. performed a metataxonomic analysis based on 16S rRNA gene sequencing approach, and showed
that some microbial taxa such as Bacteroides, Faecalibacterium, and Romboutsia, seem to be reduced in
cancerogenic mucosa and in adenomatous polyps, thus representing potential new biomarkers of early
carcinogenesis. Furthermore, the detection of high amounts of F. nucleatum in polyps, underlined the
key role of this microorganism as a microbial biomarker for early diagnosis of CRC [153].

A study by Hale et al. showed that the composition of the gut microbiota in subjects with
adenomas is significantly different from that of healthy subjects, and is similar to the microbiota of
subjects with CRC. These changes could be a consequence of the Western diet and could result in
metabolic changes leading to intestinal cellular damage and mutagenesis [81,154].

The combined assessment of heterogeneous CRC cohorts detected reproducible microbiota
biomarkers and disease-predictive models that could represent useful tools for clinical prognostic
tests and future research. A meta-analysis of 969 stool metagenomes carried out using data from five
open access datasets and two new cohorts, showed that the gut microbiota in CRC was characterized
by more richness than controls (p < 0.01), partly due to the growth of some species originating from
the oral cavity. The results also highlighted an association between gluconeogenesis, putrefaction
and fermentation processes with CRC, while the starch and stachyose degradation were associated
with controls. A significant association between microbiota choline metabolism and CRC was also
observed (p = 0.001) [155]. Another meta-analysis of eight stool metagenomic studies of CRC (n = 768)
from different geographical areas, reported a significant enrichment in a group of 29 species in
CRC metagenomes (FDR < 1 × 10−5). An elevated production of secondary bile acids from CRC
metagenomes, higher expression of mucin and protein catabolism genes and reduction of carbohydrates
degradation genes were observed, thus underlying a metabolic relationship between gut microbiota in
CRC and a diet rich in meat and fat [156].

A study by Poore et al. carried out on The Cancer Genome Atlas (TCGA) detected specific
microbial signatures in blood and tissue of different types of tumors, including CRC, which were
predictive for patients with stage Ia-IIc tumor and tumors without any genomic modifications as
detected by cell-free tumor DNA assessment. These findings could pave the way to a novel type of
microbial-based CRC diagnostics [157].

Currently, there is a great limitation in availability of mouse models to study the interaction
between gut microbiota and CRC. Zeb2IEC-Tg/+ (intestinal epithelial cell-specific transgenic expression
of the epithelial-to-mesenchymal transition regulator Zeb2) mice represented the first and only
microbiota-dependent CRC mouse model available so far. Specific characteristics of Zeb2IEC-Tg/+

mice included the presence of gut dysbiosis, and the preventive effect on carcinogenesis through the
microbiota reduction by broad-spectrum antibiotics or germ-free rederivation [158].

6. Conclusions

In conclusion, detecting key relationships between diet, gut microbiota, and metabolites involved
in the adenoma-carcinoma sequence could provide important basis for personalized medicine aimed
at preventing and managing CRC. Secondary bile acids, H2S, and other bacterial metabolites could
exert genotoxic activities and should be kept into account when investigating the adenoma and
carcinoma development. Nonetheless, further studies are needed to evaluate the effects of diet, lifestyle,
or medications on the gut metabolic environment and the microbiota. Finally, the identification of
global microbiota signatures specific for CRC represents a promising tool in CRC diagnosis and therapy.
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Abstract: Although extensively investigated, cancer is still one of the most devastating and lethal
diseases in the modern world. Among different types, colorectal cancer (CRC) is most prevalent and
mortal, making it an important subject of research. The metalloprotease ADAM17 has been implicated
in the development of CRC due to its involvement in signaling pathways related to inflammation and
cell proliferation. ADAM17 is capable of releasing membrane-bound proteins from the cell surface in a
process called shedding. A deficiency of ADAM17 activity has been previously shown to have protective
effects against CRC in mice, while an upregulation of ADAM17 activity is suspected to facilitate tumor
development. In this study, we characterize ADAM17 variants found in tissue samples of cancer
patients in overexpression studies. We here focus on point mutations identified within the catalytic
domain of ADAM17 and could show a functional dysregulation of the CRC-associated variants. Since
the catalytic domain of ADAM17 is the only region structurally determined by crystallography, we
study the effect of each point mutation not only to learn more about the role of ADAM17 in cancer, but
also to investigate the structure–function relationships of the metalloprotease.

Keywords: ADAM17; colorectal cancer (CRC); TNFα; IL-6R; AREG; shedding

1. Introduction

Cancer is one of the leading causes of death in modern society. In 2019, over 1.7 million new cases
and over 600,000 deaths were reported in the US alone. Colorectal cancer (CRC) cancer is among the
more common and also lethal forms of it, being ranked third in terms of incidence for both males
and females [1]. The highest non-genetic risk factor for developing CRC is a chronic inflammation
of the gut, generally known as inflammatory bowel disease (IBD) [2,3], which includes a subset of
diseases resulting in chronic inflammation of the gastrointestinal tract, such as ulcerative colitis or
Crohn’s disease [4]. Although many susceptibility genes for IBDs are known, most cases can be linked
to a variety of different environmental factors, including diet, smoking, stress and many more [5].
A so-called “Western diet” (high fat, low fiber) has been associated with a higher risk of developing
IBD and CRC in humans and mice alike [6–8]. In recent years, the membrane-bound metalloprotease
ADAM17 (a disintegrin and metalloprotease 17) has been identified as a key player in the development
of colon cancer. First discovered as the protease responsible for cleaving proTNFα at the cell surface [9],
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ADAM17 has since been found to cleave over 80 substrates and thus being involved in almost all
parts of cell homeostasis [10]. This includes inflammation, regeneration, differentiation and immunity.
Underlining the important role of ADAM17 in vivo, ADAM17 knock out mice are not viable and die
prenatally [11]. A hypomorphic mouse model expressing very low levels of ADAM17 (~5%) is viable,
but highly compromised [12]. Due to its wide range of functions and its almost ubiquitous expression
throughout the organism, a pathophysiological role of ADAM17 has long been implicated [13]. ADAM17
is expressed as a zymogen and consists of six major domains: an inhibitory pro-domain that also
functions as a chaperone [14], a catalytic domain (CD), a disintegrin domain, a membrane-proximal
domain harboring the CANDIS region [15], a transmembrane domain and a small cytosolic tail. During
the maturation process, the pro-domain is cleaved by furin in the trans-Golgi network, exposing the
catalytic site and enabling protease activity [16]. ADAM17 is then transported to the cell surface where
it acts as sheddase [10].

In addition to activation by furin, regulation of ADAM17 can take place by phosphorylation of the
cytoplasmic domain [17–20], cellular localization [21], composition of the cell membrane [22] and/or
activation/inactivation by protein-disulfide isomerase [23]. Another regulatory mechanism is substrate
recognition, which is thought to be facilitated mainly by the membrane-proximal domain. In addition,
the transmembrane proteins iRhom1 and iRhom2 have been found to be crucial for ADAM17 substrate
selectivity, trafficking and activation [24–27]. Other studies have shown that even after maturation, the
cleaved pro-domain can function as a potent inhibitor of ADAM17 [28]. Given its importance in such
fundamental cellular pathways, it is no surprise that ADAM17 is highly regulated by so many different
mechanisms. Interestingly, no protein structure of full-length ADAM17 has been obtained yet. Single
domain structures have been solved only for the catalytic domain [29] as well as the membrane-proximal
domain [23]. Among the many signaling pathways ADAM17 is involved in, the most prominent ones are
connected to inflammation and regeneration. In inflammation, ADAM17 is responsible for the release of
TNFα and its receptors TNFR1 and TNFR2, which are essential for an inflammatory response [30]. High
levels of soluble TNFα are associated with an inflammatory state and are a hallmark of IBD [31]. Many
other proteins involved in leukocyte activation are also shed by ADAM17, such as L-selectin, VCAM-1,
ICAM-1 and more [32–35]. ADAM17 also influences the Interleukin 6 (IL-6) pathway by shedding
the Interleukin 6 receptor (IL-6R) from the cell surface [36]. IL-6-mediated pathways are also heavily
involved in inflammation, acting in both a pro- and anti-inflammatory manner [37,38]. Almost all
inflammatory diseases are associated with an upregulation of IL-6. Signaling can be induced in two
different way, typically described as classic and trans-signaling. In classic signaling, IL-6 binds to IL-6R
at the cell surface, then a gp130 homodimer is recruited to form the signaling complex [39]. However, if
IL-6R has been shed from the cell surface, IL-6 can still bind to the shed ectodomain of IL-6R, forming
a soluble ligand–receptor complex. This complex can then bind to a gp130 homodimer on any type
of cell (even those not expressing IL-6R) to form the trans-signaling complex [40]. While classic IL-6
signaling is associated with anti-inflammatory properties, trans-signaling has been shown to have a
pro-inflammatory effect and play a major role in the development of cancer [41–43].

In regeneration, ADAM17 is capable of regulating cell proliferation by cleaving and releasing
EGF-R ligands like Amphiregulin (AREG), TGF-α, Hb-EGF and EREG [44]. The EGF receptor (ErbB1)
is a transmembrane tyrosine kinase receptor capable of binding different ligands [45]. Activation
of EGF-R can induce a variety of signaling cascades involved in cell survival, proliferation and
differentiation [46]. EGF-R overexpression, as well as increased activation of EGF-R pathways, are
high risk factors for developing cancer and EGF-R signaling is often highly upregulated in human
carcinomas [47–49]. Previous studies have shown that ADAM17 is upregulated in colon tumor tissue [50].
In mice, ADAM17-deficiency has a protective effect on tumor burden in an induced genetic colon cancer
model [51]. Thus, ADAM17 activation seems to play a key role in the development of CRC. The specific
role of ADAM17 in CRC, however, appears to be multifaceted as all three major ADAM17-regulated
pathways (TNFα-, EGF-R- and IL-6-signaling) on different cell types are implicated in tumor progression.
A recent study has found that both the activation of EGF-R pathways, as well as IL-6 trans signaling

28



Biomedicines 2020, 8, 463

can be observed during tumor development, and both require ADAM17 [51]. Release of sIL-6R by
ADAM17 to promote IL-6 trans-signaling can be facilitated by tumor cells and macrophages [52,53],
whereas ADAM17 on myeloid cells is speculated to release EGF-R ligands and activate EGF-R signaling
in an autocrine manner, as well as on macrophages. This in turn leads to the production of IL-6, further
promoting IL-6 trans-signaling [43,54].

In this study, we analyzed naturally occurring mutations within the ADAM17 gene found in
colon cancer tissues, utilizing databases (IntOGen, COSMIC, TCGA and ICGC) [55–60] containing
sequence data of patient tumor samples. Interestingly, single nucleotide variations (SNVs) could
be found distributed all over the ADAM17 gene and are hence found within all protein domains of
the metalloprotease.

We here selected three ADAM17 missense point mutations from colon cancer tissue (E319G,
E406X, M435I) as well as one variant found within pancreatic cancer (P417Q). All these variants are
found within the catalytic domain of the translated protein. The E406X mutation is located right at
the beginning of the Zn2+ binding motif and introduces an early stop codon. The resulting truncated
protein thus consists of only the pro-domain and a small part of the catalytic domain. Out of the
four selected mutants, only the M435I variant has been subject to research before. This variant was
found to be catalytically inactive as the methionine at this position is part of a highly conserved loop
structure integral for enzymatic function [61]. Utilizing an ADAM10/17 deficient HEK293 cell line, we
characterized these ADAM17 variants based on their expression, cellular localization as well as their
ability to cleave substrates implicated in cancer.

2. Experimental Section

2.1. Database Analysis

The ADAM17 variants were found by screening for cancer-associated mutations in the catalytic
domain. The databases used are the following: IntOGen (Integrative Onco Genomics, Barcelona
Biomedical Genomics Lab, Barcelona, Spain), Cosmic (Catalogue of Somatic Mutations in Cancer;
Sanger Institute, Cambridge, UK), The Cancer Genome Atlas Program (TCGA; National Institutes
of Health, Bethesda, MD, USA) and the International Cancer Genome Consortium (ICGC). These
databases provide somatically acquired mutations found in tumor tissue of cancer patients (the project
identification code, Date Month Year).

2.2. cDNA Constructs and Cloning

Expression plasmids of murine (m) ADAM17 wild type (wt), as well as the colon cancer-associated
mutants (E319G, E406X, M435I, P417Q), were assembled using mADAM17 cDNA and the pcDNA3.1
(+) vector (#V79020, Thermo Fisher Scientific Inc., Waltham, MA, USA). Mutations were introduced
via site-directed mutagenesis PCR. The generated constructs were verified by using Sanger sequencing
(Eurofins Genomics, Ebersberg, Germany). Expression plasmids of ADAM17 substrates (murine
AREG, IL-6R and proTNFα) were also based on pcDNA3.1 (+) and were used for co-transfection
experiments in order to analyze ADAM17 enzymatic activity. For staining of the plasma membrane in
immunofluorescence analysis (see Section 2.7), a custom made eGFP construct was used. It comprises
the coding sequence of eGFP with an added farnesylation motif for membrane anchoring, cloned into
pcDNA3.1 (+).

2.3. Cell Culture

HEK cells deficient for ADAM10 and ADAM17 (A10/A17 dKO) were used for overexpression
experiments as recently described [14]. Cells were cultivated in Dulbecco’s Modified Eagle’s medium
(DMEM; #D6429, Sigma-Aldrich, Munich, Germany) supplemented with 10% heat-inactivated fetal
calf serum (FCS) (#3306-PI31004, PAA Laboratories, Pasching, Austria) and 1× penicillin/streptomycin
(Pen/Strep; #P0781, Sigma-Aldrich, Munich, Germany). Passaging of the cells was required every
3–4 days once they reached a confluency of 80–90%.
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2.4. Transfection

Prior to transfection, the cell count of the respective cell line was determined via Cellometer Auto
T4 Plus (Nexcelom Bioscience, Lawrence, MA, USA). The HEK A10/17 dKO cells were then plated
at a density of 2.2 × 106 per 10 cm plate and 2 × 105 per 6-well and cultivated overnight. The next
day, cells were transfected with a mixture of polyethylenimine (PEI, 1 μg/μL) (#24765-1, Polysciences,
Warrington, PA, USA) and DNA (1 μg/μL) in a ratio of 3:1 diluted in DMEM. Per plasmid, 1 μg of DNA
was used for transfection of a 10 cm dish and 0.5 μg of DNA per well of a 6-well plate. The cells were
harvested after 48 h and, where indicated, stimulated with 200 nM phorbol 12-myristate 13-acetate
(PMA; #P8139, Sigma-Aldrich, Munich, Germany) for 2 h prior to harvesting.

2.5. Western Blot Analysis

HEK A10/A17 dKO cells were transfected as described above and harvested by mechanically
detaching from the culture dish. Afterwards, the cells were washed twice with cold PBS and lysed in lysis
buffer (1% Triton X-100, 150 mM NaCl, 50 mM Tris-HCl pH 7.4), 10 mM 1.10-phenanthroline (#841491,
Merck, Darmstadt, Germany) and 1× cOmplete protease inhibitor cocktail (#11697498001, Roche, Basel,
Switzerland) for 60 min at 4 ◦C. The protein concentration was determined by BCA assay (#23225,
Thermo Fisher Scientific Inc., Waltham, MA, USA). Then, 40 μg of total protein was supplemented
with 5× SDS sample buffer (0.3 M Tris-HCl, pH 6.8, 10% SDS, 50% glycerol, 5% β-mercaptoethanol, 5%
bromophenol blue) and denatured at 95 ◦C for 5 min. The samples were then run in an SDS-PAGE and
transferred to a PVDF-membrane (#IPFL00010, Merck Millipore, Burlington, MA, USA). The membrane
was blocked in TBS containing 6% milk powder and incubated with primary antibodies overnight at
4 ◦C. Secondary antibodies were applied for 1 h at room temperature.

The following primary antibodies were used: anti-ADAM17 10.1 (binding epitope between aa
290–309; Pineda Antikörper-Service, Berlin, Germany), anti-TNFα (Pineda Antikörper-Service, Berlin,
Germany), anti-IL-6R C#1 (Pineda Antikörper-Service, Berlin, Germany), anti-myc (Cell Signaling,
Frankfurt am Main, Germany; clone 9B11 #2276), anti-transferrin receptor (#ab84036, abcam, Cambridge,
UK) and anti-β-actin (#A5441, Sigma-Aldrich, Darmstadt, Germany). As secondary antibodies, goat
anti-rabbit HRP and sheep anti-mouse HRP (#111-035-144, #515-035-062, both Dianova, Hamburg,
Germany), as well as IRDye 800CW donkey anti-rabbit and IRDye 680RD Donkey anti-Mouse (#926-32213,
#926-68072, both LI-COR Biosciences, Lincoln, Nebraska) were used.

2.6. Biotinylation

First, 2 × 106 HEK A10/A17 dKO cells were transfected as described above. Twenty-four hours
after transfection, the cells were cooled to 4 ◦C, washed twice with ice-cold PBS-CM (PBS with 0.1 mM
CaCl2 and 1 mM MgCl2 added) and afterwards incubated with 1 mg/mL Sulfo-NHS-SS-Biotin (#21331,
Thermo Fisher Scientific Inc., Waltham, MA, USA) in PBS-CM for 30 min at 4 ◦C. Simultaneously,
control cells were incubated in only PBS-CM. The solutions were removed and ice-cold quenching
buffer (PBS plus 50 mM Tris-HCl; pH 8.0 in PBS-CM) was added for 10 min. After three washing steps
with PBS-CM the cells were lysed in biotinylation lysis buffer (1% Triton X-100, 0.1% SDS, 150 mM NaCl,
50 mM Tris-HCl pH 7.4 and 1× complete protease cocktail inhibitor) for 30 min at 4 ◦C. The protein
amount was determined by BCA and an aliquot of 20 μg of total protein was taken as a lysate control
sample and prepared for SDS-PAGE. An equal amount of total protein from each sample was then
diluted to a volume of 250 μL using biotinylation lysis buffer. Then, 75 μL of streptavidin beads (#20359,
Thermo Fisher Scientific Inc., Waltham, MA, USA) per sample were washed three times with 100 μL
biotinylation lysis buffer and added to the diluted samples. After an incubation of 1 h at 4 ◦C, the
supernatant was removed and the beads were washed several times with 500 μL of biotinylation lysis
buffer. Afterwards, all supernatant was removed and 40 μL 1× SDS sample buffer were added to the
beads of each sample and heated up to 60 ◦C for 20 min. All samples were then analyzed via SDS-PAGE
and Western blot.
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2.7. Immunofluorescence Analysis

HEK A10/A17 dKO cells were seeded in a 6-well plate (2.0 × 105 cells per well) containing glass
cover slips and transfected as previously described. The cells were then washed with PBS, fixed with 4%
PFA in PBS for 15 min at room temperature and permeabilized with 0.3% Triton X-100 (Sigma-Aldrich,
Darmstadt, Germany) in PBS for 30 min. Subsequently, cells were blocked in blocking buffer (2% BSA,
5% heat-inactivated FCS and 0.3% Triton in PBS) for 60 min and then incubated at 4 ◦C overnight with
the primary antibodies. All antibodies were diluted in blocking buffer to their working concentrations
(see below). Afterwards, the cells were washed three times with PBS containing 0.3% Triton X-100,
then incubated with secondary antibodies for 60 min at room temperature. Finally, cells were washed
three more times with 0.3% Triton X-100 in PBS, once with PBS and stained with DAPI as part of the
mounting mix consisting of Dabco (Sigma-Aldrich, Darmstadt, Germany) and Mowiol (Merck Millipore,
Burlington, MA, USA). Immunofluorescence analyses were performed with a confocal laser scanning
microscope (FV1000, Olympus, Tokyo, Japan) equipped with a U Plan S Apo 100× oil immersion
objective. Digital images were analyzed using FV10-ASW Viewer version 4.2 (Olympus, Tokyo, Japan).
Primary antibodies used: anti-PDI (1:100, abcam, Cambridge, UK; #ab13506), anti-ADAM17 10.1 (1:100,
Pineda Antikörper-Service, Berlin, Germany). Secondary antibodies were purchased from Thermo
Fisher Scientific (Waltham, MA, USA): goat-anti-mouse Alexa Fluor 594 (#A11032) and goat-anti-rabbit
Alexa Fluor 488 (#A11037).

2.8. Enzyme-Linked Immunosorbent Assay (ELISA)

First, 3.5 × 105 cells were transfected as previously described with each ADAM17 variant and
the respective substrate (mAREG, mIL-6R or mpro-TNFα). The shed cytokines were determined in
the cell-free supernatant by ELISA according to the manufacturer’s instructions (mTNFα: #11560637
eBioscience, Frankfurt am Main, Germany; mIL-6R and mAREG: #DY1830 and #DY989, R and D
Systems, Minneapolis, MN, USA).

2.9. Live Cell Surface ADAM17 Activity Assay

First, 2 × 106 HEK A10/A17 dKO cells were seeded onto a 10 cm culture dish and transfected the
next day. Twenty-four hours after transfection the cells were detached from the culture dish using
trypsin and seeded onto a 96-well plate (2 × 105 cells per well). The following day, ADAM17 surface
activity was measured by removing the culturing media and supplying the cells with PBS containing
20 μM of a quenched fluorogenic peptide (Abz-LAQAVRSSSR-Dpa; ADAM17 (TACE) substrate IV
(Calbiochem, Merck, Darmstadt, Germany; #616407)). The fluorescence (λEx: 320 nm; λEm: 405 nm)
was measured every 30 s over a total of 120 min using a Tecan plate reader (Tecan Infinite 200 Pro,
TECAN, Männedorf, Switzerland). ADAM17 surface activity was represented by the area under curve
(fluorescence over time) and normalized to wt.

2.10. Structural Analysis

The catalytic domain of ADAM17 was visualized based on the crystal structure published by
Mazzola et al. (PDB: 3E8R) [29]. Molecular graphics and analyses were performed with UCSF Chimera
(version 1.14), developed by the Resource for Biocomputing, Visualization, and Informatics at the
University of California, San Francisco, with support from NIH P41-GM103311 [62]. Solvent-excluded
molecular surfaces were created with the help of the MSMS package [63].

2.11. Data Analysis and Statistic

All values are expressed as the mean ± SEM. For data analysis Excel (Microsoft, Redmond, WA,
USA) and GraphPad Prism version 7 (GraphPad Software, San Diego, CA, USA) were used. Differences
among mean values were analyzed by two-tailed, unpaired Student t test or one-way ANOVA, followed
by Tukey’s multiple comparison test where applicable. In all analyses, the null hypothesis was rejected
at p < 0.05 with * < 0.05, ** < 0.01, *** < 0.001, **** < 0.0001.
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3. Results

3.1. Cloning and Expression of ADAM17 Mutations

We searched the databases IntOGen, COSMIQ, TCGA and ICGC for mutations within the ADAM17
gene. These databases are listing somatic mutations found in tumor tissue of cancer patients. The search
for ADAM17 came up with 175 results of single nucleotide variations (SNVs) within unique cancer
tissue samples (Figure S1A). In this study, we focused on missense point mutations identified in colon
cancer samples (in total 11 different ADAM17 variants were found; Figure S1B). Interestingly, colon
cancer-associated point mutations are distributed over the whole protein, located in following domains:
pro-, catalytic-, disintegrin-, membrane proximal and cytoplasmic domain (Figure S1B). Most variants
were found within the catalytic and membrane proximal domain (both three different mutations;
Figure S1B), underlining the importance of both domains for proper enzymatic function.

Figure 1. Overview and expression of cancer-associated ADAM17 variants within the catalytic domain.
(A) Table and description of somatic mutations in human ADAM17 found within tumor tissue of colon
and pancreatic cancer patients. Listed is also the position in the cDNA and amino acid sequence as well
as the database (COSMIQ, ICGC, IntOGen or TCGA) in which there were found. (B) Structural model of
catalytic domain (CD) of ADAM17 including mutations highlighted in red (structure derived from PDB:
3E8R). The three histidine residues coordinating the zinc ion in the active center are also highlighted in
orange. (C) Overexpression of ADAM17 variants in ADAM10/ADAM17 double-deficient HEK cells
(HEK A10/A17 dKO). Representative immunoblot showing equal protein levels of ADAM17 wild type
(wt) and the ADAM17 variants after overexpression. Only the truncated variant E406X (black arrow,
~50 kDa) exhibits a lower expression level. β-actin was used as a loading control.

We here analyzed four cancer-associated missense mutations located within the catalytic domain of
the ADAM17 protein (Figure 1A). First, we focused on the point mutation E319G (c.956A>G; p.E319G)
found in tumor tissue of colon cancer patients. The negatively charged glutamic acid at position 319 is
replaced by a glycine, which is located in an α-helix offside the active center (Figure 1B). Next, the
colon cancer-associated E406X (c.1216G>T; E406X) mutation was studied (Figure 1A). The mutation
leads to a premature stop after His405, resulting in a truncated ADAM17 protein lacking the last 422
amino acids, which includes the three histidines that form the active center (Figure 1B). The M435I
(c.1305G>A; p.M435I) variant, which was also found in colon cancer samples, was the third mutation
analyzed in this study (Figure 1A). Here, the methionine of the Met-turn structure near the active site
is replaced by an isoleucine (Figure 1B). Last, the P417Q (c.1250C>T; p.P417Q) variant was examined
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in this study. Its point mutation is located right next to the histidines (His405, His409 and His415) of
the active center and the coordinated zinc ion (Figure 1B). In comparison to the other mutants, this
variant was found in pancreatic tumor tissue and was included to this study because of its unique
location within the catalytic domain.

All ADAM17 variants were generated by mutagenesis PCR and inserted into a pcDNA3.1
expression plasmid containing the mADAM17 cDNA. Afterwards, ADAM10 and ADAM17 double
deficient HEK cells (HEK A10/17 dKO) were reconstituted with the ADAM17 variants and the wild
type by transient overexpression. The expression was analyzed via SDS-PAGE and Western blot using
an anti-ADAM17 antibody (10.1 antibody) (Figure 1C). The epitope region recognized by this antibody
is still intact in the truncated ADAM17 variant E406X, hence this variant can be detected as a smaller
protein at ~50 kDa. However, the E406X variant showed decreased protein levels compared to the
other analyzed variants and the wild type (Figure 1C). This suggest stable protein expression of the
variants E319G, M435I and P417Q, but not E406X. This truncation probably results in an unstable
ADAM17 protein, making it prone for degradation processes.

3.2. Proteolytic Activity of Cancer-Associated ADAM17 Variants

Next, we performed functional analyses of the aforementioned ADAM17 variants to study how
the inserted point mutations affect the proteolytic activity of the enzyme. To do this, we co-transfected
HEK A10/A17 dKO cells with respective ADAM17 variants along with one of the following ADAM17
substrates: pro-TNFα, IL-6 receptor (IL-6R) or amphiregulin (AREG). All of these substrates are shed
by ADAM17 and the soluble (s) ectodomain is released into the cell supernatant. We then measured
the amount of sTNFα (Figure 2A), sIL-6R (Figure 2B) and sAREG (Figure 2C) in the media utilizing
ELISA assays. In addition, we stimulated the cells with the protein kinase C activator PMA (200 nM,
2 h), which is described to increase ADAM17-mediated shedding [36]. For HEK A10/A17 dKO cells
transfected with wild type ADAM17, higher levels of sTNFα (Figure 2A), sIL-6R (Figure 2B) and
sAREG (Figure 2C) could be measured in comparison to mock transfected cells. Interestingly, PMA
treatment only resulted in increased shedding of IL-6R (Figure 2B), and AREG (Figure 2C), but not
TNFα (Figure 2A). Equal protein expression of the substrates was verified via SDS-PAGE and Western
blot: TNFα (Figure 2D); IL-6R (Figure 2E) and myc-tagged AREG (Figure 2F). All three co-transfected
substrates together with the E406X variant showed slightly reduced protein expression (Figure 2D–F).
The E406X variant also showed no activity towards any of the analyzed substrates measured by ELISA
assay (Figure 2A–C). This was expected since this variant lacks the active center and zinc-binding motif.
Interestingly, the variant E319G seemed to be partially active and exhibited shedding activity towards
TNFα (Figure 2A) and AREG (Figure 2C). This variant only exhibited partial enzymatic shedding
activity towards IL-6R when stimulated with PMA (Figure 2B). The M435I variant presented with
significantly decreased enzymatic activity towards IL-6R (Figure 2C) and AREG (Figure 2E) even
after PMA stimulation. Only the P417Q variant showed shedding activity towards all here analyzed
substrates (TNFα, IL-6R, AREG) at comparable levels as the ADAM17 wild type (Figure 2A–C).

To further study the enzymatic activity of the ADAM17 variants, a live-cell surface activity assay
of ADAM17 was performed by utilizing a quenched fluorogenic TNFα peptide. Intriguingly, all three
colon cancer-associated mutants (E319G, E406X, M435I) showed diminished enzymatic activity on the
cell surface comparable to the mock control, whereas the pancreatic cancer variant P417Q exhibited
peptide cleavage even above ADAM17 wild type level (Figure 2G).

Taken together, these results show that the point mutation E319G, E406X and M435I in close
proximity to the active center have a negative influence on the shedding activity of ADAM17. In contrast,
the variant P417Q seemed to be as active as the wild type.
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Figure 2. Proteolytic activity of ADAM17 variants. Enzyme-linked Immunosorbent Assay (ELISA)
of soluble (s) TNFα (A), IL-6R (B) and AREG (C) measured in cell-free supernatants of HEK A10/17
dKO cells overexpressing ADAM17 wt and ADAM17 variants. Values have been normalized to mock
transfected cells. Shown is the summary of three independent experiments statistically analyzed utilizing
a one-way ANOVA together with a Tukey’s multiple comparison test. *** p < 0.005, **** p < 0.001.
Representative immunoblots show expression of analyzed substrates TNFα (D), IL-6R (E) und AREG (F)
in HEK A10/A17 dKO after co-transfection with ADAM17 variants. The here utilized AREG construct
exhibits an N-terminal myc-tag, which was used for detection (anti-myc). β-actin was used as a loading
control. (G) Cell surface activity assay of ADAM17 variants (wt and four mutations within the catalytic
domain (CD): E319G, E406X, M435I, P417Q) in living HEK A10/A17 dKO. A quenched fluorogenic
TNFα peptide was used and the increase in fluorescence was measured every 30 s for 120 min. Activity
was determined as area under curve. Shown are normalized values (to mock) of three independent
experiments. The statistical analysis was performed utilizing a one-way-ANOVA together with a Tukey’s
multiple comparison test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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3.3. Cellular Localization of ADAM17 Variants

An impaired trafficking during maturation of the protein within the secretory pathway, for example
between endoplasmic reticulum (ER) and cell surface could be an explanation for the decreased ADAM17
shedding activity of the variants E319G, E406X and M435I. Therefore, we performed immunofluorescence
(IF) stainings of HEK A10/A17 dKO cells reconstituted with the respective variants (Figure 3A,B).
In Figure 3A, ADAM17 (red) was stained using the anti-ADAM17 antibody 10.1. As reference the ER
(green) was co-stained using an anti-PDI antibody. The wild type and the variant P417Q co-localized with
the ER, but also partly appeared on the cell surface (Figure 3A) and seemed to reach the cell surface to a
similar extent. The truncated variant E406X exhibited accumulation within the ER, indicated by a strong
co-localization with PDI and the appearance of clumpy ER structures, suggesting impaired trafficking
out of the ER. This seems to be also true for the E319G variant (Figure 3A). However, the accumulation of
the E319G within ER structures was not as prominent as for the E406X variant. Interestingly, in some
cells the M435I showed an excessive amount of ADAM17 outside of the ER (Figure 3A).

For better visualization of ADAM17 on the cell surface, a second immunofluorescence
experiment was conducted (Figure 3B), in which HEK A10/A17 dKO cells were co-transfected with
a membrane-targeted GFP construct (farnesylated eGFP, green channel) in addition to ADAM17
reconstitution (red). For the wild type, as well as the mutants E319G, M435I and P417Q, ADAM17 signal
could be observed at the cell surface (Figure 3B). In comparison, the E406X variant appeared to localize
towards the center of the cell with the ADAM17 signal not fully extending to the plasma membrane,
further suggesting accumulation in the ER and no cell surface expression.

For quantitative analysis of ADAM17 cell surface transport, a biotinylation and pulldown of
cell surface proteins from transfected HEK A10/A17 dKO cells was performed, followed by Western
blot analysis (Figure 3C). As a positive control for the pulldown, we stained for the cell surface
protein transferrin receptor. A biotin-negative control (- Biotin) was used to show specificity and
sensitivity of the analysis (Figure 3C). Moreover, the lysate control confirmed similar input/expression
of ADAM17 protein (Figure 3C). Except for the truncated E406X mutant, all here analyzed ADAM17
variants, including the wild type, were detectable at the cell surface. It seems that the E406X is not
transported to the cell surface, as already indicated by the IF analysis (Figure 3A,B). This was expected
as this variant lacks a transmembrane domain and therefore cannot be anchored to the membrane.
To quantify the amount of ADAM17 on the cell surface, the band intensity of each of the biotinylated
samples was normalized to the respective lysate control and is expressed relative to the wild type
(Figure 3D). The E319G, P417Q and M435I variant showed a similar band intensity to the wild type
after normalization, indicating that all three reach the cell surface.

Overall, our data indicate that colon cancer-associated ADAM17 variants (E319G, E406X, M435I)
exhibit diminished substrate recognition and/or enzymatic activity towards physiological substrates of
the metalloprotease (TNFα, IL-6R, AREG). Although the E319G and M435I variants were found to be
localized at cell membrane, they did not show any activity on the cell surface towards a fluorogenic
TNFα peptide. This indicates that both point mutations within the catalytic domain do not influence
intracellular protein trafficking pathways, but rather affect enzymatic function. Intriguingly, the
pancreatic cancer-associated variant P417Q was neither impaired in shedding activity nor in intracellular
trafficking, as it was found on the cell membrane and active towards all tested substrates.
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Figure 3. Cellular localization of ADAM17 variants. (A) Representative immunofluorescence pictures
of HEK A10/A17 dKO cells transfected with the ADAM17 variants (red; antibody: 10.1). As reference,
the ER was stained (green) using an anti-PDI antibody. Scale bar: 10 μm. (B) Representative
immunofluorescence pictures of HEK A10/A17 dKO cells transfected with ADAM17 variants (red;
antibody: 10.1), as well as a membrane targeted eGFP construct (green) to visualize ADAM17 on the cell
surface. (C) Representative immunoblots of biotinylated HEK A10/A17 dKO cells transfected with the
ADAM17 variants. The transferrin receptor was used as a control for positive pull-down of cell surface
proteins. Also shown are HEK A10/A17 dKO incubated without biotin as a negative control. The lysate
control (first and second to last blot) shows the input of the biotinylation assay. (D) Quantification of
biotinylation. The values shown are derived from three independent experiment and normalized first
to expression level in cell lysates and then shown relative to wt. A one-way-ANOVA together with
Tukey’s multiple comparison test was performed. ** p < 0.01.

4. Discussion

Recent in vitro and mouse studies have shown the involvement of ADAM17 in inflammation
and cancer pathways [12,43,51–53,64]. The role of ADAM17 in colon cancer is thought to be linked to
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ADAM17-mediated shedding of EGF-R activating ligands, as well as IL-6 trans-signaling, which is also
promoted by ADAM17 via the shedding of IL-6R [43]. Upregulation of both pathways are hallmarks
and high risk factors of colon cancer and their activation is mediated and regulated by ADAM17 [51],
underlining its role in pathology.

In this study, we analyzed cancer-associated ADAM17 variants to gain further insight into the role
of ADAM17 in disease pathways and the effect of these mutations on the protein. We screened multiple
human cancer databases for variants found in tumor tissue of cancer patients [55–60]. Among this
dataset, a large percentage (34.9%) of ADAM17 mutations was found in cancer of the gastrointestinal
tract. Colon cancer-associated mutations were of especially high incidence, making up 13.1% of the
total dataset and 37.7% of the GIT-associated subset. Another large subset of variants was found in
lung cancer (10.3%), in which ADAM17 has also been implicated [65]. In this study, we chose four
ADAM17 variants located within the catalytic domain for analysis: three were found in colon cancer
samples (E319G, E406X, M435I) and one in pancreatic cancer (P417Q), all of them resulting in an amino
acid change or the introduction of an early stop codon. We postulated that these mutations would affect
ADAM17 activity due to being localized in the catalytic domain of the protein and their proximity to
the active site.

Our results show that indeed, overall ADAM17 activity is significantly altered in the E319G,
E406X and M435I variants, while the P417Q variant does not differ from the wild type. In case of the
E406X and M435I mutation, we observed significantly reduced activity towards all tested substrates
(TNFα, IL-6-R, AREG and a fluorogenic peptide). For the M435I variant, the data correspond with
the findings of Perez et al. [61], supporting their hypothesis that this variant is impaired in shedding
substrates due to the importance of the Met-turn structure for proteolytic activity. Interestingly, we
could observe changes in the cellular trafficking of this variant. Although our biotinylation experiments
show that the M435I variant still reaches the cell surface, we could observe an intracellular signal of
ADAM17 divergent from the wild type. By utilizing immunofluorescence techniques (co-staining with
ER marker PDI as well as cell surface GFP construct), the M435I seems to strongly localize around the
perimeter of the cell. Since there was no significant difference of ADAM17 protein level on the cell
surface after biotinylation in comparison to the wild type, the M435I seems to accumulate in other cell
compartments, but outside of ER-structures.

The E406X mutant is a truncated ADAM17 variant, consisting of only the pro-domain and part of
the catalytic domain. Due to the truncation, this variant is lacking the zinc binding motif, as well as all
downstream domains including the transmembrane domain. To no surprise, this variant showed a
complete lack of proteolytic activity towards all tested substrates. The lack of its transmembrane domain
led to impaired intracellular transport and absence of cell surface expression. Immunofluorescence
data suggest that this variant was mostly ER-localized. In co-expression analyses, where E406X was
transfected together with a substrate, we could consistently observe lower expression levels of the
co-transfected substrates (TNFα, IL-6R, AREG). It seems that in the context of overexpression, this
variant influences overall protein expression, which could be explained by its accumulation inside the
ER and a potential activation of protein degradation pathways, like for example the ERAD pathway [66].

Interestingly, the ADAM17 E319G variant exhibited intriguing results. Although showing
significantly impaired activity towards TNFα, IL-6R and the TNFα-derived fluorogenic peptide,
this variant was fully capable of shedding AREG. This indicates that the mutation does not directly
affect catalytic activity, but rather substrate recognition and specificity, leading to selective inactivity
towards certain substrates. Cellular localization of this variant is comparable to the wild type, although
we observed a slight, non-significant decrease in surface localization and increase in ER co-localization
compared to the wild type. In all conducted experiments, the pancreatic cancer-associated variant
P417Q was indistinguishable from the wild type protein. Even though the amino acid change (position
417) is adjacent to the zinc binding motif (405–416), the change from proline to glutamine appears to
have no significant effect on the enzymatic function in our experimental context.

Altogether, the colon cancer-associated ADAM17 mutations analyzed in this study either negatively
affected shedding ability and/or intracellular trafficking. These findings are contradictory to the
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current dogma about the relationship between ADAM17 and cancer, in which an activation and
upregulation of ADAM17 is thought to promote tumor development via EGF-R activation and IL-6
trans-signaling [41,43,51,52]. For the variants characterized in this study, their specific role in the
development of cancer remains unclear. Most notably, no detailed information about the patient, its
symptoms or the genetic background was available. Therefore, no statement can be made about whether
these mutations are actually driver mutations and actively promote tumor development, or are rather
passenger mutations that occurred by chance along other more detrimental mutations. It is, however,
notable that almost all cancer-associated ADAM17 mutations analyzed in this study, as well as in our
previous study [14], seem to have a negative effect of proteolytic activity in some way. It remains
unknown whether this downregulation of ADAM17 activity can positively influence the development
and progression of CRC. It is known that in the hypomorphic ADAM17ex/ex mouse model, regeneration
of the intestinal epithelium is severely compromised due to reduced EGF-R signaling, leading to
significantly higher and more prolonged inflammation in a DSS-induced colitis model [12]. Since chronic
inflammation is one of highest risk factors for developing CRC, further studies investigating the role of
ADAM17 downregulation in intestinal regeneration and chronic inflammation, utilizing suitable animal
models and more physiological experimental approaches, might shed more light on the complex role of
ADAM17 in cancer pathology. Moreover, a better understanding of ADAM17 (dys)function within the
development and progression of this devastating disease might reveal novel possible approaches for
treatment and prevention.
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Abstract: Currently, there is a crucial need for novel diagnostic and prognostic biomarkers with high
specificity and sensitivity in patients with colorectal cancer. A “liquid biopsy” is characterized by
the isolation of cancer-derived components, such as circulating tumor cells, circulating tumor DNA,
microRNAs, long non-coding RNAs, and proteins, from peripheral blood or other body fluids and
their genomic or proteomic assessment. The liquid biopsy is a minimally invasive and repeatable
technique that could play a significant role in screening and diagnosis, and predict relapse and
metastasis, as well as monitoring minimal residual disease and chemotherapy resistance in colorectal
cancer patients. However, there are still some practical issues that need to be addressed before liquid
biopsy can be widely used in clinical practice. Potential challenges may include low amounts of
circulating tumor cells and circulating tumor DNA in samples, lack of pre-analytical and analytical
consensus, clinical validation, and regulatory endorsement. The aim of this review was to summarize
the current knowledge of the role of liquid biopsy in the management of colorectal cancer.

Keywords: liquid biopsy; colorectal cancer; biomarkers; circulating tumor cells; circulating tumor DNA

1. Introduction

Colorectal cancer (CRC) is one of the most common solid cancers in developed countries,
with approximately 1.8 million incident cases and 900,000 deaths every year worldwide [1,2].
The burden of CRC is growing in the majority of low- and middle-income countries, probably
due to environmental risk factors, such as changes in diet and life-style (i.e., obesity, smoking, alcohol
consumption, and suboptimal dietary habits) [3], aging, and urbanization [4,5]. According to the
American Cancer Society (ACS), the 5-year survival rate ranges from 90% if CRC is diagnosed at
a localized stage to 14% in patients presenting with metastatic disease [6]. Treatment decisions for
CRC should take into account the stage of the disease, the general condition, and performance status
of the patient, and the molecular characteristics of the tumor [7,8]. The diagnosis of CRC is frequently
made using colonoscopy, and confirmed by histological examination of the tumor tissue biopsy.
The TNM staging of CRC is based on the depth of invasion of the primary tumor, regional lymph
node involvement, and distant metastases, which may contribute to the choice of the most appropriate
therapeutic approach, including adjuvant chemotherapy [9]. Surgical resection with lymph node
dissection represents the base of curative treatment for localized colon cancer. Patients with stage
III colon cancer are treated with adjuvant therapy using the FOLFOX (leucovorin, 5-fluorouracil and
oxaliplatin) regimen; however more data are needed to confirm the efficacy of such treatment for
rectal cancer patients. Combination of doublet or triplet chemotherapy (i.e., 5-fluorouracil/leucovorin,
capecitabine, oxaliplatin, irinotecan) and a targeted agent (i.e., cetuximab, bevacizumab, panitumumab)
are routinely used for the treatment of metastatic CRC [10,11]. Histopathological tumor tissue analysis
cannot be considered to be a reliable source of clinically helpful prognostic or predictive information for
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CRC at the individual patient’s level; thus, research is constantly moving towards the identification of
more accurate and personalized biomarkers [12]. Indeed, there is a critical need for new diagnostic and
prognostic biomarkers with high specificity and sensitivity in patients with CRC [13,14]. In this context,
liquid biopsy could represent the new era for biomarkers detection: the term “liquid biopsy” refers to
the isolation of cancer-derived components, such as circulating tumor cells (CTC), circulating tumor
DNA (ctDNA), microRNAs (miRNAs), long non-coding RNAs (lncRNAs) and proteins, from peripheral
blood or other body fluids (i.e., ascites, urine, pleural effusion, and cerebrospinal fluid), and their
genomic or proteomic assessment [15,16]. Furthermore, exosomes (EXOs) which are membrane-bound
extracellular vesicles containing proteins and nucleic acids released in the bloodstream by cancer cells,
could represent potential biomarkers [17,18]. The aim of this review was to summarize the current
knowledge of the role of liquid biopsy in the management of CRC.

2. Clinical Utility of Liquid Biopsies in Patients with Colorectal Cancer

Assessment of peripheral blood components, such as CTCs, ctDNA, miRNAs, and lncRNAs could
improve CRC screening and diagnosis, and predict relapse and metastasis [19–22]. Blood-based liquid
biopsies could also be effective in monitoring minimal residual disease (MRD) and drug resistance
in CRC patients receiving chemotherapy [23,24] (Table 1).
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Table 1. Potential clinical applications of liquid biopsy biomarkers in CRC.

Study (Year) Biomarkers Sample Size Methods

Statistical
Significance

(p Value),
Sensitivity/Specificity
(%) and/or Hazard

Ratio

Potential
Clinical

Applications

Tsai et al.
(2018) [25] CTC

n = 620 (n = 438
adenoma, polyps,

or stage I–IV
CRC, n = 182

healthy controls).

CellMax
biomimetic

platform (CMx)

All subjects: Sn
84.0/Sp 97.3

Precancerous lesions:
Sn 76.6/Sp 97.3

CRC: Sn 86.9/Sp 97.3

Screening

Bork et al.
(2015) [26] CTC

Total n = 287
(n = 239 stage

I–III CRC)
CellSearch

OS: HR 5.5 (95% CI
2.3–13.6, p < 0.001)

PFS: HR 12.7 (95% CI
5.2–31.1, p < 0.001)

Prognostic in
non-mCRC

Gazzaniga
et al. (2013)

[27]
CTC

n = 37 high-risk
stage II or III

CRC
CellSearch

The presence of CTC
was detected in 8 of

37 patients (22%)
87.5% of

CTC-positive
patients had N1–2

disease and stage III
CRC

Selection of
high-risk

stage II CRC
patient

candidates
for adjuvant

chemotherapy

Tsai et al.
(2016) [28] CTC

n = 158 (n = 27
healthy, n = 21
benign, n = 95

non-mCRC,
n = 15 m-CRC)

CellMax
biomimetic

platform (CMx)

CRC: Sn 63.0/Sp 82.0
All colorectal

neoplasms, including
adenomatous polyps,

dysplastic polyps,
and CRC: Sn 61.0/Sp

94.0

Prognostic in
non-mCRC at

high risk of
early

recurrence

Musella et al.
(2015) [29] CTC

n = 38 advanced
RAS-BRAF-wild-type

CRC receiving
third-line therapy

with
cetuximab-irinotecan
or panitumumab.

AdnaTest
ColonCancerSelect

OS: HR 8.06 (95% CI,
2.54–25.59, p < 0.001)
PFS: HR 6.10 (95% CI,
2.49–14.96, p < 0.001)

Prognostic
and

predictive in
CRC patients
treated with
anti-EGFR

monoclonal
antibodies

Krebs et al.
(2014) [30] CTC

n = 48 (CTC
enumeration

performed only
in 42 patients)

CellSearch

ORR: 71%
Median OS for high
and low CTC count:

18.7 and 22.3 months
(log-rank test,

p < 0.038)

Prognostic in
CRC patients
treated with
irinotecan,
oxaliplatin,

and
tegafur-uracil

with
leucovorin

and
cetuximab

Tie et al.
(2016) [31] ctDNA

n = 230 resected
stage II colon

cancer
Safe-SeqS

Postoperative
recurrence at 36

months: Sn 48.0/Sp
100.0

Monitoring of
MRD and

identification
of CRC

patients at
very high risk
of recurrence
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Table 1. Cont.

Study (Year) Biomarkers Sample Size Methods

Statistical
Significance

(p Value),
Sensitivity/Specificity
(%) and/or Hazard

Ratio

Potential
Clinical

Applications

Sun et al.
(2018) [32] ctDNA n = 11 CRC

treated surgically NGS

n = 7: decreased
mutation rates in
postoperative vs.

preoperative period
n = 4: no mutations
n = 1 patient with
metastatic rectal

cancer: the rate of
TP53 mutation

increased from 8.95
(preoperative) to

71.4%
(postoperative)

Prognostic and
Predictive

Tie et al.
(2015) [33] ctDNA

n = 53 mCRC
patients receiving

standard
first-line

chemotherapy

Safe-SeqS
10-fold change

ctDNA threshold: Sn
75.0/Sp 64.0

Predictive
during first-line
chemotherapy

Tie et al.
(2018) [34] ctDNA

n = 95 stage III
colon cancer

receiving
adjuvant

chemotherapy

Safe-SeqS

Inferior RFS: in case
of positive ctDNA
post-surgery (HR

3.52, p = 0.004).
Superior RFS: when

ctDNA became
undetectable after

chemotherapy (HR
5.11, p = 0.02).

Inferior RFS: when
ctDNA status
changed from

negative to positive
after chemotherapy
(HR 5.30, p = 0.006).

Inferior RFS: positive
ctDNA after

adjuvant
chemotherapy

completion (HR 7.14,
p < 0.001)

Prognostic and
therapy

monitoring in
stage III colon

cancer

Grasselli et al.
(2017) [35] ctDNA n = 146 mCRC

patients

SoC PCR and
Digital PCR
(BEAMing)

ctDNA BEAMing
RAS testing showed

89.7% agreement
with SoC (Kappa
index 0.80, 95% CI

0.71–0.90)
BEAMing in tissue

showed 90.9%
agreement with SoC
(Kappa index 0.83,
95% CI 0.74–0.92)

Predictive and
anti-EGFR
treatment
selection
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Table 1. Cont.

Study (Year) Biomarkers Sample Size Methods

Statistical
Significance

(p Value),
Sensitivity/Specificity
(%) and/or Hazard

Ratio

Potential
Clinical

Applications

Khan et al.
(2018) [36] ctDNA n = 27 RAS

mutant mCRC
Digital-droplet

PCR
PFS: HR 0.21 (95% CI

0.06–0.71, p = 0.01)

Predictive of
duration of

anti-angiogenic
response to
regorafenib

Flamini et al.
(2006) [37] ctDNA

n = 75 healthy
subjects

n = 75 CRC
qPCR

ctDNA alone: Sn
81.3/Sp 73.3

ctDNA + CEA: Sn
84.0/Sp 88.0

Diagnosis of
early-stage

CRC

Hao et al.
(2014) [38] ctDNA

n = 104 primary
CRC, n = 85

operated CRC,
n = 16

recurrent/mCRC,
n = 63 intestinal
polyps, n = 110
normal controls

ALU-qPCR

ALU115: Sn 69.23/Sp
99.09

ALU247/115: Sn
73.08/Sp 97.27

Early
complementary

diagnosis,
monitoring of
progression

and prognosis
of CRC

Sun et al.
(2019) [39]

mSEPT9
DNA n = 650

Epigenomics
AG for Epi

proColon 2.0

CRC: Sn 73.0/Sp 94.5
Polyps and adenoma:

Sn 17.1/Sp 94.5

Screening and
recurrence
monitoring

Link et al.
(2010) [40]

Fecal
miRNAs

n = 8 healthy
controls, n = 29

normal
colonoscopies,

colon adenomas,
and CRCs

TaqMan
qRT-PCR

Increased expression
of miR-21 and

miR-106a in CRC
and adenomas vs.
normal controls

(p < 0.05)

Screening

Ya et al.
(2017) [41]

Serum
miR-129

n = 18 female
patients with

CRC
Real-time PCR

Contribution to
carcinogenesis by

targeting ERβ
(p < 0.01)

Development
of therapeutic

agents

He et al.
(2018) [42]

Serum
miR-24-2

n = 68 healthy
subjects, n = 228

CRC

Real-time
qRT-PCR

Higher levels in CRC
than healthy subjects

(p < 0.05)

Negative
biomarker in

the diagnosis of
the progression

of CRC

Wang et al.
(2017) [43]

Serum
miR-31,
miR-141,

miR-224-3p,
miR-576-5p,

and
miR-4669

n = 44 healthy
subjects, n = 50

CRC.
Double-blind

validation using
sera from 30

CRC, 30 colonic
polyps, 30

healthy controls

Real-time PCR

AUC = 0.995
(microarrays)
AUC = 0.964
(double-blind

validation test)

Panel for
diagnosis of

CRC
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Table 1. Cont.

Study (Year) Biomarkers Sample Size Methods

Statistical
Significance

(p Value),
Sensitivity/Specificity
(%) and/or Hazard

Ratio

Potential
Clinical

Applications

Toiyama et al.
(2014) [44]

Serum
miR-200c

Total n = 446
colorectal

specimens. First
phase: n = 12
stage I and IV
CRC. Second

phase: n = 182
CRC, n = 24

controls. Third
phase: n = 156
tumor tissues
from 182 CRC

and an
independent set
of 20 matched

primary CRC and
corresponding

liver mts

Real-time
qRT-PCR

Correlation with
lymph node mts

(p = 0.0026), distant
mts (p = 0.0023), and
prognosis (p = 0.0064)
Predictor for lymph
node mts (OR 4.81,
95% CI 1.98–11.7,
p = 0.0005) and

tumor recurrence
(HR 4.51, 95% CI

1.56–13.01, p = 0.005)
Prognostic (HR 2.67,

95% CI 1.28–5.67,
p = 0.01)

Prognostic and
predictive of

metastasis

Tang et al.
(2019) [45]

Exosomal
miR-320d

n = 34 mCRC,
n = 108

non-mCRC
qPCR

miR-320d:
AUC = 0.633,

p = 0.019
miR-320d + CEA:

AUC = 0.804

Predictive of
metastasis

Koga et al.
(2013) [46]

Fecal
miR-106a

n = 117 CRC,
n = 107 healthy

subjects

Real-time
RT-PCR

FmiRT: Sn 34.2/Sp
97.2. iFOBT + FmiRT:

Sn 70.9/Sp 96.3
Screening

Sazanov et al.
(2017) [47]

Plasma and
saliva

miR-21

Plasma: total
n = 65 CRC

(n = 34 controls,
n = 6 stage II,

n = 16 stage III,
n = 9 stage IV)

Saliva: total
n = 68 CRC

(n = 34 controls,
n = 6 stage II,

n = 18 stage III,
n = 10 stage IV)

Real-time
qRT-PCR

Plasma: Sn 65/Sp 85
Saliva: Sn 97/Sp 91 Screening

Fu et al.
(2018) [48]

Exosomal
miR-17-5p

and
miR-92a-3p

n = 10 normal
controls, n = 18

CRC, n = 11
mCRC

Real-time qPCR

miR-17-5p:
AUC = 0.897 (95% CI
0.800–0.994) for CRC,

and 0.841 (95% CI
0.720–0.962) for mts

miR-92a-3p:
AUC = 0.845 (95% CI
0.724–0.966) for CRC

and 0.854 (95% CI
0.735–0.973) for mts

miR-17-5p +
miR-92a-3p:

AUC = 0.910 (95% CI
0.820–1) for CRC and

0.841 (95% CI
0.718–0.964) for mts

Prognostic
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Table 1. Cont.

Study (Year) Biomarkers Sample Size Methods

Statistical
Significance

(p Value),
Sensitivity/Specificity
(%) and/or Hazard

Ratio

Potential
Clinical

Applications

Tsukamoto
et al. (2017)

[49]

Exosomal
miR-21

Total n = 326
CRC (n = 51

stage I, n = 110
stage II, n = 98
stage III, n = 67

stage IV)

TaqMan
miRNA assays

OS: HR 2.28 (95% CI
1.81–5.74, p < 0.01)
DFS: HR 2.34 (95%

CI 1.87–4.60, p < 0.01)

Prediction of
recurrence and
poor prognosis
in CRC patients

with TNM
stage II, III, or

IV

Liu et al.
(2016) [50]

Exosomal
miR-4772-3p

n = 84 stage II–III
colon cancer

Real-time
qRT-PCR

AUC = 0.72 (95% CI
0.59–0.85, p = 0.001)

Prognostic for
tumor

recurrence in
stage II and III
colon cancer

patients

Yan et al.
(2018) [51]

Exosomal
miR-6803-5p n = 168 CRC qRT-PCR

OS: HR 2.93 (95% CI
1.35–6.37, p < 0.007)

DFS: HR 3.26 (95% CI
1.56–6.81, p < 0.002)

AUC = 0.7399

Diagnostic and
prognostic

Liu et al.
(2018) [52]

Exosomal
miR-27a

and
miR-130a

Training phase:
n = 40 healthy
subjects n = 40

stage I CRC.
Validation phase:

n = 40 stage I,
n = 20 stage II,
n = 14 stage III,
n = 6 stage IV
CRC, n = 40

healthy subjects.
External

validation phase:
50 stage I CRC,

50 adenomas, 50
healthy subjects

qRT-PCR

miR-27a:
AUC = 0.773 Sn
75/Sp 77.5 in the
training phase,
AUC = 0.82 Sn

80.0/Sp 77.5 in the
validation phase, and

AUC = 0.746 Sn
80.0/Sp 77.5 in the
external validation

phase
miR-130a:

AUC = 0.742 Sn
82.5/Sp 62.5 in the

training phase,
AUC = 0.787 Sn

70.0/Sp 80.0 in the
validation phase,
AUC = 0.697 Sn

70.0/Sp 80.0 in the
external validation

phase
miR-27a +miR-130a:

training phase
AUC = 0.846 Sn

82.5/Sp 75, validation
phase AUC = 0.898,
Sn 80.0/Sp 90.0 and
external validation
phase AUC = 0.801

Sn 80.0/Sp 90.0

Diagnostic and
prognostic
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Table 1. Cont.

Study (Year) Biomarkers Sample Size Methods

Statistical
Significance

(p Value),
Sensitivity/Specificity
(%) and/or Hazard

Ratio

Potential
Clinical

Applications

Peng et al.
(2018) [53]

Exosomal
miR-548c-5p n = 108 CRC Real-time qPCR OS: HR 3.40 (95% CI

1.02–11.27, p = 0.046)
Diagnostic and

prognostic

Jin et al.
(2019) [54]

Exosomal
miR-21-5p,
miR-1246,

miR-1229-5p,
and

miR-96-5p

Drug-resistant
CRC cell lines qRT-PCR AUC = 0.804, p < 0.05

Predictive for
chemoresistance

in advanced
CRC

Yagi et al.
(2019) [55]

Exosomal
miR-125b

n = 55 patients
with

advanced/recurrent
CRC treated with

mFOLFOX6

qRT-PCR PFS: HR 0.71 (95% CI
0.36–0.94, p < 0.041)

Predictive and
detection of

chemotherapy
resistance

Wang et al.
(2018) [56]

lncRNA
H19

n = 110 paired
CRC tissues and

para-tumor
tissues

qRT-PCR

RFS: log-rank test
p < 0.001

High H19: HR 2.383
(95% CI 1.157–4.909,

p = 0.018)

Predictive of
5-FU resistance

Li et al. (2017)
[57]

lncRNA
MEG3 n = 316 CRC qRT-PCR

AUC = 0.784, Sn
72.86/Sp 61.43

OS: HR 1.390 (95% CI
0.324–2.089,
p = 0.007)

Prognostic and
promotion of

chemosensitivity

Sun et al.
(2019) [58]

lncRNAs
CRNDE,

H19, UCA1,
and

HOTAIR

CRC cell lines
(HCT116, HT29,

and LoVo)

Gene
Expression
Profiling

Interactive
Analysis

HOTAIR
OS: HR 1.9,
p = 0.0066

DFS: HR 1.8,
p = 0.012

Predictive of
treatment
sensitivity

Tang et al.
(2019) [59]

lncRNA
GLCC1

In vitro: Human
colorectal cancer
cell lines SW1116,

SW480, Caco2,
LoVo, HT29,

RKO, DLD-1, and
HCT116

In vivo: BALB/c
nude mice

Real-time qPCR

Stabilization of
c-Myc after

knockdown of
lncGLCC1 (p < 0.001)

Prognostic

Liu et al.
(2016) [60]

Exosomal
lncRNA

CRNDE-h
n = 468 qRT-PCR AUC = 0.892 Sn

70.3/Sp 94.4
Diagnostic and

prognostic

Liang et al.
(2019) [61]

Exosomal
lncRNA
RPPH1

n = 61 CRC qRT-PCR

OS: HR 2.145 (95% CI
1.450–3.174,
p < 0.001)

DFS: HR 1.820 (95%
CI 1.257–2.637,

p = 0.001)

Prognostic,
therapeutic,

and diagnostic
target

CTC: circulating tumor cells; UICC: Union for International Cancer Control; HR: hazard ratio; Sn: sensitivity;
Sp: Specificity; mCRC: metastatic colorectal cancer; ctDNA: circulating tumor DNA; OS: overall survival; PFS:
progression-free survival; ORR: objective response rate; EGFR: epidermal growth factor receptor; MRD: minimal
residual disease; RFS: recurrence-free survival; CI: confidence interval; CEA: carcinoembryonic antigen; NGS:
next-generation sequencing; SoC: Standard of care; qPCR: quantitative polymerase chain reaction; qRT-PCR:
quantitative reverse transcription polymerase chain reaction; mSeptin9: methylated septin9; ERβ: estrogen receptor
β; AUC: area under the ROC (Receiver Operating Characteristic) curve; OR: odds ratio; iFOBT: immunochemical
fecal occult blood test; FmiRT: fecal microRNA test; mts: metastasis; DFS: disease-free survival.50
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2.1. Screening and Early Diagnosis

Global CRC screening guidelines recommend colonoscopy (every ten years), or flexible
sigmoidoscopy (every five years) or fecal occult blood test (FOBT; every one or two years) for
average-risk subjects aged 50–75 [62]. Blood-based detection tests represent an appealing alternative
to these methods, as they are non-invasive and low-risk tests that can be easily performed during
a routine medical check-up.

2.1.1. Circulating Tumor Cells (CTC) and Circulating Endothelial Cell Clusters (ECC)

CTC detection is uncommon and rather difficult in early-stage CRC; thus, the utility of CTCs for
CRC screening or early detection seems to be very poor [63]. However, a study by Tsai et al., carried
out on 620 subjects (438 with adenoma, polyps, or stage I–IV CRC and 182 healthy controls) reported
an overall accuracy of 88% for all tumor stages, including precancerous lesions, using a new CTC
assay [25]. Tumor-derived circulating endothelial cell clusters (ECC) may represent a promising type
of cell-based liquid biopsy for early detection of CRC. These circulating benign cell clusters are released
directly from the tumor vasculature and their isolation and enumeration discriminated healthy subjects
from treatment-naïve as well as pathological early-stage (≤IIA) CRC patients with high accuracy [64].

2.1.2. Circulating Tumor DNA (ctDNA)

A recent meta-analysis concluded that the diagnostic accuracy of ctDNA has insufficient sensitivity
but satisfactory specificity for diagnosis of CRC [23]. Nonetheless, there is growing evidence that ctDNA
detection could be used along with the traditional screening methods to improve diagnosis of early-stage
CRC [63,65,66]. In particular, a study by Flamini et al. showed that ctDNA, particularly when combined
with carcinoembryonic antigen (CEA), may represent a useful tool for early detection of CRC (area
under the ROC curve 0.92, with 84% sensitivity and 88% specificity) [37]. Combined assessment of
ALU115, DNA integrity index (ALU247/115) and CEA could increase the diagnostic efficiency for CRC.
Of note, serum DNA integrity index was superior to the absolute DNA concentration in diagnostic
accuracy of CRC [38]. ctDNA methylation showed higher sensitivity compared to traditional serum
tumor markers in early-stage CRC and could represent a potential diagnostic biomarker. Sun et al.
showed that circulating, cell-free, methylated Septin 9 (mSEPT9) DNA had higher specificity than
FOBT for the screening of CRC in 650 subjects (73% of CRC patients were mSEPT9-positive at 94.5%
specificity, and 17.1% of patients with intestinal polyps and adenoma were mSEPT9-positive at 94.5%
specificity) [39]. Furthermore, a recent prospective cohort study carried out on a high-risk population of
1493 subjects, demonstrated that a single ctDNA methylation marker, cg10673833, had high sensitivity
(89.7%) and specificity (86.8%) for detection of precancerous lesions and CRC [67]. A meta-analysis
by Nian et al. pointed out the efficacy of Epipro Colon 2.0 with 2/3 algorithm (Epigenomics), a test
used to screen the methylation status of the SEPT9 promoter in ctDNA, for CRC detection. Positive
ratio of mSEPT9 was higher in advanced CRC stages (45% in I, 70% in II, 76% in III, 79% in IV)
and low differentiation tissue (31% in high, 73% in moderate, 90% in low). However, according
to previous research, mSEPT9 did not seem to identify effectively precancerous lesions [68]. Other
potential blood tests include a multi-analyte test (CancerSEEK) that could detect eight common solid
tumor types, including CRC, through assessment of the levels of circulating proteins and mutations in
ctDNA. The median test sensitivity was 73% for stage II, 78% for stage III and 43% for stage I tumors,
with a specificity greater than 99% [69].

2.1.3. Serum, Fecal, and Salivary MicroRNAs (miRNAs)

Alterations in miRNAs have been reported in blood or fecal samples from CRC patients, or even in
subjects with precancerous advanced adenomas [40]. miRNAs can be observed in the circulation alone
or combined with some proteins; also, they can be released directly into extracellular fluids and carried
by microvesicles, mostly exosomes [70,71]. miR-129 is highly expressed in CRC plasma, while miR-24-2
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levels are low in CRC serum, thus representing potential positive or negative biomarkers in the
diagnosis of CRC patients [41,42]. A study showed that serum expression levels of five miRNAs
(miR-31, miR-141, miR-224-3p, miR-576-5p and miR-4669) were significantly different between patients
with colon cancer and healthy controls, suggesting their potential use as a miRNA panel for diagnosis
of CRC [43]. miRNAs detection could be used to distinguish metastatic and non-mCRC patients.
Indeed, high serum levels of miR-200c in CRC patients could potentially represent a predictive
biomarker for local and distant metastasis [44]. A study demonstrated that exosomal miR-320d
could significantly discriminate metastatic from non-mCRC patients with an AUC of 0.633 (95% CI:
0.526–0.740), the sensitivity of 62.0% and the specificity of 64.7%. The combination of miR-320d and
CEA had an AUC of 0.804, with the sensitivity of 63.3% and the specificity of 91.3% [45]. Numerous
miRNAs (i.e., miR-29a, miR-223, miR-224, miR-106a, and miR-135b) found in feces could represent
useful biomarkers for screening and diagnosis of CRC [72]. Fecal miR-106a test combined with
routine immunochemical FOBT have been reported to be effective in discriminating CRC patients from
those with negative iFOBT results and could improve the sensitivity to identify CRC [46]. A study
demonstrated that salivary miR-21 is significantly up-regulated in CRC patients with a very high
sensitivity and specificity of 97 and 91% respectively, and could be an accurate biomarker for CRC
screening [47]. More studies are needed to confirm if salivary miRNAs could represent reliable
biomarker candidates for CRC detection [73].

2.2. Prognosis, Progression, and Response to Treatment

2.2.1. Circulating Tumor Cells (CTC)

Several studies demonstrated that CTC could potentially play an important role in monitoring
treatment outcomes and for detection of resistance against chemotherapy in CRC patients [26–28].
A prospective study by Bork et al. carried out on 287 patients with potentially curable CRC (including
239 patients with stage I–III) showed that preoperative CTC identification represented a strong and
independent prognostic marker in non-mCRC [26]. In a cohort of 37 high-risk stages II–III CRC patients,
Gazzaniga et al. pointed out that CTCs detection could facilitate the selection of high-risk stage II
CRC patient candidates for adjuvant chemotherapy [27]. A study by Tsai et al. showed that rising
counts of CTC in peripheral blood was associated with tumor progression and poor prognosis in CRC
patients: CTC counts in 2 mL of peripheral blood increased from 0, 1, 5, to 36 in healthy (n = 27), benign
(n = 21), non-metastatic (n = 95), and mCRC (n = 15) patients, respectively. After 2-year follow-up,
non-mCRC patients who had ≥5 CTCs showed an 8-fold increased risk to develop metastasis within
one year after curable surgery than those who had <5 CTC [28]. Furthermore, CTC could be used as
tool for assessment of chemotherapy resistance [29,74]. High-toxicity multidrug regimens used against
advanced CRC, often require the use of biomarkers to select the patients who will receive the most
benefit. Stratification by CTC count was effective in detecting patients with previously untreated KRAS
wild-type advanced CRC who could benefit the most from an intensive 4-drug protocol (oxaliplatin,
irinotecan, and tegafur-uracil with leucovorin and cetuximab), avoiding high-toxicity treatment in
low CTC groups [30]. A meta-analysis of 13 studies showed significant differences between CTC-low
and CTC-high levels in CRC patients treated with chemotherapy with regard to disease control
[Relative Risk (RR) = 1.354, 95% CI 1.002–1.830, p = 0.048], progression-free survival [PFS; Hazard Ratio
(HR) = 2.500, 95% CI 1.746–3.580, p < 0.001] and overall survival (OS; HR = 2.856, 95% CI 1.959–4.164,
p < 0.001). These results confirmed the prognostic and predictive role of CTCs for the response to
chemotherapy in CRC patients [75].

2.2.2. Circulating Tumor DNA (ctDNA)

The proportion of CRC patients in whom ctDNA can be identified depends on the tumor volume
and ranges from 50% to 90% in those with non-metastatic or metastatic disease, respectively [76].
There is evidence that after CRC curative resection, the detection rate of ctDNA could range from

52



Biomedicines 2020, 8, 308

8–15% in stage II to 50% in stage IV [31,32,77]. Serum DNA concentrations and integrity index may
play an important role not only in early complementary diagnosis but also in monitoring of progression
and prognosis of CRC. A study showed that the median absolute serum ALU115 and ALU247/115
levels in patients with primary CRC were significantly higher than those in subjects with polyps or
normal controls (p < 0.0001), in recurrent or metastatic CRC were significantly higher compared to
primary CRC (p = 0.0021, p = 0.0018) or operated CRC (p < 0.0001, respectively) and during follow-up,
ALU115 and ALU247/115 levels increased before surgery and reduced significantly after surgery [38].
A prospective study conducted on 53 metastatic colorectal cancer (mCRC) patients receiving standard
first-line chemotherapy, showed that ctDNA is detectable in a high proportion of treatment-naïve
mCRC patients, and early alterations in ctDNA during first-line chemotherapy could predict the later
radiologic response. Significant decrease in ctDNA (median 5.7-fold; p < 0.001) levels were detected
before cycle 2, which correlated with computerized tomography (CT) responses at 8–10 weeks [Odds
Ratio (OR) = 5.25 with a 10-fold ctDNA reduction; p = 0.016]. Major decrease (≥10-fold) versus
minor decrease in ctDNA precycle 2 was correlated with a trend for raised PFS (median 14.7 vs.
8.1 months; HR = 1.87; p = 0.266) [33]. Another prospective cohort study of 230 patients showed
that detection of ctDNA after resection of stage II colon cancer may detect patients at very high risk
of recurrence, thus giving direct evidence of residual disease and helpful information on adjuvant
treatment choices. ctDNA was detected after surgery in 7.9% of patients who did not receive any
adjuvant chemotherapy, and among these, 79% had recurred at a median follow-up of 27 months;
recurrence was observed in 9.8% of 164 patients with negative ctDNA [HR = 18; 95% confidence
interval (CI), 7.9 to 40; p < 0.001]. In patients who completed chemotherapy, the presence of ctDNA
was correlated with a lower recurrence-free survival (HR = 11; 95% CI, 1.8 to 68; p = 0.001) [31]. ctDNA
could detect the presence of residual metastatic cancer cells not evident on CT also in stage III CRC
patients. Indeed, serial assessment of ctDNA could characterize subsets of patients benefiting or not
benefiting from chemotherapy and represent a marker of adjuvant treatment efficacy [34,78]. It is well
known that anti-epidermal growth factor receptor (EGFR) treatment is unsuccessful in the case of RAS
mutations [79]. ctDNA detection could represent an alternative tool for selection of anti-EGFR treatment
due to its agreement with mutational status of RAS in CRC tissue. A prospective-retrospective cohort
study carried out on 146 mCRC patients, showed that plasma RAS assessment had high overall
concordance and identified a mCRC population responsive to EGFR therapy with the same predictive
level as standard of care PCR techniques tissue testing [35]. A prospective phase II clinical trial of
cetuximab in RAS wild-type patients with CRC, combined sequential profiling of ctDNA and matched
tissue biopsies with imaging and mathematical modeling of tumor progression, and showed that
liquid biopsies were able to detect spatial and temporal heterogeneity of the resistance to anti-EGFR
monoclonal antibodies [80]. In a phase II trial, the levels of RAS mutated ctDNA were assessed in mCRC
patients treated with the oral multi-kinase inhibitor regorafenib. The reduction of RAS mutations
in plasma within 8 weeks of therapy was associated with improved PFS and OS. Combination of
dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) and ctDNA predicted duration
of anti-angiogenic response and could improve management of patient treated with regorafenib [36].
A recent study by Siravegna et al. showed that plasma HER-2 (ERBB2) copy number analysis based on
ctDNA could predict beneficial effects from HER-2-targeted therapy with high accuracy (97%) in 28
out of 29 patients [81].

2.2.3. MicroRNAs (miRNAs)

Studies reported an association between high expression levels of specific miRNAs (including
miR-21, miR-1290, miR-193a, miR-17-5p, miR-92a-3p, miR-203, miR-1229, and miR-17/92 cluster)
and poor prognosis of CRC patients due to metastatic disease, post-treatment relapse, and poor
OS [48,49,82–86]. On the other hand, low levels of serum exosomal miR-4772-3p and miR-6869-5p
were associated with high risk of tumor recurrence in stage II and III and poor 3-year survival in CRC
patients, respectively [50,51]. Furthermore, significantly higher expression of miR-6803-5p in CRC
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patients was associated with later TNM stage, lymph node or liver metastasis, and poor disease-free
survival (DFS), thus representing a potential diagnostic and prognostic biomarker [51]. There is
evidence that serum exosomal miR-21 could be a useful biomarker for the prediction of recurrence
and poor prognosis at TNM stages II, III or IV in CRC patients [49]. Also, higher expression levels
of serum exosomal miR-17-5p and miR-92a-3p predicted pathologic grades and stages of CRC [48].
A study reported that the exosomal miR-27a and miR-130a panel in plasma correlated with tumor
grade and stage of CRC and could be effective for predicting poor OS (HR = 2.74; 95% CI, 1.25–6.01;
p = 0.012; and HR = 2.36; 95% CI, 1.07–5.23; p = 0.034, respectively). Furthermore, both miRNAs
could be used for detection of CRC: miR-27a showed a sensitivity of 82% and a specificity of 91%,
while miR-130a showed a sensitivity of 70% and a specificity of 100% [52]. Serum exosomal miR-548c
and miR-6803 could be important predictive biomarkers of DFS and OS in CRC patients. Indeed,
studies showed that elevated levels of miR-6803 and decreased levels of miR-548c represented poor
prognostic markers, particularly in later stages of CRC and in the presence of liver metastasis [51,53].
Specific miRNAs may be used for monitoring resistance or tolerance to chemotherapy and for selection
of clinical therapeutic approach. A panel of serum exosomal miRNAs including miR-1246, miR-21-5p,
miR-1229-5p, and miR-96-5p could significantly discriminate chemotherapy-resistant subjects to 5-FU
and oxaliplatin from advanced CRC patients (AUC = 0.804; p < 0.05). Targeting these miRNAs could
enhance chemosensitivity to oxaliplatin and 5-FU, thus representing a promising approach for CRC
treatment [54]. A study by Yagi et al. suggested that increased plasma exosomal miR-125b levels could
detect resistance to modified FOLFOX6-based first-line chemotherapy in patients with advanced or
recurrent CRC. Furthermore, PFS was significantly inferior in patients with high miR-125b levels before
chemotherapy than in those with low levels, thus confirming the utility of miR-125b as a predictive
biomarker in advanced or recurrent CRC [55].

2.2.4. Long Non-Coding RNAs (lncRNAs)

lncRNAs interact with DNA, mRNA, proteins, and miRNAs, playing a role in multiple biological
processes, such as epigenetic or gene expression regulation, and chromatin remodeling [87,88].
Several studies showed that lncRNAs were abnormally expressed in many cancers, including CRC,
and therefore could have potential application in diagnosis, prognosis and potential treatment [89–92].
Indeed, lncRNAs could regulate drug function and chemoresistance through different mechanisms in
many tumors, including CRC [56,57]. More than 70 CRC-related lncRNAs have been identified so far,
including HOTAIR, MEG3, CRNDE, UCA1, CCAT1, CCAT2, MALAT-1 and H19 [93]. Alterations in
the expression of these lncRNAs could lead to chemotherapy and radiotherapy resistance. Sun et al.
identified four hub lncRNAs (CRNDE, H19, UCA1, and HOTAIR) involved in the process of resistance
to oxaliplatin or irinotecan in patients with advanced CRC. In particular, high expression of HOTAIR
was associated with advanced and metastatic disease and poor prognosis [58]. Decreased serum
MEG3 levels were correlated with poor response to chemotherapy and OS in CRC patients treated
with oxaliplatin. MEG3 increased oxaliplatin-induced cell apoptosis in CRC; therefore, overexpression
of MEG3 could represent a promising therapeutic strategy to defeat oxaliplatin resistance in CRC
patients [57]. Tang et al. demonstrated that up-regulation of a lncRNA, GLCC1, under glucose-limited
conditions in CRC cells, promoted cell survival and proliferation by stabilizing c-Myc and stimulating
glycolysis. From a clinical point of view, GLCC1 was associated with carcinogenesis, tumor volume
and poor prognosis in CRC patients [59,94]. Levels of serum exosomal CRNDE-h were higher in CRC
patients compared to those with benign colorectal disease or healthy controls. CRNDE-h expression
could be related to the presence of lymph node metastasis and was associated with a low OS in CRC.
Furthermore, the prognostic value of CRNDE was better than CEA, with a sensitivity of 70% vs.
37% and a specificity of 94% vs. 89% [60]. Liang et al. reported that high exosomal RPPH1 levels
were associated with advanced TNM stages, promotion of metastasis, and poor prognosis in CRC
patients, whereas lower RPPH1 levels were observed after tumor resection. Plasma exosomal RPPH1
levels showed a better diagnostic value (AUC = 0.86) compared to CEA and CA19.9 [61]. A study by
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Barbagallo et al. demonstrated that UCA1 was down-regulated in serum of CRC patients compared to
healthy subjects; UCA1 showed an AUC of 0.719 (95% CI, 0.533–0.863; p = 0.01) with 100% sensitivity
and 43% specificity in discriminating between the cancer and control groups. These results suggested
that the UCA1 regulatory axis could be a promising target to develop novel RNA-based therapies
against CRC [95].

3. Current Issues and Limitations of Liquid Biopsy

Despite all the potential advantages of liquid biopsy in the management of CRC, there are still
some practical issues that need to be addressed before it can be widely used in clinical practice [96].
Potential challenges may include low amounts of CTCs and ctDNA in samples, lack of pre-analytical
and analytical consensus, clinical validation, regulatory endorsement and cost effectiveness [97,98].
Currently, the use of CTCs in routine diagnostics is limited, mainly due to methodological constraints,
such as the lack of an established assessment practice, beyond enumeration [99,100]. The epithelial
cell adhesion molecule (EpCAM)-dependent technique was approved by the U.S. Food and Drug
Administration (FDA) in 2004, and represents the “gold standard” for CTC isolation in different
cancers, including CRC [101]. However, only CTCs that maintain epithelial features can be detected
by EpCAM, excluding CTCs with mesenchymal characteristics [102]. On the other hand, ctDNA
analysis has been better optimized for routine diagnostic use [103]. The concentration of ctDNA in
the peripheral blood depends on the site, volume, and vascularity of the tumor, which can also be
responsible for the large variations frequently observed in ctDNA levels [104]. Analysis of ctDNA can
be performed by either quantitative assessment of ctDNA in a blood sample or by the identification of
mutations. The introduction of next-generation sequencing (NGS)-based technologies reduced the
error rate and enhanced sensitivity in ctDNA detection [105]. NGS technology enables the analysis
of thousands of DNA sequences in parallel followed by either sequence alignment to a reference
genome or de novo sequence assembly [104,106]. Deep sequencing represents the first approach
to identify mutations at a low allele frequency (<0.2%) by sequencing the target regions with high
coverage (>10,000×) [107]. Therefore, the sensitivity of deep sequencing for detecting mutations in
ctDNA can achieve 100%, even if the specificity can be lower, around 80% [108,109]. Advantages
of NGS included detection of genomic rearrangements, new mutations or alterations in genes, and
the possible evaluation of response to treatment [110]. However, NGS-based approaches are rather
expensive and time-consuming. Furthermore, data should be analyzed and interpreted by experts in
bioinformatics [111]. Data storage and the difficulty in interpreting massive quantity of information
obtained with NGS may represent a computational challenge to researchers. Also, the selection of
proper validation methods to detect clinically significant mutations among a large number of samples
can represent a challenging task [112]. Clinical validation of NGS data is carried out by assessing
various parameters such as analytical sensitivity (the ability of the test to identify true sequence variants
e.g., false negative rate), and analytical specificity (the probability of the test to not identify mutations
where none are present (e.g., false positive rate) [113]. Limitations of NGS, principally with regard to
the overall clinical sensitivity, could be overtaken implementing NGS with mutant allele enrichment or
using digital PCR to improve reliability [96,114]. Mass-spectrometry and Real-Time PCR are other
promising techniques for ctDNA assessment, which are rapid and cheap, require small quantities
of input material, and have high sensitivity and specificity [77,115]. If possible, ctDNA should be
analyzed in combination with CTCs and exosomal miRNAs, to obtain as much data as possible from
a single blood sample [116]. However, different blood collection tubes, changes in storage temperatures
and centrifugation may affect DNA or cells stability [117–119]. ctDNA degradation due to DNase
activity could be avoided by isolating plasma within an hour after blood draw [120]. Reduction of cell
lysis and stabilization of the total ctDNA pool can be obtained by means of specific blood collection
tubes containing preservatives and additives [121]. Furthermore, accuracy and reproducibility of the
liquid biopsy represent a main issue for analytic validity [122]. A study by Vivancos et al. showed that
two liquid biopsy platforms, OncoBEAM™ RAS CRC and Idylla™ ctKRAS Mutation Test, had different
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sensitivity for identifying KRAS mutations in plasma samples from mCRC patients. The European
Molecular Genetics Quality Network (EMQN) evaluated ctDNA detection approaches, and underlined
that multiple pre-analytical and analytical variants may produce variable results; the EMQN pilot
external quality assessment (EQA) scheme showed that the existing variability in multiple phases
of ctDNA processing and analysis (e.g., due to specimen volume, ctDNA quantification technique,
and choice of genotyping platform), resulted in an overall error rate of 6.09% [123]. These results
highlighted the critical need for better standardization and validation of liquid biopsy assessment [124].

4. Future Perspectives and Conclusions

The use of CTCs, ctDNA, miRNAs and lncRNAs as potential biomarkers is an emerging area
with a great potential for the management of CRC. Currently, the clinical utility of liquid biopsies
in CRC limited, but it is expected to achieve a clear consensus in the near future. Indeed, the liquid
biopsy is a minimally invasive, cheap, and repeatable technique that can facilitate CRC screening and
early diagnosis, providing more information for the clinical staging of CRC patients. Furthermore,
blood-based liquid biopsies are useful for monitoring disease progression and treatment efficacy,
prognosis, and acquired resistance to chemotherapy in CRC. It is reasonable to think that in the future,
it will be possible to choose the most appropriate therapy based on real-time genetic information through
a liquid biopsy, in the way of personalized medicine. In this context, performing prospective clinical
trials is essential for clinical utility and development of practice changing protocols. Nevertheless,
the transfer of liquid biopsies from bench to bedside necessitates larger-scale and multicenter trials to
confirm its advantages. Also, optimization of pre-analytical and analytical processing is fundamental
for clinical validity, and standardization of laboratory methods is firmly required to guarantee elevated
reproducibility of the results. The lack of clinical applicability is currently due to large quantity of
liquid biopsy assays. For example, many ctDNA assays are presently commercially available, but each
assay shows specific detection limit, sensitivity, and specificity. Therefore, the results obtained from
different liquid biopsy platforms cannot be easily compared, and EQA studies are needed before
application in routine diagnostics. Further studies should be conducted on the effectiveness of liquid
biopsy biomarkers, such as ctDNA, in combination with other blood tests and radiological monitoring,
in order to better identify and stratify CRC patients and to choose the appropriate treatment. In the
future, advances in liquid biopsy methodologies and their increased sensitivity should facilitate
detection of MRD and early CRC diagnosis even in asymptomatic subjects. Only a few trials have
investigated a specific intervention based on the results of liquid biopsies (i.e., CTC or ctDNA status),
so far. Many of these studies did not include a control group, and therefore the results could not lead
to significant changes in clinical practice. Further prospective studies are needed to establish future
clinical applications of liquid biopsies and delineate their impact in the management of CRC.
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Abstract: Despite the paradigmatic shift occurred in recent years for defined molecular subtypes in
the metastatic setting treatment, colorectal cancer (CRC) still remains an incurable disease in most
of the cases. Therefore, there is an urgent need for new tools and biomarkers for both early tumor
diagnosis and to improve personalized treatment. Thus, liquid biopsy has emerged as a minimally
invasive tool that is capable of detecting genomic alterations from primary or metastatic tumors,
allowing the prognostic stratification of patients, the detection of the minimal residual disease after
surgical or systemic treatments, the monitoring of therapeutic response, and the development of
resistance, establishing an opportunity for early intervention before imaging detection or worsening
of clinical symptoms. On the other hand, preclinical and clinical evidence demonstrated the role of
gut microbiota dysbiosis in promoting inflammatory responses and cancer initiation. Altered gut
microbiota is associated with resistance to chemo drugs and immune checkpoint inhibitors, whereas
the use of microbe-targeted therapies including antibiotics, pre-probiotics, and fecal microbiota
transplantation can restore response to anticancer drugs, promote immune response, and therefore
support current treatment strategies in CRC. In this review, we aim to summarize preclinical and
clinical evidence for the utilization of liquid biopsy and gut microbiota in CRC.

Keywords: CRC; liquid biopsy; CTC; ctDNA; mi-RNA; nc-RNA; gut microbiota

1. Introduction

Colorectal cancer (CRC) is the third leading cause of cancer-related death and morbid-
ity worldwide according to the global cancer statistics (GLOBOCAN) presented in 2018.
The 5-year survival rate ranges from 90% to 14% if CRC is diagnosed at a localized or
metastatic stage, respectively, and approximately 25% of CRC patients present metastatic
disease at diagnosis, while almost half of them will develop metastases [1].

If early diagnosis and treatment of CRC can significantly improve the cure rate,
traditional biomarkers (Carcino Embryonic Antigen (CEA), Carbohydrate Antigen 19-9
(CA19-9), Fecal Occult Blood Test (FOBT)) as well as colon/sigmoidoscopy do not fully
satisfy clinical needs in CRC screening due to their lack in sensitivity and specificity [2]. Fur-
thermore, primary tumor resection is eventually associated to adjuvant chemotherapy with
fluoropyrimidines with or without oxaliplatin according to TNM stage and pathological
risk factors in early CRC [3], does not always seem sufficient to eliminate circulating tumor
cells (CTCs) and other components involved in establishing pre-metastatic niche-promoting
immune evasion and maintenance of stemness [4].
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Circulating tumor DNA (ctDNA) and RNAs and non-coding RNAs (ncRNAs) released
into the bloodstream via microvescicles or tumor cell lysis represent, together with CTCs,
different sides of the same coin: liquid biopsy. Liquid biopsy has emerged as a promising
minimally invasive tool for precision medicine due to its ability to provide multiple global
snapshots of primary and metastatic tumors at different times and more representative
images of the spatial and temporal tumor heterogeneity [5] compared to tissue biopsy. In
fact, even though tissue biopsy remains the gold standard for the histopatological definition
and the molecular stratification of tumors, it is often difficult to perform, especially in
relapsed and metastatic settings, and it does not support intratumoral heterogeneity and
clonal evolutions related to driver mutations, which may occur during tumor development
or treatment.

Among other elements potentially involved in cancer initiation, development, re-
currence, and metastasis, one that only recently received its due attention is the host
microbiota—and for CRC, especially the gut microbiota. The host microbiota is composed
of bacteria (≈99%), viruses, and mycetes, existing in a condition of eubosis with the human
body conferring important benefits related to physical and mental health, and the devel-
opment of the individual [6]. In turn, this dynamic balance is affected by host genetics,
lifestyle [7], and dietary habits [8] and gut microbiota dysbiosis may play a role in promot-
ing inflammatory responses and alterations of the immunosurveillance, which can led to
cancer initiation and/or progression [9].

In this review, we summarize the state of the art regarding the potential role and the
future perspectives of liquid biopsy and host microbiome as “theragnostic” tools in CRC
(Figure 1).

Figure 1. Potential clinical applications related to liquid biopsy and gut microbiota in colorectal cancer. Circulating tumor
cells (CTCs), circulating tumor DNA (ctDNA), non-coding RNA (ncRNA), and exosomes are promising liquid biopsy
markers for colorectal cancer with multiple potential advantages compared to tissue biopsy. CTCs from colorectal cancer
(CRC) can be shed from the primary tumor into the bloodstream, which also contains ctDNA released from tumor tissue
through apoptosis, necrosis, and secretion, as well as circulating normal DNA released from healthy tissue. NcRNAs
(miRNAs and lncRNAs) encapsulated by exosomes can be actively secreted into the extracellular fluid by various types
of cells in the tumor or passively released due to the apoptosis and necrosis of tumor cells and can eventually be found
in the circulation. Besides liquid biopsy, several potential clinical applications for harnessing the gut microbiota in CRC
include development of screening, prognostic and predictive biomarkers, and microbiota modulation for CRC prevention
and treatment. FMT, fecal microbiota transplantation.
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2. Liquid Biopsy

The term liquid biopsy refers to procedures of isolation of cancer-derived components
such as CTCs, exosomes, ctDNA, ncRNAs, and proteins from peripheral blood or other
body fluids, and their genomic or proteomic evaluation [10]. Assessment of such elements
via non-invasive and low-risk blood-based detection tests could improve CRC screening,
diagnosis, staging, and predict relapse and metastasis [11,12] and be effective in monitoring
residual disease and drug resistance in CRC patients receiving systemic treatment [13,14].

2.1. Circulating Tumor Cells (CTCs)

CTCs are tumor cells released into the bloodstream from the primary tumor or
metastases [15], which could escape from immune recognition and drug treatment, and
subsequently form a niche in other tissues, promoting tumor recurrence and metastasis [16].

2.1.1. Screening and Early Diagnosis

Since counting CTCs reflects the patient’s tumor burden and the CTCs detection rate is
positively correlated to the TNM stages, it is rather difficult and quite uncommon to detect
CTCs in early-stage CRC, and therefore, their utility in CRC screening and early detection
seems to be very poor [17]. However, a recent prospective study involving 667 patients
(including healthy control subjects, patients with adenomas, and those with stage I–IV
CRC) showed a significant association between CTC counts (performed using a novel CTC
assay) and worsening disease status with respect to the adenoma-carcinoma sequence.
Furthermore, the assay showed high specificity (86%) and sensitivity across all CRC stages
(95%) and adenomatous lesions (79%) [18].

2.1.2. Prognostic and Predictive Factor, Staging Tool and Guide for Systemic Treatment,
Resistance Evaluation, and MRD Assessment

CTCs could potentially play a role as a prognostic marker, in monitoring treatment out-
comes and follow-up, for modulating the intensity of systemic therapies and for detecting
resistance against these. A meta-analysis of 15 studies including 3129 non-metastatic and
metastatic CRC (non-mCRC and mCRC) patients showed significantly worse progression-
free survival (PFS) and overall survival (OS) for CTC-positive with respect to CTC-negative
CRC patients, regardless of sampling time (baseline or during treatment), detection meth-
ods (CellSearch, RT-PCR and others), and cut-off value of CTC (≥1, ≥2 and ≥3/7.5 mL
blood), thus providing strong evidence for the presence of CTCs as an independent prog-
nostic factor of poor survival [19]. A study conducted on 158 patients showed that rising
of CTCs counts in 2 mL of peripheral blood (0 for healthy, 1 for benign, 5 for non-mCRC,
and 36 for mCRC patients) was associated with tumor progression and poor prognosis
at baseline. Notably, after 2 year follow-up on the non-mCRC patients, those who had
≥5 CTCs were eight times more likely to develop distant metastasis within one year after
curable surgery than those who had <5 [20], therefore providing a support to the possible
application of CTC detection during the follow-up of early CRC patients. Intensive first-
line regimens with a triplet chemotherapy backbone plus the antiangiogenic bevacizumab
provided better survival outcome if compared with doublet regimens, especially in RAS-
BRAF mutated mCRC [21,22], paying the price of a major incidence of adverse events.
Patient stratification by CTC detection could help modulate the intensity of the systemic
treatment by reserving a more aggressive therapy to patients with a worse prognosis. In the
randomized phase III VISNÚ-1 trial, a first-line systemic treatment with FOLFOXIRI (oxali-
platin, irinotecan, 5-fluorouracil (5-FU), and leucovorin) plus bevacizumab significantly
improved PFS compared with FOLFOX (association of oxaliplatin, 5-FU, and leucovorin)
plus bevacizumab in mCRC patients with ≥3 CTCs/7.5 mL blood at baseline [22]. In RAS-
BRAF wild-type mCRC, a standard first-line regimen includes a doublet chemotherapy
backbone in association with an anti-EGFR antibody (panitumumab or cetuximab), usually
followed at disease progression by the alternative doublet regimen in association with an
antiangiogenic drug [23,24]. As showed by a prospective study on 38 RAS-BRAF wild-type
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mCRC patients who received a third-line treatment with irinotecan and cetuximab, early
CTC-negative and CTC status changes assessment during treatment were significantly
associated with tumor response and better PFS and OS, predicting treatment failure in
advance compared to imaging-based tools [25].

2.2. Circulating Tumor DNA (ctDNA)

Circulating tumor DNA (CtDNA) is a kind of double-stranded DNA, a fragment
of cell-free DNA (cfDNA), that originates from active, apoptotic, necrotic, or circulating
tumor cells. CtDNA retains epigenetic characteristics and harbors tumor-specific muta-
tions detectable in the bloodstream and other body fluids [10,26]. Importantly, ctDNA
half-life varies from several minutes to a few hours, and as for CTCs, its plasma levels
depend on tumor load, ranging from 50% to 90% in non-metastatic and metastatic cancer
patients, respectively [4,10,25,27]. Furthermore, healthy people and cancer patients can be
distinguished according to the fragment length distribution pattern of cfDNA [26]. These
data suggest that ctDNA analysis may represent a real-time tumor burden assessment.

2.2.1. Screening and Early Diagnosis

Even if a recent meta-analysis concerning quantitative analysis of ctDNA for CRC
screening, including 1258 CRC patients and 803 healthy individuals from 14 studies, con-
cluded that the diagnostic accuracy of ctDNA has unsatisfactory sensitivity but acceptable
specificity for CRC diagnosis [28], there is growing evidence that ctDNA detection could
be used along with the traditional screening methods (i.e., colonscopy, FOBT, digital rectal
examination, and serum tumor marker) to improve the diagnosis of early CRC [16,29].
In particular, ctDNA, especially when combined with carcinoembryonic antigen (CEA),
showed higher diagnostic capacity (area under the ROC curve (AUC) 0.92, with 84% sen-
sitivity and 88% specificity) [30]. Furthermore, epigenetic changes as DNA methylation
and histone modifications are early events in carcinogenesis and clinical data that suggest
that ctDNA methylation shows better sensitivity than traditional serum tumor markers in
early-stage CRC [31,32]. Particularly, a meta-analysis of 25 studies assessing the diagnostic
role of methylated Septin 9 (mSEPT9) promoter in ctDNA for CRC screening highlighted
the efficacy of Epi proColon 2.0 with 2/3 algorithm (Epigenomics). A positive ratio of
mSEPT9 was higher in advanced CRC stages (45%, 70%, 76%, 79% in I, III, III, and IV,
respectively) and low-grade tumors (31%, 73% and 90% in high, moderate, and low grade,
respectively), with a sensitivity, specificity, and AUC of 0.71, 0.92, and 0.88, respectively.
Previous results confirmed the poor ability of mSEPT9 to identify precancerous lesions [31].
On the other hand, a recent prospective cohort study conducted on a high-risk population
of 1493 individuals demonstrated that a particular single ctDNA methylation marker,
cg10673833, could reach high sensitivity (89.7%) and specificity (86.8%) for the detection of
CRC and precancerous lesions [32].

2.2.2. Prognostic and Predictive Factor, Staging Tool, and Guide for Systemic Treatment,
Resistance Evaluation, and MRD Assessment

A systematic review and metanalysis including 1076 mCRC patients treated with
chemotherapy and/or targeted agents showed that lower baseline levels of cfDNA corre-
lated with better OS [33]. A more recent systematic review and meta-analysis including
1779 non-mCRC and mCRC patients found that the presence or high concentration of
ctDNA with KRAS mutation was associated with poor disease-free survival (DFS), PFS,
and OS [34]. Moreover, as anti-EGFR therapy with cetuximab and panitumumab is ap-
proved for wild-type RAS mCRC and KRAS and BRAF are considered effective predictors
of anti-EGFR therapy [35,36], ctDNA detection could represent an alternative tool for the
selection of anti-EGFR treatment due to its correlation with RAS mutational status of tumor
tissue [37]. In particular, RAS clones raised in blood during EGFR blockade decline after the
withdrawal of anti-EGFR antibodies, therefore restoring the drug sensitivity of cancer cells
and providing a rationale for anti-EGFR retreatment [37]. Moreover, ctDNA has a great
potential to supplement Response Evaluation Criteria in Solid Tumors (RECIST) evaluation.
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As already discussed, ctDNA is strictly dependent by tumor load, and tumor burden can
be monitored in real-time due to the short half-life of ctDNA [26,27]. Compared to radio-
logical approaches, serial monitoring of ctDNA is able to track treatment response weeks
to months earlier, allowing anticipating disease progression and modifying treatment con-
sequently [37]. A prospective phase II clinical trial of cetuximab in RAS wild-type mCRC
patients combined the sequential profiling of ctDNA and matched tissue biopsies with
imaging and mathematical modeling of cancer evolution, showing that liquid biopsies were
able to detect spatial and temporal heterogeneity of resistance to anti-EGFR monoclonal
antibodies [38]. In another phase II trial that tested the multikinase inhibitor regorafenib
in RAS mutated mCRC patients, combining dynamic contrast-enhanced (DCE), MRI, and
ctDNA predicts the duration of antiangiogenic response to regorafenib, improving patient
management with potential health and economic implications [39]. As for CTCs, ctDNA
concentration is positively correlated with tumor size, resulting lower in stage I with
respect to stage IV CRC patients [15,16,40]. As a result of the strong link between CTCs,
ctDNA, primary tumor, and metastasis, it has been suggested to integrate the blood-based
liquid biopsy into the actual TNM staging system, and the concept of “TNMB” (B as blood)
has been proposed to improve the existing cancer staging system [2,4,41]. In this regard,
the ability to optimize systemic treatments, especially in the adjuvant setting in stage II-III
CRC patients, has been historically limited by the use of clinicopathologic characteristics,
which are not always able to properly prognosticate the risk of recurrence [42], and by
conventional surveillance modalities (CEA, computed tomography (CT), and colonoscopy),
which are not perfectly able to identify MRD and early recurrence [2,4,11,12]. In a prospec-
tive cohort of 230 stage II CRC patients, 7.9% were postoperative ctDNA positive, 79% of
whom relapsed, while disease relapse occurred only in 9.8% of ctDNA-negative patients.
The presence of ctDNA after the completion of chemotherapy was also associated with
worse recurrence-free survival [43]. In a recent prospective cohort of 130 stage I–III CRC
patients, ctDNA was quantified pre- and postoperatively, and after adjuvant chemotherapy.
CtDNA-positive patients after surgery, adjuvant chemotherapy, and during follow-up were
respectively 7, 17, and 40 times more likely to relapse with respect to ctDNA-negative
patients [44]. Some authors proposed that monitoring ctDNA levels every 3-6 months after
surgery can be used to supplement serum markers, CT, endoscopy, and other conventional
monitoring tools, emphasizing that positive ctDNA preceded radiological and clinical
evidence of recurrence by a median of 3 months, even if 6% of patients with positive ctDNA
never relapsed [45]. A great effort is ongoing to validate the clinical utility of ctDNA,
particularly in the adjuvant setting of CRC (Table 1).
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2.3. MicroRNAs (miRNAs) and Long Non-Coding RNAs (lncRNAs)

MicroRNAs (miRNAs) and long non-coding RNAs (lncRNAs) are ncRNAs molecules
involved in the regulation of protein-coding gene expression through mRNA degradation
and silencing or activating and repressing genes via a variety of mechanisms at both
transcriptional and translational levels. Both classes of ncRNAs regulate multiple cellular
processes such as growth, development, and differentiation showing to be crucial for
cancer initiation, progression, and dissemination and can be found in serum or other body
fluids bound to protein or lipid complexes, or more frequently inside extracellular vescicles
(i.e., exosomes) [46]. Furthermore, these elements seem to be strongly associated with the
development of drug resistance in CRC [47–50]. For these reasons, miRNA and lncRNAs
could have potential application in diagnosis, prognosis, and treatment of CRC.

2.3.1. Diagnosis and Prognosis

MiR-150 appears upregulated in CRC and its downregulation together with elevated
Gli1 (glioma-associated oncogene homolog 1) expression seems to be involved in the
process of epithelial–mesenchymal transition (EMT), which is a necessary step in promoting
invasion and metastasis in CRC [51]. The results of a recent metanalysis suggest that miR-
150 could be effective as a diagnostic biomarker for CRC patients, while no significant
evidence was found concerning its prognostic role [52]. Mir-181 seems to be involved in
multiple signaling pathways such as FOXO, PI3K-Akt, VEGF, HIF-1, mTOR, and cAMP,
therefore representing a promising biomarker with potential predictive and prognostic
significance in CRC [53]. MiR-21, miR-200a, miR-543, miR-32, miR92a, miR-26a, miR-1061,
and miR-181a act as oncogenes downregulating the oncosuppressor PTEN (phosphatase
and tensin homolog), which is a diagnostic factor for CRC patients, therefore representing
potential targets for CRC therapy [54]. The upregulation of miR21, miR215, miR143-5p,
and miR106a is associated with worse prognosis in stage II CRC patients [55]. A panel
of miR-21, miR29a, and miR125b is able to carefully distinguish between early CRC and
healthy controls (AUC = 0.827) [56]. Serum miR-203 upregulation seems to be related to
worse prognosis (HR = 2.1) and higher risk of liver (OR = 6.2) or peritoneum (OR = 7.2)
metastasis [57]. In a population of 400 CRC patients, a four-miRNA panel (miR-142-5p, miR-
23a-3p, miR376c-3p, and miR271-3p) showed good diagnostic performance (AUC = 0.922),
while a two-miRNA signature (miR-23a-3p and miR-376c-3p) proved to be a prognostic
tool for 3-year OS (HR = 2.30) [58].

A study focusing on circulating serum exosomes showed that the levels of lncRNA
HOTTIP could predict OS in CRC patients and discriminate between CRC and healthy
controls (AUC = 0.75) [59].

A recent systematic review and meta-analysis of 111 articles including 13,103 gas-
trointestinal cancer patients (3123 with esophageal cancer, 4972 with gastric cancer, and
5008 with CRC) showed that 74 lncRNAs were closely associated with poor prognosis in
gastrointestinal cancer, including 58 significantly upregulated and 16 significantly down-
regulated lncRNA expression, and with a strong interaction with miRNAs for 12 of these
lncRNAs [60].

2.3.2. Drug Resistance

Several oncogenic miRNAs can promote platinum and fluoropyrimidine resistance.
Complex interactions between miRNAs (miR-181a-5p, miR-136, miR-363-3p, miR20b-5p,
miR-218, miR-145, Let-7a, miR141) and lncRNAs (CRNDE, LUCAT1, MALAT1, GIHCG,
CASC15, ANRIL, MEG3, CCAL) in the context of Wnt/β-catenin and MDM2-P53 signaling
pathways are ultimately involved in oxaliplatin resistance [47]. Moreover, mir-153, miR19b-
3p, miR-203, and miR-625-3p upregulation in the context of FOXO3a, SMAD4, and ATM
pathways, respectively, is associated with oxaliplatin resistance [48]. The upregulation of
LncRNA NEAT1 acts as an oncogene in CRC through the regulation of CPSF4 expression,
sponging miR-150-5p. The upregulation of NEAT1 ultimately results in 5-FU resistance,
suppressed apoptosis, and enhanced invasion of CRC [49]. A recent systematic review and
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meta-analysis of 39 studies including 2822 CRC patients consistently showed that multiple
miRNAs (almost 60) could act as clinical predictors of chemoresistance and sensitivity
for a combination of 14 drugs, including 5-FU and oxaliplatin. Particularly, 28 miRNAs
were associated with chemosensitivity, 20 were associated with chemoresistance, 1 was
associated with differential expression and radiosensitivity, while 10 were not associated
with any impact on chemotherapy. These results outline the importance of almost 34 drug-
regulatory pathways of chemoresistance and chemosensitivity in CRC that are potentially
targetable [61].

3. Microbiota

The study of microbiota started several years ago, and multiple definitions have been
conceived to explain its meaning [62]. In general, the terms “microbiota” and “microbiome”
refer to the complex of organisms found within a specific environment and their genomic
pool, respectively [63,64]. Thus, the human gut microbiota consists of a multitude of mi-
croorganisms colonizing the gut and existing in that complex state of dynamic equilibrium
(i.e., eubiosis), which is made of reciprocal interactions and multiple networks between
themselves and the host cells. This is an equilibrium with specific spatial and temporal
characteristics, whose deregulation might lead to dysbiosis [63].

The human gut microbiota—with its thousands of different bacterial taxa, eucaryotic
microbes, and virus together with the intestinal barrier—is a very selective and important
filter for the well-being of the whole organism, and as a neuroendocrine structure today
considered as a “second brain”, it is a component of the complex gut ecosystem [65,66].
The gastrointestinal microbiota varies according to the anatomical location and among
individuals [11], and it plays different roles, from the supply of nutrients to the control
of inflammation and carcinogenesis [63]. Commensal bacteria instruct the immune and
physiological systems throughout life and are responsible for the presence of inflammatory
and immune cells in the healthy intestine: the so-called “physiological” or “controlled”
inflammation [67]. For this purpose, numerous evidence has demonstrated that a direct
relationship between modification in the gut microbiota composition and some pathologies
exist [68,69]. Among these diseases, obesity and metabolic alterations induced by some
nutrients and diet, or autoimmune diseases such as type 1 diabetes and inflammatory
bowel disease, are characterized by changes in the microbiome and gut dysbiosis [70].

3.1. Microbiota and Cancer

Gut microbiota emerged as a critical player also in the development of cancer. Several
studies support the idea that a disturbance of the gut microbiota composition could lead
to the onset of CRC [71]. Moreover, several studies reported a deep association between
microbiota and CRC, demonstrating that microbiota dysbiosis can affect cancer susceptibil-
ity and progression through the modulation of several mechanisms such as inflammation,
or inducing DNA damage, and producing metabolites involved in oncogenesis or tumor
suppression [72]. For example, various bacterial pathogens are linked with the DNA
damage response (DDR) pathway activation, which can be caused by both a direct effect
of microbe produced genotoxins or an indirect effect of ROS produced in response to an
excessive activation of immune cells stimulated by certain microbes or their metabolic
end-products [73,74].

In particular, fecal metagenomic samples from CRC patients identified a CRC-enriched
microbiota including Enterobacteriaceae [75], Escherichia coli [76,77], Enterotoxigenic Bac-
teroides fragilis (ETBF) [78], and Fusobacterium nucleatum (Fn) [79]. These bacteria seem
to act as “pro-oncogenic” agents in different ways: promoting inflammation, impairing
antitumor activity, inducing DNA damage, and tumor cell proliferation via the activation
of β-catenin and other oncogenic pathways [75]. Several studies reported an association
between an abundance of Fusobacterium nucleatum, carcinogenetic risk factors, and gene
mutations in CRC [80]. In addition, a high abundance of Fusobacterium nucleatum was
associated with CIMP status, wild-type p53, and MSI in colon tumor tissue [81].
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On the other hand, the Firmicutes phylum (particularly the Ruminococcaceae and Lach-
nospiraceae families) [82] as well as Bifidobacteria, Lactobacilli [83,84] and non-enterotoxigenic
Bacteroides fragilis (NTBF) [84] are substantially underrepresented in CRC patients [85] and
have shown “anti-oncogenic” activities, such as a reduction of pro-inflammatory citokines,
enhancement of antitumor immunity, epithelial cell renewal, regulation of intestinal barrier
integrity, and short-chain fatty acid (SCFA) production [82–86]. SCFAs, by modulating
histone deacetylase inhibitory activity, promote the accumulation and differentiation of
Treg cells controlling tumor progression [86].

Similarly, a deeper review on the role of gut microbiota in the carcinogenesis of hu-
mans and animals observed that some bacteria appeared often augmented (including
Fusobacteria, Alistipes, Porphyromonadaceae, Coriobacteridae, Staphylococcaceae, Akker-
mansia spp., and Methanobacteriales), whereas others decreased in CRC (Bifidobacterium,
Lactobacillus, Ruminococcus, Faecalibacterium spp., Roseburia, and Treponema [87]. In addition,
some microbial metabolites (such as nitrogenous compounds) were consistently elevated,
whereas others (such as butyrate) were decreased throughout colonic carcinogenesis [87].

3.2. Signaling Pathways Activated in Microbiota and Cancer

The gut microenvironment homeostasis requires an intricate balance between cell
proliferation, differentiation, and apoptosis processes in which several regulatory pathways
are involved such as the Wnt, Notch, BMP, and Hedgehog signaling pathways [88,89].
Deregulation of these main signaling pathways can potentially determine a disruption
of intestinal homeostasis and contribute to CRC development. For example, the Wnt/β-
catenin signaling pathway is supposed to be closely connected with cancer biology [90].
In particular, the adenomatous polyposis coli (APC) gene truncating mutations that stabilize
β-catenin are highly prevalent in CRC, making APC one of the most mutated genes in
human cancers [91].

Among the canonical and non-canonical Wnt signaling pathways, the first is certainly
the most critical for its function as regulator of the transcriptional co-activator β-catenin,
in turn regulating inflammatory, proliferative, and differentiation pathways [92,93]. As
reported in several studies, the Wnt pathway has been frequently considered together with
the RAS pathway one of the major drivers of CSC expansion [93].

The gut microbiome can be the trigger of the (EMT), a transition taking place through
the involvement of WNT and TGF-β signaling, as previously reported, causing the invasion
and metastasis of CRC cells [94].

Recently, preclinical evidence demonstrated that defects in the colon barrier integrity
associated with dysbiosis and with an increased expression of several inflammatory factors
such as IL-17, Cxcl2, Tnf-α, and IL-1 can be responsible for the development of benign (e.g.,
hyperplastic polyp), pre-malignant (e.g., tubular adenoma), or malignant (e.g., colorectal
adenocarcinoma) neoformations [71,95].

Taken together, these data suggest that alterations of gene expression or modifications
of microbiota composition can trigger the development of cancer involving the deregulation
of proliferative and inflammatory signaling pathways even though a clear cause–effect
relationship between microbiota composition and changes in gene expression have not
been well elucidated.

In conclusion, not only a genetic but also an epigenetic role has been highlighted in
CRC progression and metastatization, as recently reported by Wu et al. [96].

3.3. Microbiota and Efficacy of Anticancer Agents

An emergent approach is taking into consideration the influence of the microbiota
on the activity and efficacy of chemotherapy and immunotherapy drugs. For example,
the hypothesis that gut microbiota can be strictly related to the pharmacological effects
of chemotherapy agents, such as 5-FU, is supported by a pioneer study conducted with a
CRC mouse model and high-throughput sequencing. The authors compared the tumor
size and profiled the gut microbiota of mice treated with 5-FU, combined with probiotics or
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ABX (an antibiotic cocktail of antibiotics), demonstrating the importance of pre-existing gut
microbiota communities in the host response to 5-FU treatment. In particular, they found
that antibiotics-induced dysbiosis during CRC treatment determined a dramatic increase
of Proteobacteria, which may interact with the host inducing systemic inflammation and
abolishing the therapeutic efficacy of the drug [97].

Regarding human studies, Zhang and colleagues investigated the relationship between
Fn infection and efficacy of a systemic treatment with 5-FU in 94 CRC patients. They initially
hypothesized a mechanism of reduced chemo-sensitivity of CRC cells to 5-FU linked to the
upregulation of BIRC3, which is a member of the inhibitor of apoptosis proteins (IAPs).
Next, they demonstrated that Fn-induced BIRC3 expression could be mediated by the
TLR4/NFkB pathway. Indeed, other scientists had recently reported that Fn may mediate
chemoresistance by activating the autophagic pathway in CRC [98].

Immunotherapy has revolutionized cancer treatment, and immune checkpoint in-
hibitors (ICIs) are now a standard of care in microsatellite-instable (MSI) CRC patients [99].

Recently, Lang et al. in their study showed that ileal microbiota can orchestrate the
immunogenic cell death of ileal intestinal epithelial cells (IECs). They registered an accu-
mulation of follicular T-helper (TFH) cells in CRC patients and mice and the suppression
of IEC apoptosis. This effect could be linked to the impairment of the immunosurveillance
mechanisms by chemotherapy directed against CRC in mice [100]. Protective immune
responses in the ileum were associated with the colonization of specific bacteria such as
Bacteroides fragilis and Erysipelotrichaceae that stimulate the production of programmed cell
death (PD-1) molecules +TFH by secretion of interleukin 1R1 and interleukin 12. Moreover,
the demonstration of apoptosis in the ileum can be considered a prognostic factor for CRC
patients [100].

As for the relationship between bacteria species infection and efficacy of treatments,
it has been postulated that the richness and diversity of species could be influenced by
the different stages of gastric carcinogenesis and progression. In particular, more relevant
changes seem to occur at the stage of precancerous lesions of gastric carcinoma (PLGC),
suggesting that it is a turning point during GC progression. Moreover, the depletion
of some bacteria such as Akkermansia and an enrichment of pathogenic bacteria such as
Escherichia Shigella can overlap with the tumor progression stage [100].

Moreover, researchers have reported a reduction in the efficacy of immunotherapy
regimens in metastatic renal cell carcinoma (mRCC) patients when treated with antibiotic
drugs. In particular, worse clinical outcomes in terms of PFS and OS were found in mRCC
patients who received antibiotics within four weeks of treatment initiation with respect to
non-users [101].

3.4. Recent Advances in Metagenomics Technology for Diagnosis and Prognosis

Currently, the study of microbiomes, also named metagenomics, is based on two
main approaches, which consider different aspects of the microbial community in a given
environment. The structural metagenomics approach takes into consideration the structure,
composition, and dynamics in a specific ecosystem of the uncultivated microbial popula-
tion. Instead, functional genomics aims to study a specific gene coding for a function of
interest. This approach requires the generation of expression libraries with thousands of
metagenomics clones and its subsequent screening [102].

Metagenomics, investigating the wide populations of microbial communities and
analyzing all the DNA present within a sample, can provide comprehensive and useful
data regarding the state of the microenvironment of CRC patients. In metagenomics,
datasets acquired from recent studies of the taxonomic clades related to CRC have been
discovered [103].

Moreover, Meyerson et al. by using whole-genome sequences established the con-
figuration of microbiota in healthy and CRC patients [104]. By the way, thanks to the
multi-omics approach based on the plethora of recent technologies including genomics,
transcriptomics, proteomics, and metabolomics respectively able to analyze DNA markers,
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RNA transcript, protein, and metabolites produced inside the colon, researchers have a
remarkable opportunity for the discovery of novel prognostic, diagnostic, and therapeutic
biomarkers [104], even though the question of whether the microbiota and its metabolites
could be considered replicable and useful biomarkers across cohorts and populations
remains unclear. So, the aim of this interesting approach tries to examine the differences
in patients and healthy individuals for identifying biomarker patterns to work toward a
personalized medicine therapeutic approach [105].

For example, in a large cohort study conducted on 616 participants undergoing
colonoscopy, the presence of distinct patterns of the microbiome in cases of multiple
polypoid adenomas has been demonstrated. Fn appeared significantly elevated from
intramucosal carcinoma to more advanced stages. Moreover, Atopobium parvulum and
Actinomyces odontolyticus, which co-occurred in intramucosal carcinomas, were signifi-
cantly increased only in multiple polypoid adenomas and/or intramucosal carcinomas.
In addition, metabolome analyses indicated a significant increase of metabolites such
as branched-chain amino acids and bile acids in intramucosal carcinomas. Futhermore,
the authors suggested that the shift in the microbiome and metabolome seemed to occur
from the very early stages of CRC development, confirming the potential diagnostic and
etiological role of multi-omics data. Therefore, the authors proposed metagenomic and
metabolomic markers to discriminate cases of intramucosal carcinoma from the healthy
controls, highlighting the possible etiological and diagnostic importance of large-cohort
multi-omics data [106]. Indeed, the application of metagenomics to explore the gut micro-
biota profile has also been prospectively investigated in 60 CRC patients and 30 healthy
controls. This study revealed the importance of data from the gut microbiome in association
with known clinical risk factors of CRC to discriminate between adenoma and carcinoma
clinical groups [107]. On the other hand, a similar conclusion has been reported by a Euro-
pean study based on fecal samples metagenomic sequencing and taxonomic classification
of a mixed group of CRC, adenomas patients, and healthy subjects. Indeed, this study
indicated that observed gene pool differences may reveal tumor-related host–microbe
interactions [108].

An emerging approach to study the intersection of the gut–microbial communities and
human health is based on the study of microbe-derived extracellular vesicles (EVs). EVs,
separated into three different types, outer membrane vesicles (OMVs), shedding vesicles,
and apoptotic bodies, are composed of different macromolecules including lipids, proteins,
nucleic acids, and metabolites [109,110].

For example, via metagenomic and metabolomics analysis of gut EVs of CRC and
healthy subjects, Kim et al. found an alteration of compositional bacteria and metabolites
profile in CRC patients, suggesting a potential diagnostic role of EVs metabolites profiles
in the identification of cooperation between microbiome and cancer development [109].

3.5. Organoids Engineering

Organoid engineering has become an important tool for cancer assessment but also in
modeling host–microbe interactions. New insights are rapidly being gained on the role
of the microbiome in CRC development, and it is clear that CRC patients have an altered
gut microbe population compared to healthy ones. However, whether they play a direct or
indirect role in cancer development is a topic of great discussion [111].

Research suggests a key role for microbes in developing an inflammatory environment
in which cancer cells can grow; they can also influence cancer development by producing
metabolites that influence the host metabolism [112].

From a practical point of view, microbes can be administered to cell culture media,
allow basolateral exposure, or be microinjected into the lumen of the organoid to faithfully
reproduce the microbial activity [113].

For example, Pleguezuelos-Manzano et al. focused on the abundance, in stool samples
of CRC patients, of some bacteria including E. coli and pks + E. coli, which are capable of
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producing the genotoxin colibactin. This toxin has been shown to damage DNA and create
a non-physiological base pairing in epithelial cells [77].

By the use of organoids constituted with E. coli pKs + obtained from the colon of
CRC patients co-cultured with the epithelial cells, these researchers reproduced in vivo the
intestinal situation and demonstrated that exposure to E. coli pKs + would appear to be
a risk factor in the development of CRC [114]. Therefore, in conclusion, the specificity of
colibactin-induced mutations supports the need for further investigations relating to its
link with cellular DNA as well as representing a valid support in the identification of a
preventive biomarker [77].

New knowledge is also rapidly gaining in the field of “nutrition and gut microbiota”.
Several studies have established that after the ingestion of phytochemicals and fibers, the
intestinal microbiota initiates complex catabolism that releases important metabolites of
the intestinal microbiome (GMMs). Moreover, thanks to the use of organoids derived
from colorectal lesions, the impact of diet and metabolites on tumorigenesis has been also
investigated [115].

Recently, Toden and colleagues identified evidence that metabolites produced by
the microbial catabolism of flavan-3-ols in the distal gastrointestinal tract could induce
programmed cell death, inhibiting cancer and promoting gut health [116]. They used
intestinal organoids as a preclinical model system and noted that flavan-3-ols suppressed
the formation and growth of both intestinal organoids—those derived from APCM in
mouse models and those from human CRC tumors—by inhibiting the cell cycle and
inducing apoptosis. The gene expression profile revealed the suppression of survival and
self-renewal pathways in organoids treated with flavan-3-ols. Flavan-3-ols is a commercial
grape seed extract, consisting of monomers, dimers, and trimers. These compounds include
proanthocyanidins (PACs); they can reach the distal gastrointestinal tract almost intact
and are effectively transformed into low molecular weight phenolic compounds by the
colonic microbiota [117–119]. The flavan-3-ols monomers, dimers, and trimers that reach
the colon become available for the gut microbiota. Then, microbial catabolism begins,
producing hydroxy-phenyl-γ-valerolactones (PVLs) and, to a lesser extent, their derivative
hydroxy-phenylvaleric acids (PVAs), with only a small percentage of non-metabolized
PACs remaining [120].

3.6. Therapeutic Use of Antibiotics, Probiotics, and Fecal Microbiota Transplantation

Several approaches, which include dietary interventions, antibiotic treatments, pre-
and probiotics, and fecal microbiota transplantation (FMT), have been explored to modulate
gut microbiota composition, including its physiology and metabolites involved in CRC
occurrence, progression, or drug resistance.

Diet plays a significant role in the modulation of the microbiome. A normal gut
microbiota depends upon the fermentation of the indigestible fiber component of our diet
for its energy supplement. The symbiotic gut microbiota ferments dietary fibers into short-
chain fatty acids (SCFAs) such as propionate, acetate and, most importantly, butyrate [67].
In a prospective cohort study, a diet rich in whole grains and dietary fiber was associated
with a lower risk to develop F. nucleatum-positive CRC but not F. nucleatum-negative CRC,
supporting a potential role for intestinal microbiota in mediating the association between
diet and colorectal neoplasms [121]. As no clear guideline regarding the type of nutrition
and cancer incidence has been established, different forms of reduced caloric intake, such as
fasting, demonstrated a wide range of beneficial effects in cancer prevention and anticancer
drug efficacy [122], at least in part mediated by gut microbiota. Indeed, every-other-day
fasting leads to an increase in fermentation products such as acetate and lactate altering gut
microbiota composition, with enriched levels of Firmicutes, the production of SCFAs, and
reduction in Bacteroides, Actinobacteria, and Tenericutes [123]. Since tumors are not able
to metabolize ketone bodies due to deficiencies in key mitochondrial enzymes, a ketogenic
diet with low-carbohydrate and high-fat intake, mimicking the metabolic state of fasting
by inducing a physiological increase in acetoacetate and beta-hydroxybutyrate, might be a
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reliable therapeutic strategy to inhibit cancer progression [124]. Omega-3 polyunsatured
fatty acids (PUFAs) are widely used as nutritional supplements and multiple benefits
have been claimed, included anticancer activity. PUFAs seem to increase “anti-oncogenic”
bacteria, including Bifidobacterium and Lactobacillus other than SCFA-producing genera such
as Blautia, Bacterioides, Roseburia, and Coprococcus [125]. A randomized trial showed that
omega-3 PUFA supplementation induces a reversible increase in several SCFA-producing
bacteria [126].

Since antibiotic administration represents an aggressive and non-selective means of
manipulation of gut microbiota composition, its role in CRC management seems to be
controversial. Although preclinical evidence showed that gut microbiome depletion seems
to inhibit cancer progression [127], multiple lines of evidence highlight how antibiotics can
undermine immunotherapy efficacy or promote disease progression emphasizing microbial
dysbiosis [128,129].

Of course, a potential strategy of CRC prevention and management is represented by
probiotics and fecal microbiota transplantation (FMT). Probiotics are living microorganisms
with the potential to positively influence resident microbiota, intestinal epithelium cells,
and the immune system, and they are generally considered safe and well tolerated in
healthy subjects [130]. A randomized trial with Lactobacillus and Bifidobacterium strains
significantly reduced the levels of proinflammatory cytokines such as TNF-α, IL-6, IL-10,
IL-12, IL-17, and IL-22 and prevented post-surgical complications.

FMT consists of the transplantation of gut microbiota from healthy donors to patients
to restore intestinal dysbiosis and reduce the activation of inflammatory, proliferative, and
procarcinogenic pathways. These specimens are prepared according to well-established
protocols to avoid potential risk factors such as viruses and parasites and stored in banks
of donated feces [131]. Treatment with chemotherapy and ICIs can result in adverse
events including colitis. FMT treatment has been shown to improve ICI-induced colitis in
cancer patients [132]. Additionally, FMT reduced the severity of intestinal mucositis and
diarrhea following FOLFOX treatment in preclinical models by suppressing IL-6 levels,
increasing the number of goblet cells and zonula occludens-1, decreasing apoptotic and
NFkB-positive cells as well as the expression of Toll-like receptors and MYD88, leading to a
restoration of gut microbiota composition without complications such as bacteremia [133].
Another study conducted in a mouse model to assess the efficacy of FMT to reverse
antibiotic- and chemotherapy-induced gut dysbiosis suggests that FMT may effectively
help in preventing acute intestinal inflammation and mucosal barrier dysfunction. In
particular, the administration of FMT reduced the proportions of pathogenic species and
an increase of the relative distribution of Clostridium scindens and Faecalibacterium
prausnitzii, which are species that exhibited anti-inflammatory properties [134].

Finally, as demonstrated by Hefazi et al. in cancer patients treated with cytotoxic
chemotherapy, FMT treatment determined a reduction of multiply recurrent Clostrid-
ium difficile infection (CDI) and diarrhea episodes remarking its highly therapeutic
efficacy [135].

4. Future Perspectives and Conclusions

Despite the recent advances in the systemic treatment of molecularly selected CRC
patients with advanced disease (i.e., pembrolizumab in MSI [99] or the association of the
anti-BRAF encorafenib, the anti-MEK binimetinib and the anti-EGFR cetuximab in BRAF
V600E mutated [136] tumors), the survival benefit is limited to a small percentage (10–20%)
of patients harboring these alterations.

The use of CTCs, ctDNA, miRNAs, and lncRNA could help find new potentially
targetable biomarkers for the management of CRC. Furthermore, as a minimally invasive
and repeatable procedure, liquid biopsy can improve CRC screening, early diagnosis,
clinical staging, and prognostic stratification, allowing a higher rate of cure. Moreover,
liquid biopsy might be useful to monitor minimal residual disease after surgical treatment,
possibly allowing a finer modulation of the adjuvant systemic therapy, integrating clinico-
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pathological risk factors and ctDNA or CTC detection. Finally, if properly integrated with
clinical and instrumental assessment, liquid biopsy might help monitor disease progression,
treatment efficacy, and acquired resistance to chemotherapy and targeted agents in CRC.

Of course, there is urgent need to optimize pre-analytical and analytical processing
for clinical validity, to standardize laboratory methods in ensuring the reproducibility of
the results and to properly assess the cost-effectiveness [137]. Indeed, the lack of clinical
applicability is currently due to the large quantity of liquid biopsy assays, with different
detection limits, sensitivity, and specificity [138]. To solve the pitfalls for liquid biopsies
due to the difficulty of CTC detection, the application of various microfluidic platforms
based on CTC characteristics has been explored [139]. Recently, for the selection of CTC, a
“negative depletion” microfluidic chip has been developed [140]. In this system, named
leukapheresis, the leukocyte depletion strategy can enrich for untagged CTCs in a “tumor-
independent” manner applicable to all tumor types, as demonstrated in several tumor
types [141–144].

CTC analyses performed on leukapheresis products should improve the reach of
liquid biopsies in metastatic cancer, and combined with CTC detection, they may play a
critical role in screening high-risk patients for early cancer, identifying the tissue of origin,
and reducing the need for invasive biopsies.

Therefore, once the multiple ongoing randomized phase II–III trials will define and
validate the role of liquid biopsy especially in the adjuvant setting of early CRC (Table 1), a
process of harmonization of procedures and data will be necessary to transfer from bench
to bedside this important tool of personalized medicine.

On the other hand, it is clear that CRC carcinogenesis is also defined by gut micro-
biota metabolic activity and its dysbiotic composition. Therefore, the integrated analysis
of the gut microbiome and its interactions with the host, anticancer drugs, and other
exogenous factors [7,139] is essential to improve the outcomes of CRC patients. Recent
findings support the potential of microbial markers in cancer diagnosis and prognosis and
the potential of FMT or pre-probiotics in remodeling the tumor microenvironment or in
potentiating antitumor immunity. Continuous monitoring of changes in microbiota profiles
and biomarkers may help in the identification of dysplasia. In addition, in this context,
an important collaborative effort is required to elucidate the role of the gut microbiota in
modulating responses to cancer treatment, and this aspect is particularly clear in several
ongoing clinical trials investigating the effect of FMT in patients with cancer who are
refractory to ICI. These trials, along with further validations, will determine whether the
selective modulation of gut microbiota, either by FMT, probiotic treatment, or other means,
enables CRC patients to overcome resistance to chemotherapy or immunotherapy (Table 2).
Of course, a more complete and holistic approach toward cancer treatment should include
host–microbiota interactions as important screening and treatment factors.
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Abbreviations

5-FU 5-Fluorouracil
ACT Adjuvant Chemotherapy
Akt Protein Kinase B
APC Adenomatous Polyposis Coli

APCMin
Multiple Intestinal Neoplasia, a mutant allele of the Murine Adenomatous
Polyposis Coli Locus

ATM Ataxia Telangiectasia Mutated Serine/Threonine Kinase
AUC Area Under the Curve
BIRC3 Baculoviral IAP Repeat Containing 3
BMP Bone Morphogenetic Protein
CA19-9 Carbohydrate Antigen 19-9
cAMP 3′-5′-Cyclic Adenosine Monophosphate
CDI Clostridium Difficile Infection
CEA Carcino Embryonic Antigen
CEA Carcinoembryonic Antigen
cf-DNA Cell-Free DNA
CIMP CpG Island Methylator Phenotype
CPSF4 Cleavage And Polyadenylation Specific Factor 4
CRC Colorectal Cancer
CSC Cancer Stem Cells
CT Computed Tomography
CT Chemotherapy
CTCs Circulating Tumor Cells
ctDNA Circulating Tumor DNA

ctDNA clear
ctDNA clearance or modification rate of every study arm and correlation with
clinical outcome measures (according to the design of each study)

ctRNAs Circulating Tumor RNAs
Cxcl2 C-X-C Motif Chemokine Ligand 2
DCE Dynamic Contrast-Enhanced
ddPCR Digital Droplet PCR
DDR DNA Damage Response
DFS Disease-free Survival
dPCR Digital PCR
DR Distant Recurrence
EGFR Epidermal Growth Factor Receptor
EMT Epithelial–Mesenchymal Transition
Enco/Bini/Cet Encorafenib/Binimetinib/Cetuximab
Endp Study Endpoints if not Reported in Study Description
ETBF Enterotoxigenic Bacteroides Fragilis
EVs Extracellular Vesicles
FMT Fecal Microbiota Transplantation
Fn Fusobacterium Nucleatum
FOBT Fecal Occult Blood Test
FOXO Forkhead Box O3
GC Gastric Cancer
GI Gastrointestinal

85



Biomedicines 2021, 9, 140

Gli1 Glioma-Associated Oncogene Homolog 1
GLOBOCAN Global Cancer Statistics
GMMs Metabolites of the Intestinal Microbiome
HIF-1 Hypoxia-Inducible Factor 1
HR Hazard Ratio
HR High-Risk According to Histopathological Factors
HR High-Risk
IAPs Inhibitor of Apoptosis Proteins
ICIs Immune Checkpoint Inhibitors
IECs Ileal Intestinal Epithelial Cells
IL-17 Interleukin-17
Int Interventional
IT Immunotherapy
LB Liquid Biopsy
LM Luminal Microbiota
lncRNAs Long non-coding RNAs
LR Low-Risk According to Histopatological Factors
LR Local Recurrence
MAM Mucosal Associated Microbiota
mCRC Metastatic CRC
MDM2 Mouse Double Minute 2
MEK Mitogen-Activated Protein Kinase
MIR MicroRNA
miRNAs MicroRNAs
MO3UFA Marine Omega-3 Polyunsaturated Fatty Acid
mRCC Metastatic Renal Cell Carcinoma
MRD Minimal Residual Disease
MRI Magnetic Resonance Imaging
mSEPT9 methylated Septin 9
MSI Micro-Satellite Instability
mTOR Mammalian Target of Rapamycin
MYD88 Myeloid Differentiation Primary Response 88
N Planned Enrollment
NA Not Available
ncRNAs non-coding RNAs
NEAT1 Nuclear Enriched Abundant Transcript 1
NFkB Nuclear Factor Kappa-Light-Chain-Enhancer of Activated B Cells
NSCLC Non-Small Cell Lung Cancer
NTBF Non-Enterotoxigenic Bacteroides Fragilis
Obs Observational
OMVs Outer Membrane Vesicles
OS Overall Survival
PACs Proanthocyanidins
PC Pancreatic Cancer
pCR Pathologic Complete Response
PD-1 Programmed Death-1
PFS Progression-Free Survival
PI3K Phosphatidylinositol 3-Kinase
PLGC Precancerous lesions of gastric carcinoma
PTEN Phosphatase and Tensin Homolog
PUFAs Omega-3 Polyunsatured Fatty Acids
PVAs Hydroxy-Phenylvaleric Acids
PVLs Hydroxy-Phenyl-γ-Valerolactones
QoL Quality of Life
RECIST Response Evaluation Criteria in Solid Tumors
RFS Relapse-Free Survival
ROC Receiver Operating Characteristic Curve
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ROS Reactive Oxygen Species
RR Response Rate
SCFA Short-Chain Fatty Acid
SMAD4 Mothers Against Decapentaplegic Homolog 4
SOC Standard of Care
T Clinical Trial
TDEs Tumor-Derived Exosomes
TFH Follicular T-helper Cell
TGF-β Transforming Growth Factor Beta
TLR4 Toll-like Receptor 4
TNBC Triple Negative Breast Cancer
TNF-α Tumor Necrosis Factor- alpha
TNM Classification of Malignant Tumors (Tumor-Nodes-Metastasis)
TNMB Tumor-Nodes-Metastasis-Blood
TT Treatment Toxicity/Treatment-Related Adverse Events
TTF Time to Treatment Failure
TTR Time to Recurrence
VEGF Vascular Endothelial Growth Factor
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Abstract: Although stage I and II colon cancers (CC) generally show a very good prognosis, a small
proportion of these patients dies from recurrent disease. The identification of high-risk patients,
who may benefit from adjuvant chemotherapy, becomes therefore essential. We retrospectively
evaluated 107 cases of stage I (n = 28, 26.2%) and II (n = 79, 73.8%) CC for correlations among
preoperative inflammatory markers, histopathological factors and long-term prognosis. A neutrophil-
to-lymphocyte ratio greater than 3 (H-NLR) and a platelet-to-lymphocyte ratio greater than 150
(H-PLR) were significantly associated with the presence of poorly differentiated clusters (PDC)
(p = 0.007 and p = 0.039, respectively). In addition, H-NLR and PDC proved to be significant and
independent survival prognosticators for overall survival (OS; p = 0.007 and p < 0.001, respectively),
while PDC was the only significant prognostic factor for cancer-specific survival (CSS; p < 0.001,).
Finally, the combination of H-NLR and PDC allowed an optimal stratification of OS and CSS in our
cohort, suggesting a potential role in clinical practice for the identification of high-risk patients with
stage I and II CC.

Keywords: colon cancer; poorly differentiated clusters; prognostic factors; inflammatory markers;
histopathological markers; immune system

1. Introduction

Colorectal cancer (CRC) is one of the most frequent malignancies in the Western
population [1]. Prognosis is mainly influenced by the completeness of surgical resection
and pathological stage [2–4]. However, some histopathological and molecular features may
play a relevant role in the definition of long-term outcomes [5] in patients affected by this
neoplasia. The identification of additional prognostic factors, able to distinguish high-risk
from low-risk patients, is particularly relevant in case of node-negative disease. Indeed,
the use of adjuvant chemotherapy in these patients is controversial in view of the overall
good prognosis [6].

In addition to tumor stage, the host immune system may play an important role
in tumor development and progression [7–9]. Some inflammatory markers, expression
of an imbalanced immune reaction, have been evaluated as prognostic factors in cancer
patients [8,10,11]. In particular, neutrophil-to-lymphocyte ratio (NLR) has been tested in
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oncological patients [12–14], and its prognostic value was also suggested in patients with
CRC. Various studies investigated the correlation between preoperative NLR and overall as
well as disease-free survival in CRC, suggesting different threshold values and results. Most
of the studies concluded that elevated NLR was associated with worse outcomes in patients
with both localized and metastatic CRC [10,15–23]. Similarly, platelet-to-lymphocyte ratio
(PLT) [23–25] and platelet count (PC) could predict long-term outcomes in patients with
CRC [11,26,27].

Among the histopathological factors, the presence of lymphatic or vascular invasion,
poor differentiation according to the World Health Organization (WHO) grading system
and tumor budding are currently considered indicators of worse prognosis in stage II
CRC [28–30]. More recently, the presence of poorly differentiated clusters (PDCs) [31] has
gained attention in view of its significant correlation with higher recurrence risk and shorter
overall survival in patients with stage II CRC [32–34]. Nevertheless, the assessment of PDC
is rarely adopted for prognostic stratification in routine clinical practice, as conventional
tumor grading system is still preferred in the AJCC guidelines [35].

This study aimed at evaluating the potential correlations between preoperative in-
flammatory biomarkers and histopathological characteristics in node negative colon cancer,
as well as their impact on long-term prognosis.

2. Materials and Methods

2.1. Inclusion Criteria and Population under Study

The original population under study consisted of all patients undergoing surgery
for CRC (n = 1418) at the Division of General and Hepatobiliary Surgery, University of
Verona Hospital, between January 2005 and December 2015 The inclusion criteria were:
age ≥ 18 years; histology-proven colon cancer; absence of nodal or distant metastasis
(AJCC/UICC TNM Stage I and II); availability of histological slides or paraffin block of the
primary tumor; data on preoperative NLR, PLR and PC; and absence of residual disease
after surgery (R0 resection). Patients with rectal cancer were excluded from the analysis.

2.2. Assessment of Inflammatory Markers

Neutrophil count, lymphocyte count and PC were obtained from venous blood within
2 weeks before the date of surgery. NLR and PLR were calculated by dividing the absolute
number of neutrophils or platelets by the absolute number of lymphocytes, respectively.
Blood samples were drawn by an expert phlebotomist in vacuum blood tubes containing
K2-EDTA (Terumo Europe NV, Leuven, Belgium). The complete blood cell count (CBC) was
performed using Advia 2120 (Siemens Healthcare Diagnostics, Tarrytown NY, USA). The
local reference ranges are 150–400 × 109/L for platelets, 4.3–10.0 × 109/L for total white
blood cells (WBC), 2.0–7.0 × 109/L for neutrophils and 0.95–4.5 × 109/L for lymphocytes.
The same analyzer was used throughout the study period. The quality and comparability
of test results were validated by data of both internal quality control (IQC) and external
quality assessment (EQA) [36].

2.3. Histological Evaluation

All cases included underwent histopathological revision as previously described in
detail [32]. Briefly, hematoxylin–eosin-stained histological slides were revised to assess
the depth of infiltration (pT1, pT2, pT3 and pT4) and histological grading according to the
WHO criteria, lympho-vascular invasion (LVI), perineural invasion (PNI), tumor budding,
presence of inflammation and PDC count. PDC were defined as clusters of at least 5 tumor
cells lacking a glandular structure, at the invasive front or in the tumor stroma and counted
in one hot spot under the microscopic field of ×20 objective lens (i.e., a microscopic
field with a major axis of 1 mm). The 8th Edition of the American Joint Committee on
Cancer (AJCC) and the Union International Contre Le Cancer (UICC) criteria were used
for reporting the pathology specimens [35].
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2.4. Preoperative Work-Up and Surgical Technique

All patients were staged with preoperative colonoscopy, chest-abdomen-pelvis com-
puted tomography (CT) and carcinoembryonic antigen (CEA) measurement. In the case of
dubious hepatic lesions, magnetic resonance was used to clarify the preoperative staging.

The main goal of surgery was the complete excision of the cancer burden in order
to obtain an R0 resection. The extent of the resection was planned according to cancer
location, disease stage and patient’s general conditions. Anatomical resections with ligation
of vessels at their origin were the procedures of choice in order to achieve an adequate
lymphadenectomy [37].

2.5. Data Collection and Statistical Analysis

Data were extracted from a prospectively maintained database. Demographic, clinical,
surgical, hematological and histopathological variables were analyzed. All methods used
in this study were performed in accordance with the relevant ethical guidelines and
regulations of the University Hospital of Verona, where the investigation was carried out.
The study was approved by the Verona University Hospital Ethics Committee (09/07/2016,
ID number: 42763-CRINF-1034 CESC). Informed consent was obtained from all patients
enrolled in the study. On preliminary analysis, preoperative NLR, PLR and PC were
found to be normally distributed. The optimal cut-off values for NLR (≥3) [19,20], PLR
(≥150) [25] and PC (≥350 × 109/L) [10] as dichotomous predictors of survival were
chosen based on previously published literature. The correlation between preoperative
inflammatory markers and pathological features was investigated using independent t test
or Mann–Whitney U test for continuous variables and chi-squared test or Fisher’s exact
test for categorical variables, as appropriate. Continuous data were reported as mean (+SD)
or median (range) as appropriate according to distribution, while categorical data were
reported as numbers and percentages.

Survival and follow-up data were obtained by collecting outpatient clinical records or
by directly contacting the patient or their relatives. The median length (range) of follow
up was 104 (3–160) months considering the whole population and 113 (76–160) months
considering surviving patients only. At the time of analysis, 75 patients had completed
their follow-up and 32 have died.

Survival analysis was computed using the Kaplan–Meier method and compared by
the log-rank test, with time of overall survival (OS) measured from the date of surgery to
the date of death from any cause or most recent follow-up and cancer-specific survival (CSS)
as months from the date of surgery to the date of death from cancer. Multivariate analysis
was performed by Cox regression model taking into account clinical and pathological
characteristics and inflammatory markers that were found to significantly influence long-
term survival on univariate analysis.

All statistical tests were two-sided, and association were considered statistically sig-
nificant at a nominal level of 0.05 (p < 0.05). Statistical analysis was performed using SPSS
(version 23, SPSS, Chicago, IL, USA).

3. Results

In total, 107 patients fulfilled the inclusion criteria and were included in the analysis
(Figure 1). Twenty-eight (28) tumors (26.2%) were classified as TNM stage I and 79 (73.8%)
as stage II. None of the patients received adjuvant chemotherapy.

Table 1 reports the correlation between inflammatory markers and clinical-pathological
variables. Forty-five patients (42.1%) had an NLR value greater than 3 (H-NLR). H-NLR
was significantly associated with serosal invasion (31% vs 11.3%; p = 0.036) and presence of
PDC (51.1% vs 24.2%; p = 0.007). A PLR value greater than 150 (H-PLR) was associated
with a significantly higher rate of mucinous histotype (18.8% vs 4.6%; p = 0.042) and
presence of PDC (43.7% vs 23.2%; p = 0.039). Finally, a PC greater than 350 × 109/L
(H-PC) was associated with a higher rate of right-sided CC (76.7% vs 39%; p = 0.001),
mucinous histotype (30% vs 6.5%; p = 0.003) and poorly differentiated (G3) tumors (23.3%
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vs 2.6%; p = 0.002). No significant associations were demonstrated between NLR, PLR and
PC values and the amount of inflammatory reaction, nor with lympho-vascular, perineural
invasion or tumor budding.

Figure 1. CONSORT diagram for patient inclusion.

Table 1. Correlations between NLR, PLR and PC and main clinical and pathological variables for the 107 patients
under study.

Data H-NLR (n = 45) p Value H-PLR (n = 64) p Value H-PC (n = 30) p Value

Age, mean (SD) 70.5 (14.9) 0.238 70.8 (14.1) 0.294 68.5 (17.5) 0.846
Gender, male (%) 26 (57.7) 0.844 33 (51.6) 0.321 12 (40) 0.051
Tumor location (%) 0.331 0.238 0.001

Right colon 25 (55.6) 35 (54.7) 23 (76.7)
Left colon 20 (44.4) 29 (45.3) 7 (23.3)

Elective surgery (%) 42 (93.3) 0.307 61 (95.3) 0.647 29 (96.7) 1
CACI, mean (SD) 2.9 (1.5) 0.845 3.1 (1.6) 0.264 3.2 (2.0) 0.389
Mucinous carcinoma, n (%) 5 (11.1) 0.774 12 (18.8) 0.042 9 (30) 0.003
Depth of tumor invasion, n (%) 0.036 0.055 0.081

pT1–2 11 (24.4) 12 (18.7) 6 (20)
pT3 20 (44.4) 36 (56.2) 14 (46.7)
pT4 14 (31.2) 16 (25.1) 10 (33.3)

AJCC TNM Stage II, n (%) 34 (75.6) 0.825 51 (79.7) 0.118 23 (26.7) 0.808
Harvested lymph-nodes ≥ 12, n (%) 42 (93.3) 0.731 58 (90.6) 0.738 26 (86.7) 0.264
Tumor grading, high grade, n (%) 6 (13.3) 0.162 6 (9.4) 0.738 7 (23.3) 0.002
Inflammatory reaction, present, n (%) 36 (80) 0.602 52 (81.2) 0.604 25 (83.3) 1
Budding, high grade, n (%) 4 (8.9) 0.446 3 (4.7) 0.636 1 (3.3) 0.063
LVI present, n (%) 15 (33.3) 1 19 (29.7) 0.529 12 (40) 0.362
PNI present, n (%) 9 (20) 0.815 14 (21.9) 1 8 (26.7) 0.439
PDC present, n (%) 23 (51.1) 0.007 28 (43.7) 0.039 15 (50) 0.071

SD, standard deviation; CACI, Charlson Adjusted Comorbidity Index; LVI, Lymphovascular Invasion; PNI, Perineural Invasion; PDC,
Poorly Differentiated Clusters. Number in parentheses are percentages, unless specified otherwise.

At survival analysis, NLR, among inflammatory markers and PDC, among histopatho-
logical factors, demonstrated to significantly and independently influence OS and CSS
(Figure 2 and Table 2).
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Accordingly, the combined effect on long-term outcomes of NLR and PDC was evalu-
ated. As shown in Figure 3, excellent long-term outcomes were observed in PDC negative
cases almost independently from NLR values. Conversely, long-term survival demon-
strated to be negatively influenced by the presence of PDC, with a significantly worse
prognosis in H-NLR cases, both considering OS (p < 0.001) and CSS (p < 0.001).

In the Cox regression multivariate analysis, age above the median (p < 0.001), TNM
stage II (p = 0.035), H-NLR (p = 0.007) and the presence of PDC (p < 0.001) were inde-
pendent predictors of shorter OS. Presence of PDC was the only independent prognostic
factor for shorter CSS (p < 0.001), although H-NLR was nearly significantly associated
(p = 0.072) (Table 3).

Figure 2. Kaplan–Meier estimates of overall survival (OS) and cancer-specific survival (CSS) according to PDC and NLR
status: (a) OS according to PDC status (p < 0.001); (b) CSS according to PDC status (p < 0.001); (c) OS according to NLR
status (p < 0.001); and (d) CSS according to NLR status (p = 0.011).
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Table 2. Kaplan–Meier estimates of survival probability at 5 years according to main clinical–pathological variables for the
107 patients under study.

Data Pts OS p CSS p

Age
≤median 45 (42.1%) 95.6% 0.009 97.7% 0.521
>median 62 (57.9%) 75.8% 87.7%

Gender
Male 60 (56.1%) 91.7% 0.562 93% 0.862
Female 47 (43.9%) 78.7% 90.9%

Tumor location
Right colon 53 (49.5%) 88.7% 0.866 94% 0.533
Left colon 54 (50.5%) 79.6% 90.1%

TNM Stage
I 28 (26.2%) 82.1% 0.015 100% 0.868
II 79 (73.8%) 84.8% 89.5%

Harvested lymph-nodes
<12 9 (8.4%) 66.7% 0.269 87.5% 0.359
≥12 98 (91.6%) 85.7% 92.5%

Lympho-vascular invasion
LVI - 72 (67.3%) 88.9% 0.135 95.6% 0.109
LVI + 35 (32.7%) 74.3% 83.9%

Perineural invasion
PNI - 84 (78.5%) 84.5% 0.548 93.6% 0.576
PNI + 23 (21.5%) 82.6% 86.4%

PDC
Absent 69 (64.5%) 95.7% <0.001 100% <0.001
Present 38 (35.5%) 63.2% 75.7%

NLR
L-NLR 62 (57.9%) 96.8% <0.001 98.4% 0.011
H-NLR 45 (42.1%) 66.7% 82.5%

PLR 0.563 0.825
L-PLR 43 (40.2%) 90.7% 95.2%
H-PLR 64 (59.8%) 79.7% 89.8%

PC 0.457 0.894
L-PC 77 (72%) 88.3% 93.3%
H-PC 30 (38%) 73.3% 88.6%

Combined
PDC absent/L-NLR 47 (43.9%) 100% <0.001 100% <0.001
PDC absent/H-NLR 22 (20.6%) 86.4% 100%
PDC present/L-NLR 15 (14%) 86.7% 92.9%
PDC present/H-NLR 23 (21.5%) 47.8% 63.3%

Figure 3. (a) Kaplan–Meier estimates of OS (p < 0.001) according to the combined PDC/NLR variable; and (b) Kaplan–Meier
estimates of CSS (p < 0.001) according to the combined PDC/NLR variable.100
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Table 3. Multivariable analysis for overall- and cancer-specific survival.

Data OS: HR (95% CI) p Value CSS: HR (95% CI) p Value

Age <0.001 0.169
≤median - -
>median 5.0 (2.07–12.29) 2.27 (0.71–7.33)

Gender 0.303 0.920
Male - -
Female 0.67 (0.31–1.44) 0.94 (0.61–2.06)

Tumor location 0.107 0.263
Right colon - -
Left colon 2.05 (0.94–4.51) 1.95 (0.61–6.30)

Stage 0.035 0.688
I - -
II 0.43 (0.21–0.94) 1.30 (0.36–4.63)

NLR 0.007 0.072
L-NLR - -
H-NLR 4.25 (1.77–10.26) 4.38 (1.25–15.34)

PDC <0.001 <0.001
Absent - -
Present 11.96 (4.70–30.40) 26.37 (5.30–131.28)

The Cox regression multivariate analysis for OS and CSS was also conducted using the
combination of PDC and NLR. The presence of both negative prognostic factors showed
an additive effect; the HR for PDC-present/L-NLR was 19.91 (2.14–185.11) compared to an
HR of 56.67 (95% CI 6.63–483.94) for PDC-present/H-NLR (p < 0.001) (Table 4).

Table 4. Multivariable analysis for overall- and cancer-specific survival conducted with the
combination variable.

Data OS: HR (95% CI) p Value CSS: HR (95% CI) p Value

Age 0.001 0.196
≤ median - -
> median 5.0 (2.07–12.29) 2.27 (0.71–7.33)

Gender 0.170 0.572
Male - -
Female 0.67 (0.31–1.44) 0.74 (0.61–2.06)

Tumor location 0.107 0.263
Right colon - -
Left colon 2.05 (0.94–4.51) 1.95 (0.61–6.30)

Stage 0.04 0.688
I - -
II 0.43 (0.21–0.94) 1.30 (0.36–4.63)

Combined
PDC/NLR <0.001 <0.001

PDC
absent/L-NLR - -

PDC
absent/H-NLR 5.78 (1.11–30.27) 2.52 (0.16–40.74)

PDC
present/L-NLR 19.13 (3.96–92.36) 19.91 (2.14–185.11)

PDC
present/H-NLR 43.58 (9.29–204.34) 56.67 (6.63–483.94)

4. Discussion

In the current study, we analyzed the association and the prognostic role of preopera-
tive inflammatory markers and the main histopathological features in surgically resected
CCs in the absence of lymph node metastases. The main results of this study are: (1)
H-NLR values are significantly associated with the presence of PDCs; (2) both H-NLR and
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PDC confirmed to be significant and independent survival prognosticators; and (3) the
combination of NLR and PDC allows a better stratification of OS and CSS in TNM Stage
I and II colon cancer. To the best of our knowledge, this is the first study demonstrating
a correlation between preoperative inflammatory markers and the presence of PDCs in
patients with CC.

According to current guidelines [28–30], adjuvant chemotherapy in stage II CC is
considered only for patients with specific risk factors, namely serosal infiltration (pT4),
presence of lymphatic or vascular invasion and fewer than 12 analyzed nodes. How-
ever, among node-negative CCs, 5% of stage I and 12% of stage II tumors will develop
a recurrence within five years from surgery [6]. Some molecular parameters, such as
microsatellite instability and KRAS/BRAF mutations, have been associated with survival
outcomes [5,38,39], however their assessment requires sophisticated and expensive tech-
niques. Therefore, great interest has been directed towards the identification of some readily
available and inexpensive markers which could be useful for the detection of patients who
may benefit from systemic chemotherapy. Since neutrophils, platelets and lymphocytes are
routinely measured as part of the preoperative work-up of patients undergoing surgery,
their possible prognostic value could be very relevant in clinical practice.

The clinical impact of inflammatory markers has been partially confirmed in our study.
Although NLR showed a significant association with increased risk of death from cancer
(Table 2), and it was an independent prognostic variable for shorter OS at the multivariate
analysis (Table 3), PLT and PC did not demonstrate any relevant association with long-term
outcomes. This is in accordance with previously published studies [10,22,23,40]. Although
other studies concluded that NLR is an important inflammatory biomarker in CRC, several
issues should be remarked. In the study by Li and colleagues [21] on 5336 patients with
CRC, which is largest published series, H-NLR was an independent prognostic factor for
OS at multivariate analysis. However, the significance of NLR and other inflammatory
markers in patients who did not undergo adjuvant chemotherapy was not demonstrated;
this is in line with our results. Likewise, Haram at al. [22] conducted a systematic review to
assess the prognostic role of NLR in metastatic and non-metastatic CRC. They concluded
that preoperative NLR > 5 was associated with poorer overall survival in patients with CRC,
but no association was found with the other chosen cut-offs. Malietzis et al. [20] did not
identify an independent prognostic role of H-NLR (>3) in 506 patients with non-metastatic
CRC who did not receive adjuvant chemotherapy. Finally, the systematic review and meta-
analysis by Zhang et al. [23] found a significant association between NLR > 5, PLR > 150,
PC > 400 and overall survival. However, none of the study evaluated cancer-specific
survival. Furthermore, most of the studies included colon as well as rectal cancer [41,42],
therefore producing results that may be biased because of the difference in treatment and
prognosis of the two locations.

With regards to histopathological markers of poor prognosis, the presence of PDCs
has recently gained attention as a promising prognostic factor in patients with CRC [33,34].
They reflect tumor de-differentiation, and their evaluation on hematoxylin and eosin-
stained slides is more reproducible than WHO grading [32,43]. No previous study eval-
uated the association between PDC and inflammation-based scores in CC. This study is
the first to show a significant association between H-NLR and PDC, and their cumulative
negative effect on OS and CSS. The presence of an imbalanced inflammatory response
measured on peripheral blood may reflect the presence of a more de-differentiated and
aggressive disease. A previous study reported a significant correlation of tumor budding
with preoperative neutrophil count, but not with NLR [44]. Although tumor budding and
PDC have morphological and immunohistochemical similarities and might both represent
tumor de-differentiation [45,46], there is not a clear evidence that they biologically overlap.

In patients with TNM stage I and II CC, inflammatory markers may permit preopera-
tive identification of high-risk patients, whereas pathological markers lead to postoperative
stratification of patients with a reduced survival probability and a higher risk of recurrence.
Namely, patients with cT4 and one of these risk factors may be considered for neoadjuvant
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treatment, or patients with H-NLR and PDCs may receive adjuvant chemotherapy even
in absence of node metastases and other risk factors. In fact, it should be noted that the
association between NLR and PDC resulted to be a better prognosticator of CSS than TNM
stage itself, suggesting than even TNM stage I patients with PDC (14 cases, 50%) or H-NLR
(11 cases, 39.2%) may benefit from adjuvant chemotherapy. Similarly, PDC and NLR may
assist in selecting endoscopically resected “early cancers” that should merit to undergo
surgical resection.

The main limitation of this study relates to its retrospective nature and the limited
sample size. Although we considered an initial large population, many patients were ex-
cluded due to the unavailability of all histological slides and/or hematological parameters.
However, our study also has many strengths. First, the population includes homogeneous
cases of node-negative CC who did not receive adjuvant chemotherapy. In fact, at their
time of surgery, no adjuvant chemotherapy was indicated for TNM stage II cancers, even in
the presence of pathological risk factors. This allows us to abolish the potential bias related
to the administration of adjuvant chemotherapy. Second, the consistent follow-up time
assured the identification of some late recurrences that may characterize the postoperative
course of early stages CC.

5. Conclusions

Our study suggests that both NLR and PDC significantly affect survival even when
limiting the analysis to stage I and II CCs. Noteworthy, we observed an increased rate of
PDC positivity in patients with high values of NLR. In addition, NLR significantly and
independently stratified OS and CSS in cases with PDC positivity. Further studies with a
higher number of cases are required in order to confirm our observations and identify the
effective clinical value of the association of H-NLR and PDC.
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Abstract: Colorectal cancer (CRC) is one of the leading causes of cancer deaths worldwide. Recent
advances in recombinant DNA technology have led to the development of numerous therapeutic
antibodies as major sources of blockbuster drugs for CRC therapy. Simultaneously, increasing
numbers of therapeutic targets in CRC have been identified. In this review, we first highlight
the physiological and pathophysiological roles and signaling mechanisms of currently known and
emerging therapeutic targets, including growth factors and their receptors as well as immune
checkpoint proteins, in CRC. Additionally, we discuss the current status of monoclonal antibodies in
clinical development and approved by US Food and Drug Administration for CRC therapy.

Keywords: colorectal cancer; monoclonal antibody; therapeutic target; therapy

1. Introduction

Monoclonal antibody therapy is an effective therapeutic intervention to treat pa-
tients with chronic (e.g., cancers and immunological disorders) as well as acute infec-
tious diseases [1]. Since the discovery of hybridoma technology by Kohler and Milstein
in 1975 [2], OKT3, the first US Food and Drug Administration (FDA)-approved mouse
monoclonal antibody specific to CD3, was developed to prevent or reverse graft rejection
by blocking T-cell activation [3]. However, it is not widely used in clinics because of the
immunogenicity issue observed in OKT3 treatment [4]. Consequently, the remarkable
development of recombinant DNA technology created many cutting-edge technologies for
the development of therapeutic antibodies, including antibody library construction, phage
display, high-throughput-based antibody selection, affinity maturation, humanization, and
overproduction [5–10]. For example, phage display is the most common and practical tech-
nology for peptide or antibody selection that was initially developed by. Smith and Winter,
the 2018 Nobel laureates in chemistry. Antibodies, such as antigen-binding fragments (Fab)
or single-chain variable fragment (scFv), are displayed on a phage that confers antibod-
ies with the key properties of replicability and mutability [11]. Furthermore, Gregory P.
Winter and his team pioneered the humanization techniques to lower the immunogenicity
elicited by nonhuman monoclonal antibodies [12]. Moreover, antibody humanization is
a state-of-the-art technique to humanize the variable region of the antibodies obtained
from nonhuman species including mice, rabbits, and chickens. Among several approaches,
the complementarity-determining region (CDR) grafting method has been mostly used
in antibody humanization for the development of therapeutic antibodies including cetux-
imab, rituximab, and infliximab. Humanized antibodies by CDR grafting are rendered by
transferring the CDRs of a variable region to a human antibody scaffold [10,13–15]. As of
December 2019, 79 therapeutic monoclonal antibodies have been approved by the US FDA.
Furthermore, the global therapeutic monoclonal antibody market is the fastest-growing
pharmaceutical industrial market and is expected to generate revenue of $300 billion by
2025 [14]. In addition, several antibody fragments such as Fab and scFv have also entered
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clinical trials [16]. Antibody fragments retain the targeting specificity of whole monoclonal
antibodies and can be more economically produced. Furthermore, these fragments are
smaller and easily penetrate tissues and tumors more rapidly and deeply than monoclonal
antibodies having a higher molecular weight of 150 kDa. Antibody fragments have been
also forged into multivalent and multispecific reagents, linked to therapeutic payloads
(e.g., radionuclides, toxins, enzymes, liposomes, and viruses), and engineered for enhanced
therapeutic efficacy [16–19].

Colorectal cancer (CRC) is the third most commonly occurring malignancy and sec-
ond leading cause of cancer death worldwide. The increasing prevalence of CRC across
the globe is one of the key factors driving the growth of the market [20]. According to
statistics, the global CRC therapeutic market is expected to reach $18.5 billion by 2023 from
$13.7 billion in 2018, at a compound annual growth rate of 6.1% from 2018 to 2023 [21].
Traditionally, 5-fluorouracil (5-FU)-based chemotherapeutic regimens, such as FOLFIRI
(irinotecan-containing regimen) and FOLFOX (oxaliplatin-containing regimen), have been
used clinically as standard therapies for treating CRC patients [22]. Recently, monoclonal
antibodies have been used in combination with standard chemotherapy to improve the
clinical outcomes of CRC patients. Compared with traditionally used chemotherapeutic
agents, monoclonal antibodies have fewer side-effects because their target specificity and
versatility are also being applied to next-generation antibody-based therapeutics, includ-
ing bispecific/multispecific antibodies, antibody-drug conjugates, and chimeric antigen
receptor T cells or natural killer cells [23–25].

Over several decades, extensive in vitro and in vivo biochemical and molecular biol-
ogy studies have suggested many key signaling molecules closely associated with CRC
progression and metastasis. Among them, several growth factors, including epidermal
growth factor (EGF), vascular endothelial growth factor (VEGF), and hepatocyte growth
factor (HGF) and their cognate receptors, are proven therapeutic targets in CRCs for mon-
oclonal antibody therapy [26,27]. Further, human EGF receptor type 2 (HER2) is also
known as a monoclonal antibody target in CRCs [28]. More recently, Alison and Honjo, the
2018 Nobel prize winners in physiology, discovered immune checkpoint proteins, such as
programmed cell death protein-1 (PD-1) and cytotoxic T lymphocyte antigen 4 (CTLA-4),
which are key negative regulators of the immune system and cancer growth [27]. Presently,
these immune checkpoint proteins are drawing attention as the most promising therapeutic
targets in other types of cancers as well as CRCs for monoclonal antibody therapy. In addi-
tion, with infrastructural and technical advancement in monoclonal antibody development,
blockbuster humanized and fully human monoclonal antibodies, including cetuximab,
bevacizumab, and pembrolizumab, have received FDA approval and are widely used to
treat CRC patients [29].

In this review, we first highlight recent studies of the roles and relevance of thera-
peutic targets in CRCs for monoclonal antibody therapy to understand the pathological
mechanism of CRCs governed by the target molecules. Simultaneously, presenting the
current status of FDA approved monoclonal antibodies in clinical development for CRC
therapy will provide insight into unmet medical needs in CRCs for monoclonal antibody-
based therapy.

2. Physiological and Pathophysiological Roles of Therapeutic Targets in CRCs

2.1. EGF/EGFR

EGF is a 6 kDa growth factor with 53 amino acid residues; it binds to epidermal growth
factor receptor (EGFR) that is a single transmembrane glycoprotein with 1186 amino acids.
ErbB family members comprise ErbB1 (EGFR, HER1), ErbB2 (HER2), ErbB3 (HER3), and
ErbB4 (HER4). EGF binding to EGFR occurs within the 622-amino acid extracellular
domain (ECD), which is divided into four distinct domains: I–IV. Especially, domains I and
III are responsible for ligand binding, whereas domains II and IV have two cysteine-rich
regions that form disulfide bonds. Further, EGFR also has a 23-amino acid residue α-helical
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transmembrane domain, 250-amino acid tyrosine kinase domain, and 229-amino acid
C-terminal tail with regulatory tyrosine residues [30–32].

Under physiological conditions, EGFR activation proceeds sequentially by two steps.
First, prior to ligand binding, domain II is folded into domain IV via disulfide bonds in a
tethered conformation. Second, once EGF binds to domains I and III of EGFR monomers,
EGFRs promote domain rearrangement to expose dimerization arms in domain II, which
leads to receptor dimerization via domain II [31,33]. In turn, the EGFR dimers induce
trans-autophosphorylation by tyrosine kinase domains within the cytosolic parts of each
EGFR, resulting in activation of their downstream signaling cascades, such as the rat
sarcoma (RAS)/rapidly accelerated fibrosarcoma (RAF)/mitogen-activated protein kinase
(MAPK) and phosphoinositide 3-kinase (PI3K)/Akt pathways [33–35]. The RAS–RAF–
MAPK pathway is a major downstream signaling route of the ErbB family. EGF binding
to EGFR and consecutive tyrosine phosphorylation in EGFRs leads to activation of RAS,
a small GTP-binding protein, with the help of growth factor-bound protein 2 (GRB2), an
adaptor protein, and son of sevenless (SOS), a guanine nucleotide exchange factor. In
turn, activated RAS then activates downstream signaling molecules, including RAF and
MAPK [36]. Activated MAPKs phosphorylate specific transcription factors and participate
in regulation of cell migration and proliferation. EGFR activation also stimulates PI3K
composed of separate regulatory (p85) and catalytic (p110) subunits. The p85 regulatory
subunit directly binds to EGFR through the interaction of its Src homology domain 2
(SH2) with phosphotyrosine residues in activated EGFR. At the same time, the p110
catalytic subunit catalyzes phosphorylation of phosphatidylinositol 4,5-diphosphate to
generate phosphatidylinositol 3,4,5-triphosphate (PIP3), which in turn activates the protein
serine/threonine kinase, Akt [37–40] (Figure 1).

Many previous reports have suggested the importance of EGFR as a therapeutic
target in CRC. For example, immunohistochemical studies have shown that EGFR was
highly overexpressed in 118 (80%) of 150 CRC patients, with a median follow-up of
40 months. In addition, Balb/c athymic nude mice subcutaneously injected with HCT116
or EGFR-knockout CT116 cells also revealed that depletion of EGFR in HCT116 cells
was associated with reduced tumor growth [41]. Osimertinib (Tagrisso®, AstraZeneca,
Cambridge, UK), a tyrosine kinase inhibitor of EGFR, was found to remarkably decrease
the tumor size and growth rate in a DLD-1, a colorectal adenocarcinoma cell line, xenograft
mouse model [42]. Administration of cetuximab, a human/mouse chimeric antibody,
exhibited significant growth suppression and inhibited the EGFR/MAPK pathway in a
HT29 xenograft mouse model [43]. Furthermore, another anti-EGFR antibody also showed
similar growth inhibition of CRCs to cetuximab in preclinical settings. GC1118, a novel fully
human anti-EGFR IgG1 antibody, exhibited potent inhibitory effects on EGFR signaling,
enhanced antibody-mediated cytotoxicity, and significantly inhibited tumor growth in a
CRC patient-derived xenograft (PDX) model [44]. Further, Ame55, an anti-EGFR IgG1
antibody, also inhibited tumor growth in a LoVo xenograft mouse model [45].

In addition, some reports show the interrelationship of EGFR with other biomarkers.
Consequently, HER2 amplification has been implicated in therapeutic resistance to anti-
EGFR antibody therapy in preclinical studies in metastatic CRC (mCRC) [46]. HER2 am-
plification is seen in a small subset of mCRC, predominantly in KRAS wild-type tumors,
for which anti-EGFR antibodies are used as targeted therapies [47,48]. In these tumors,
aberrant HER2 signaling results in the bypass of the activation of the RAS/MEK/MAPK
signaling pathway, thereby blunting the effect of EGFR blockade [49,50]. Furthermore, the
EGFR-MET interaction induced by transforming growth factor-α, a specific EGFR ligand,
overexpression and concomitant phosphorylation of MET, and activation of MET down-
stream effectors have been proposed to be closely associated with the acquired resistance
to cetuximab in CRC cells [51,52]. Thus, these pieces of evidence demonstrate that the
combined inhibition of EGFR and other biomarkers can represent an effective strategy for
overcoming cetuximab resistance in patients with CRCs [53].
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Figure 1. Schematic representation of the physiological roles and signaling pathways of EGF and VEGF and their cognate
receptors and the effect of antibodies targeting these signaling molecules on CRC progression and metastasis. pY means
phosphotyrosine residues.

2.2. VEGF/VEGFR

VEGF is a disulfide-bonded dimeric glycoprotein of 45 kDa. The VEGF family has five
isotypes, including VEGF-A, placental growth factor, VEGF-B, VEGF-C, and VEGF-D [54].
Among them, VEGF-A is a glycosylated mitogen protein that is closely associated with
regulation of numerous pro-angiogenic functions, including endothelial cell growth and
migration, and vascular permeability in angiogenesis [55]. However, less is known about
the function and regulation of VEGF-B, -C, and -D. VEGFR receptor (VEGFR) is a member
of the receptor tyrosine kinase (RTK) family having multiple immunoglobulin-like ECDs
and tyrosine kinase activity. VEGFRs are divided into three types: VEGFR1 (Flt-1), VEGFR2
(KDR or Flk-1), and VEGFR3 (Flt-4). Especially, VEGFR2, a 200–230 kDa protein, mostly
interacts with VEGF-A and has a key role in angiogenesis at early embryogenesis and
mostly at lymph angiogenesis [54,56].

Similar to that of other RTKs, the binding of VEGF to VEGFR forms a receptor dimer
and induces trans-autophosphorylation. Specifically, signaling of VEGFRs is initiated upon
binding of a covalently linked ligand dimer to the ECD of the receptor. This signaling
promotes receptor homodimerization followed by phosphorylation of specific tyrosine
residues located in the intracellular juxtamembrane domain, the kinase insert domain, and
the carboxy terminal tail of the receptor. Subsequently, a variety of signaling molecules
are recruited to VEGFR dimers [57,58]. These interactions next activate phospholipase
C (PLC)γ and protein kinase C (PKC) to induce transcription of genes necessary for
angiogenesis and cell proliferation [59]. Simultaneously, VEGFR-induced activation of
PI3K results in accumulation of PIP3, which induces phosphorylation of Akt to increase
endothelial cell survival and also induces systemic destruction of the entire basement
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membrane to increase vascular permeability [60,61]. Ligand binding to VEGFR-2 also
triggers the activation of the RAS pathway, initiating signaling through the RAF–MEK–
MAPK pathway known to be important in VEGF-induced cell proliferation [62]. In addition,
VEGF stimulates p38 MAPK to regulate the rearrangements of the actin cytoskeleton in
cell migration [63] (Figure 1).

It has been reported that 70% of patients with stage IV CRCs had positive VEGF expres-
sion, whereas 50% and 47% of patients with stage II and III CRCs, respectively, had positive
VEGF expression. A statistically significant correlation was found between VEGF and
10-year disease-specific survival: VEGF-expressing tumors were more frequent in patients
who died of the disease than in those who survived for 10 years [64]. Further, other reports
have shown that the VEGF level also increased in CRC patients. In a prospective study by
Anastasios et al. that included 67 consecutive colorectal patients, VEGF was detectable in
all control subjects. Their median serum VEGF level was 186 pg/mL. Additionally, serum
VEGF levels were higher in 67 patients with newly diagnosed and histologically confirmed
primary CRC (492 pg/mL) than in the control subjects (186 pg/mL) [65].

An increasing number of reports have suggested VEGF/VEGFR signaling as a promis-
ing therapeutic target in CRCs. First, Foersch et al. generated a conditional knockout for
VEGFR2 to investigate the functional role and underlying molecular mechanisms of the
signaling. Specific deletion of VEGFR2 was confirmed by qPCR of cDNA. Immunofluores-
cence staining revealed a lack of receptor expression relative to that of VEGFR2-expressing
control mice. Consequently, significantly fewer tumors developed in VEGFR2-knockout
mice than in control mice [66]. Second, regorafenib, a novel small-molecule multi-kinase
inhibitor, markedly slowed tumor growth in five of seven PDX models. The antitumor
effects of regorafenib were evaluated in seven PD CRC xenografts [67]. Third, bevacizumab,
a humanized antibody to VEGF, showed a significant delay in CRC tumor growth rela-
tive to that of the non-treated animals [68]. Fourth, intraperitoneal injection of DC101,
an anti-VEGFR mouse monoclonal antibody, inhibited tumor growth and induced apop-
tosis in CRC in a KM12L4 xenograft model. Further, treatment with DC101 decreased
tumor vascularity, growth, proliferation, and increased apoptosis [69]. Taken together, this
large number of studies shows the importance of VEGF/VEGFR signaling for developing
pharmaceutical anti-angiogenic drugs.

2.3. HGF/c-MET

HGF is synthesized as an inactive precursor (pro-HGF) that undergoes site-specific
proteolytic cleavage by extracellular serine proteinases into an active 90-kDa heterodimer
containing α and β chains. HGF is predominantly secreted by stromal cells and activates
mesenchymal-epithelial transition factor (c-MET) on adjacent epithelial cells [70]. HGF
contains two c-MET binding sites; a high affinity site in the N-terminal and first kringle
regions that binds to the immunoglobulin-like fold shared by plexins and transcriptional
factors (IPT) 3 and IPT4 domains in c-MET and a low-affinity site in the serine protease
homology domain that interacts with the semaphorin domain in c-MET [71]. As a tyrosine-
protein kinase Met or HGR receptor, c-MET is synthesized as a 170-kDa single-chain
precursor protein (pro-c-MET) that undergoes furin-mediated post-translational cleavage,
yielding a disulfide-linked heterodimer composed of an extracellular α-subunit and a
single transmembrane β-subunit [70,72].

In the physiological state, HGF binding to c-MET induces c-MET dimerization and
trans-autophosphorylation of the tyrosine residues Y1003 in the juxtamembrane domain
and Y1234 and Y1235 within the kinase activation loop, resulting in phosphorylation of
two tyrosine residues, Y1349 and Y1356, in the C-terminus. Tyrosine phosphorylation of
Y1349 and Y1356 residues creates docking sites for recruitment of key intracellular adaptor
proteins and signaling molecules through SH2-mediated interactions, including GRB2,
GRB2-associated binding protein 1 (GAB1), signal transducer and activator of transcription
3 (STAT3), the p85 subunit of PI3K, SRC, PLC-γ, and Shc [73,74]. The potency, duration, and
versatility of HGF/c-MET signaling are modulated by signaling amplifiers and co-receptors.
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Recruitment and sustained phosphorylation of the multi-adaptor protein GAB1 is an impor-
tant hallmark of sustained c-MET signaling that can either bind directly to c-MET through
its unique 13-amino-acid c-MET binding site or indirectly by association with GRB2. The
tyrosine-phosphorylated GAB1 protein serves as an auxiliary signal transduction platform
through recruitment of various effector proteins, including PI3K. Cell survival response
is related to the PI3K/Akt pathway activated by c-MET signaling [75,76]. Furthermore,
HGF-induced c-MET-dependent RAS/RAF/MAPK activation has been found to require
the co-receptor CD44v6, thus providing a platform for SOS recruitment to the complex
and subsequently triggering proficient activation of RAS [32]. Invasion, branching mor-
phogenesis, and tumorigenesis are mediated by STAT3 activation in a tissue-dependent
manner. Typically, STAT3 activation is induced by phosphorylation on a critical tyrosine
residue (Y705) that triggers STAT3 dimerization owing to reciprocal phosphotyrosine-SH2
domain interactions. In addition to tyrosine 705 phosphorylation, STAT3 is also activated
through serine (S727) phosphorylation. Finally, the reversible acetylation of STAT3 by
histone acetyltransferase on a single lysine residue (K685) represents a third mechanism
of STAT3 activation. Acetylated STAT3 enhances the stability of STAT3 dimers, which are
required for DNA-binding and transcriptional activity. Cellular migration and adhesion are
mediated by a c-MET–SRC–focal adhesion kinase (FAK) interaction. Within the complex,
Src phosphorylates Y576 and Y577 within the kinase domain activation loop and Y861 and
Y925 within the C-terminal domain of FAK. The FAK–Src complex further binds to and
phosphorylates various adaptor proteins, such as p130Cas and paxillin [77–79] (Figure 2).

Figure 2. The schematic representation of the physiological roles and signaling pathways of HGF/c-
MET and HER2 and effect of antibodies targeting these signaling molecules on CRC progression and
metastasis. pY means phosphotyrosine residues.

c-MET is overexpressed in CRCs [80]. Specifically, immunohistochemistry with
23 cases of colorectal adenoma and 102 cases of primary colorectal carcinoma as well their
corresponding metastases (44 lymph nodes, 21 peritoneal deposits, and 16 liver metastases)
showed that normal tissues had a negative or weak c-MET expression, whereas c-MET
was highly overexpressed in adenomas and primary CRC. Moreover, c-MET expression in
metastatic tissues was significantly higher compared with the primary tumor [81].
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Currently, HGF/c-MET signaling is one of the key therapeutic targets in CRC therapy.
Small hairpin RNA-mediated c-MET knockdown dramatically suppressed tumor growth in
a SW480 xenograft mouse model as well as SW480 cell proliferation in vitro [82]. SU11274,
an ATP-competitive inhibitor of c-MET, significantly inhibited tumor growth in a LoVo
xenograft mouse model. ARQ 197 (tivantinib), a non-ATP-competitive inhibitor of c-MET,
decreased tumor growth in a HT29 xenograft mouse model [83]. Antibody-based targeting
of c-MET also gave results similar to those of pre-existing chemical inhibitors. For example,
YYB-101, a humanized neutralizing antibody specifically binding to HGF, inhibits c-MET
activation and cell scattering in vitro and suppresses tumor growth in HCT116 xenograft
mouse models [84]. R13 and R28, two fully human antibodies against c-MET, synergisti-
cally inhibit HGF binding to c-MET and elicit antibody-dependent cellular cytotoxicity. The
combination of R13/28 significantly inhibited tumor growth in xenograft models of various
colon tumors, including OMP-C12, 27, and 28. Inhibition of tumor growth was associ-
ated with induction of hypoxia. Moreover, in an experimental metastasis model, R13/28
increased survival by preventing recurrence of otherwise lethal lung metastases [85].

2.4. HER2

HER2 is an ErbB family member with a molecular weight of 185 kDa comprising a 632-
amino acid ECD, 22-amino acid α-helical transmembrane domain, and a 580-amino acid
tyrosine kinase domain. Despite the many intensive studies on HER2, a ligand of HER2
has not been clearly identified yet. It is known that HER2 forms complexes with HER2 or
other ErbB family members, including EGFR, ErbB3, and ErbB4, to activate downstream
signaling pathways [86,87].

Similar to EGF/EGFR signaling pathways, it has been suggested that in normal cells,
the HER2 complex formation, such as through homodimerization or heterodimerization,
leads to continuous trans-autophosphorylation on tyrosine residues of HER2 and activates
downstream signaling pathways, including the RAS/RAF/MAPK pathway, PI3K/Akt
pathway, and PLC/PKC pathway. HER2 activation ultimately promotes cell growth,
proliferation, and survival. The RAS/RAF/MAPK and PI3K/Akt pathways are the two
most important and extensively studied downstream signaling pathways upon activation of
HER2 receptors. A third key signaling in the network is the PLC-γ/PKC pathway. Binding
of PLC-γ to phosphorylated HER2 stimulates PLC-γ activity and results in hydrolytic
cleavage of phosphatidylinositol-4,5-bisphosphate (PIP2) to yield inositol 1,4,5-triphosphate
(IP3) and 1,2-diacylglycerol. These second messengers are important for intracellular
calcium release and activation of PKC. As a result of these signaling pathways, different
nuclear factors are recruited and modulate the transcription of different genes involved in
cell-cycle progression, proliferation, and survival [32,33,88,89] (Figure 2).

In CRC, HER2 expression is varied because of many factors that influence the de-
termination of HER2 expression, especially of the intracellular fraction of HER2. One
report stated that HER2 overexpression was observed in 136 (11.4%) of 1195 CRC patients
with moderately to poorly differentiated tubular adenocarcinomas. Further, HER2 overex-
pression correlated with shorter mean overall survival (OS) [90]. Other studies have also
reported that membranous overexpression of HER2 occurs in only 5% of all CRC patients,
whereas cytoplasmic HER2 overexpression is observed in a significant proportion (30%)
of patients [91].

Several lines of evidence also support the idea that HER2 is a therapeutic target
in CRCs. Tucatinib, a reversible inhibitor that binds to the ATP pocket of the internal
domain of the HER2 receptor, prevents activation of HER2 signaling pathways [92]. Further,
administration of tucatinib in a CRC PDX model significantly reduced tumor volume.
Both H2Mab-19 and H2Mab-41, novel anti-HER2 IgG2 antibodies, significantly reduced
tumor development in Caco-2 xenograft mouse models [93,94]. Treatment with Herceptin®

(Genentech, San Francisco, CA, USA) caused a decrease in HER-2 protein levels in DLD-1,
HT-29, Caco-2, and HCA-7 colon cancer cells in vitro. Treatment of athymic mice engrafted
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with EGFR-dependent colon cancers, including HCA-7, DLD-1, and HT-29 with Herceptin®

showed tumor regression and decreased EGFR tyrosine phosphorylation in tumor cells [95].

2.5. Immune Checkpoint
2.5.1. CTLA-4

CTLA-4, also designated CD152, is a type I transmembrane T-cell inhibitory molecule
that functions as an immune checkpoint, downregulates immune responses and is found as
a covalent homodimer of 41–43 kDa [96]. CTLA-4 is a member of the IgG superfamily that
is expressed by activated T cells. CTLA-4 contains an ECD with one Ig-like V-type domain,
a transmembrane domain, and cytoplasmic tail. CTLA-4 is homologous to the T-cell co-
stimulatory protein, CD28, and both molecules bind to B7-1/B7-2 on antigen-presenting
cells [97]. CTLA-4 binds CD80 and CD86 with greater affinity and avidity than CD28, thus
enabling it to outcompete CD28 for its ligands. CTLA-4 transmits an inhibitory signal to
T cells, whereas CD28 transmits a stimulatory signal [98,99].

CTLA-4 is upregulated in a manner dependent on TCR stimulation. At the cell mem-
brane, CTLA-4 undergoes dimerization, and each CTLA-4 dimer can bind two independent
B7-1/B7-2 homodimers, forming a linear zipper-like structure between B7-1/B7-2 and
CTLA-4 homodimers [100]. Activated CTLA-4 binds to PI3K, the tyrosine phosphatases
(SHP1 and SHP2) and the serine/threonine phosphatase PP2A. SHP1 and SHP2 dephospho-
rylate TCR-signaling proteins, whereas PP2A targets phosphoserine/threonine residues
and is known to interfere with the activation of Akt [101].

CTLA-4 can inhibit T-cell responses by several mechanisms. One mechanism involves
antagonism of B7-CD28–mediated co-stimulatory signals by CTLA-4. The fact that CTLA-4
has a much higher affinity for B7 than CD28 supports the notion that the CTLA-4–mediated
sequestration of B7 is closely associated with negative regulation of T-cell signaling [102].
Another mechanism for the inhibitory activity of CTLA-4 is related to direct interaction
with the TCR–CD3 complex at the immunological synapse for negative regulation of
downstream signaling after TCR activation [103]. When CTLA-4 interacts with the ITAMs
present on the TCR–CD3 complex, the activated CTLA-4 binds to tyrosine phosphatases,
including SHP1, SHP2, and PP2A, and eventually deactivates various downstream signal-
ing molecules of activated T cells, including zeta-chain-associated protein kinase 70, spleen
tyrosine kinase, and proto-oncogene tyrosine-protein kinase [104–106] (Figure 3).

Many previous reports have shown that CTLA-4 is a key therapeutic target in CRCs [107].
First, Long et al. used the CRISPR-Cas9 system to generate CTLA-4 knockout cytotoxic T
lymphocytes (CTLs) and evaluated the effect on the antitumor activity of the CTLs [107].
The HCT-116 xenografted mice treated with CTLA-4 KO CTLs demonstrated repressed
tumor growth and prolonged survival relative to those in the control group. All of the
mice in the control group died from progressive tumors within 62 days. In contrast,
only 10% of CTLA-4 KO CTLs treated mice died within that time [108]. Second, Fu et al.
validated the efficacy of anti-CTLA-4 mouse monoclonal antibodies on tumor size in mice
inoculated with CT26 cells. The tumor volumes were 2106 ± 205 mm3 on day 17 in the
control group treated with vehicle only but were 23 ± 4 mm3 in the group treated with
the anti-CTLA-4 antibodies on day 5, which indicated a statistically significant difference
in antitumor activity between the treated and vehicle groups [109]. Third, Lute et al. also
reported that anti-human CTLA-4 human monoclonal antibodies-treated mice survived
longer than the control Ig-treated mice in a human peripheral blood leukocytes-SCID
mouse model. Fourth, administration of 9H10, an anti-murine CTLA monoclonal antibody,
as monotherapy moderately inhibited growth and metastatic spread of the colon cancer
cells in an orthotropically implanted CT26 xenograft mouse model [110]. Further, the sole
CTLA-4 inhibition significantly increased intratumoral CD8+ and CD4+ T cells and reduced
FOXP3+/CD4+ Treg cells, which was associated with increased expression levels of the
pro-inflammatory Th1/M1-related cytokines IFN-γ, IL-1α, IL-2, and IL-12 [111].

In summary, the evidence from the studies above shows that CTLA-4 blockade exerts
inhibitory effects on growth and metastasis of CRCs.
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Figure 3. Schematic representation of the physiological roles and signaling pathways of immune
checkpoint proteins of PD-1, PD-L1, CTLA-4, and B7-1/2 and effect of antibodies targeting these
signaling molecules on CRC progression and metastasis.

2.5.2. PD-1/PD-L1

PD-1, also designated CD279, is a 55 kDa membrane protein consisting of an ECD
followed by a transmembrane region and an intracellular tail containing two phosphory-
lation sites located in an immunoreceptor tyrosine-based inhibitory motif (ITIM) and an
immunoreceptor tyrosine-based switch motif (ITSM). Programmed cell death-ligand 1 (PD-
L1, designated CD274, B7-H1) is a 44 kDa transmembrane protein expressed on T cells, B
cells, macrophages, and dendritic cells as well as on tumor cells, including CRCs [112,113].

Under physiological conditions, when T cells recognize antigens on major histocom-
patibility complex of the target cell, inflammatory cytokines, such as tumor necrosis factor
alpha and interferon gamma (IFNγ) are produced to initiate inflammatory processes. These
cytokines upregulate the expression of PD-L1 on tissues and PD-1 on T cells. In turn,
PD-1 directly interacts with PD-L1 to negatively regulate T-cell receptor (TCR) signaling,
inhibits interleukin-2 (IL-2) production in T cells, and increases T-cell apoptosis [114,115].
Specifically, this PD-1/PD-L1 interaction induces lymphocyte-specific protein tyrosine
kinase-induced phosphorylation of two tyrosine-based motifs within ITIM and ITSM of
the cytoplasmic tail of PD-1. The recruitment of Src homology 2 (SH2) domain-containing
protein tyrosine phosphatase 1 (SHP1) and SHP-2 phosphatase then induces dephosphory-
lation of the TCR signalosome, including CD3ζ, ZAP70, and PI3K kinases, resulting in the
deactivation of downstream signaling targets [116]. Moreover, the PD-1/PD-L1 interaction
also downregulates the protein (casein) kinase 2 expression that phosphorylates the regula-
tory domain of phosphatase and tensin homolog (PTEN) and inhibits phosphatase activity
to remove PIP3 produced by PI3K [112,117,118]. Thus, PTEN can terminate PI3K activities
by dephosphorylating PIP3, which eventually leads to immune tolerance, a phenomenon
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in which the immune system loses the control to mount an inflammatory response even in
the presence of actionable antigens [117,119] (Figure 3).

PD-L1 has been reported to be overexpressed in CRC. More specifically, among
the 80 tumor specimens, 22 (27.5%) showed high PD-L1 expression, 24 (30.0%) showed
moderate expression, and 34 (42.5%) showed weak or no PD-L1 staining. Furthermore, the
high PD-L1 expression in normal tissues was observed in four (6.3%) cases [120].

Many studies have suggested PD-1 and PD-L1 as promising therapeutic targets in
CRCs. First, in BALB/c Rag2−/−γc−/− mice engrafted with PD-L1-overexpressing and
PD-L1-knockout CT26 murine colon cancer cells, Gordon et al. found that after 3 weeks,
tumors were significantly smaller in the PD-L1-knockout group than in the PD-L1 over-
expression group [121]. Second, Cai et al. examined the efficacy of anti-mouse PD-1 rat
immunoglobulin (Ig) G2 antibodies on tumor growth in a CT26 colon cancer xenograft
mouse model. The antibody treatment showed significant inhibition of transplanted-tumor
growth in mice [122]. Third, in a humanized CRC PDX model established by Capasso et al.,
treatment with nivolumab, a fully human IgG4 (S228P) monoclonal antibody to PD-1, led
to significant tumor growth inhibition coupled with increased numbers of IFNγ-producing
human CD8+ tumor-infiltrating lymphocytes [123]. Fourth, Stewart et al. reported that
MEDI4736, a human IgG1 monoclonal antibody that binds with high affinity and specificity
to PD-L1, significantly inhibited the growth of human tumors in a novel CT26 xenograft
model containing co-implanted human T cells. This activity is entirely dependent on
the presence of transplanted T cells. Further, anti-mouse PD-L1 significantly improved
survival of mice implanted with CT26 CRC cells [124]. The antitumor activity of anti-PD-L1
was enhanced by combination with oxaliplatin, which resulted in increased release of
high-motility group box 1 within CT26 tumors [125].

3. Current Status of Monoclonal Antibodies for CRC Therapy

3.1. Cetuximab

Cetuximab (Erbitux®), developed jointly by Merck KGaA (Darmstadt, Germany) and
Imclone Systems (New York City, NY, USA), is a monoclonal antibody that binds to the
ECD of the EGFR. It is a human/mouse chimeric IgG1 antibody that consists of the variable
fragments (Fvs) of a murine anti-EGFR antibody and human constant heavy and kappa
light chains [126,127].

Cetuximab was originally known as a blockade for inhibiting interactions between
EGFR and all known EGFR ligands by specifically binding to domain III of the EGFR
ECD [128]. Furthermore, its binding to EGFR is also able to promote receptor internaliza-
tion and concomitantly downregulate EGFR protein levels expressed on the cell surface,
resulting in suppression of EGFR-dependent downstream signaling pathways and tran-
scription. In addition to these specific modes of action, cetuximab indirectly attacks cancer
cells through antibody-dependent cell-mediated cytotoxicity (ADCC). After its binding
to EGFR, the IgG1 portion of cetuximab may be recognized by Fcγ receptors (FcγR) on
immune effector cells, such as natural killer cells and T cells, and participates in cancer cell
death. In general, FcγRs bind effectively to IgG1 and IgG3 antibodies. Thus, cetuximab is
speculated to more likely stimulate ADCC than panitumumab having IgG2. Consequently,
cetuximab reduces tumor angiogenesis, invasiveness, and metastatic spread [129–132].

In 2004, cetuximab received FDA approval for metastatic CRCs and head and neck
cancers, and its use is recommended in combination with standard chemotherapy for
treatment of patients with metastatic CRCs having EGFR-positive and wild-type KRAS
(Table 1). According to the CRYSTAL clinical trial (NCT00154102), compared with FOLFIRI
alone, cetuximab plus FOLFIRI improved progression-free survival (PFS) from 8.0 to 9.0
months and OS from 20 to 23.5 months for treatment of patients with KRAS wild-type [133].
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Table 1. Antibody therapeutics currently in clinical trials or approved by the US FDA.

Name Trade Name Company Target Format Clinical Stage

Cetuxumab Erbitux® Imclone Systems EGFR Chimeric IgG1 FDA approval in 2004
Panitumumab Vectibix® Abgenix Inc. EGFR Human IgG2 FDA approval 2006
Bevacizumab Avastin® Genentech VEGF-A Humanized IgG1 FDA approval in 2004
Ramucirumab Cyramza® ImClone Systems VEGFR2 Human IgG1 FDA approval in 2015
Rilotumumab AMG-102 Amgen Inc. HGF Human IgG1 P II
Onartuzumab MetMab Genentech c-MET Humanized IgG1, monovalent P II, failure
Trastuzumab Herceptin® Genentech HER2 Humanized IgG1 P II
Pertuzumab Perjeta® Genentech HER2 Humanized IgG1 P II
Ipilimumab Yervoy® BMS CTLA4 Human IgG1 FDA approval in 2018

Tremelimumab CT-675 Medimmune CTLA4 Human IgG2 P II
Pembrolizumab Keytruda® LifeArc PD-1 Humanized IgG4 FDA approval in 2020

Nivolumab Opdivo® Ono Phar. & Medarex PD-1 Humanized IgG4 P II
Camrelizumab AiRuiKa Jiangsu HengRui PD-1 Humanized IgG4 P II
Atezolizumab Tecentriq® Genentech PD-L1 Human IgG1 P II

Avelumab Bavencio® Merck KGaA PD-L1 Human IgG1 P III
Durvalumab Imfinzi® Medimmune PD-L1 Human IgG1 P II

Antibody information was obtained from the FDA Label database and the Drug Approval and Databases site maintained by the US FDA
(https://www.fda.gov/drugs/development-approval-process-drugs/drug-approvals-and-databases) or Clinical Trial Information Site
(https://clinicaltrials.gov).

3.2. Panitumumab

Panitumumab (Vectibix™) originally developed by Abgenix Inc. (Freemont, CA, USA)
is a fully human IgG2 monoclonal antibody that specifically binds to the ECD of EGFR.
Especially and different from cetuximab, it can also bind to a single-point mutation in
domain III of EGFR (S468R) that confers acquired or secondary resistance only to cetuximab-
treated patients [134].

In 2006, panitumumab was approved by the US FDA for treatment of patients with
EGFR-expressing metastatic CRCs with disease progression or following fluoropyrimidine-,
oxaliplatin-, and irinotecan-containing regimens (Table 1). Later, it was also approved for
treatment of patients with refractory metastatic CRCs having EGFR-positive and wild-type
KRAS. Currently, panitumumab was the first monoclonal antibody to use KRAS as a
predictive biomarker [135].

Panitumumab is being used in combination with chemotherapy in the first- and
second-line treatment of metastatic CRCs [136]. In the PRIME (NCT00364013) clinical
trial, compared with chemotherapy alone, a first-line treatment of panitumumab plus
FOLFOX improved PFS from 8.0 to 9.6 months and OS from 12 to 14 months. Further, in
the 20,050,181 clinical trial (NCT00339183), compared with chemotherapy, a second-line
treatment of panitumumab plus FOLFIRI improved PFS from 4 to 6 months and OS from
19 to 24 months [137,138].

3.3. Bevacizumab

Bevacizumab (Avastin®) developed by Genentech (South San Francisco, CA, USA)
is a humanized IgG1 monoclonal antibody that binds to segment β5–β6 of VEGF165,
known as VEGF-A; its binding to VEGF-A inhibits angiogenesis by specifically inhibiting
the interaction between VEGF-A and VEGFR2. Thus, bevacizumab inhibits angiogenic
signaling caused by the interaction of VEGF-A and VEGFR2 [139–141].

In 2004, bevacizumab received FDA approval for first- or second-line treatment with 5-
FU-based therapy for patients with mCRCs (Table 1). As the first anti-angiogenic antibody
drug, bevacizumab is currently being used in clinics for treatment of patients with NSCLC,
mRCC, epithelial ovarian cancer, and recurrent glioblastoma as well as metastatic CRCs.
In the clinical trial ECOG3200 (NCT00069095) for treatment of patients with mCRCs,
compared with FOLFOX4 alone, bevacizumab plus FOLFOX4 improved OS from 10.8 to
12.9 months and PFS from 4.7 to 7.3 months [142–144].
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3.4. Ramucirumab

Ramucirumab (Cyramza®) developed jointly by ImClone Systems (New York City,
NY, USA) and Dyax (Cambridge, MA, USA) is a fully human monoclonal IgG1 anti-
body that binds to the ECD of human VEGFR2, which is a key receptor that mediates
angiogenesis and is highly expressed in not only tumor microvessels but also malignant
tumors. Bevacizumab strongly neutralizes VEGF and blocks binding to VEGFR1/VEGFR2,
whereas ramucirumab specifically blocks the VEGF/VEGFR2 interaction by binding to
VEGFR2 [145–147].

Ramucirumab was isolated from a Dyax’s phage antibody library and developed as a
therapeutic antibody for treatment of solid tumors. In 2014, ramucirumab first received
FDA approval as a single-agent treatment for advanced gastric or gastro-esophageal junc-
tion adenocarcinoma after prior treatment with fluoropyrimidine- or platinum-containing
chemotherapy. In 2015, ramucirumab in combination with FOLFIRI was also approved by
the US FDA for the treatment of patients with mCRC with disease progression on or after
prior therapy with bevacizumab, oxaliplatin, and fluoropyrimidine (Table 1). In the RAISE
clinical trial (NCT01183780) for treatment of mCRC patients, compared with FOLFIRI
alone, ramucirumab plus FOLFIRI improved OS from 11.7 to 13.3 months and PFS from
4.5 to 5.7 months [148,149].

3.5. Rilotumumab

Rilotumumab (AMG-102) developed by Amgen Inc. (Thousand Oaks, CA, USA) is a
fully human monoclonal IgG2 antibody that binds to the beta chain of HGF. HGF, a scatter-
ing factor, influences cancer cell proliferation, survival, invasion, and metastasis through
interaction with c-MET. Therefore, specific binding of rilotumumab to HGF neutralizes the
interaction between HGF and c-MET and inhibits c-MET phosphorylation and downstream
signaling, resulting in inhibition of cancer cell proliferation, survival, and invasion through
partial antagonism of c-MET phosphorylation [150,151].

It has been reported that in the phase II clinical trial (NCT00788957) for treatment
of patients with wild-type KRAS metastatic CRCs, compared with panitumumab alone,
rilotumumab plus panitumumab combination therapy improved OS from 8.6 to 9.6 months
and PFS from 3.7 to 5.2 months [152] (Table 1).

3.6. Onartuzumab

Onartuzumab (MetMAb) developed by Genentech (South San Francisco, CA, USA)
is a humanized monoclonal antibody that binds to the semaphorin domain of c-MET; it
is a human IgG1 with a monovalent arm. c-MET is an RTK through which downstream
signals are transduced after dimerization or oligomerization by HGF binding. HGF/c-MET
signaling has also been implicated in the metastatic growth of multiple cancers, making
it an attractive target for various therapeutic agents [153]. When onartuzumab binds to
c-MET, it inhibits cell proliferation and survival, cell motility, migration, and invasion [154].
In a clinical trial (NCT01418222) of the MET inhibitor onartuzumab in combination with
mFOLFOX-6 plus bevacizumab for treatment of mCRC patients, no significant differences
existed in PFS or OS between onartuzumab combination therapy with mFOLFOX-6 plus be-
vacizumab and bevacizumab plus mFOLPOX-6 therapy. Therefore, the phase II clinical trial
of onartuzumab failed because it did not show any clinical improvement [155] (Table 1).

3.7. Trastuzumab

Trastuzumab (Herceptin®) developed by Genentech (South San Francisco, CA, USA)
is a humanized IgG1 monoclonal antibody that binds to domain IV in the ECD of the
HER2. This antibody is composed of humanized Fvs of murine anti-HER2 antibody and
human constant heavy and kappa light chains. The antibody suppresses cancer growth
and proliferation [156].

Trastzumab binds to HER2 on the cell surface of CRCs and inhibits downstream
signaling pathways, such as RAS/RAF/MEK and PI3K/Akt pathways, thereby inhibiting
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the proliferation and survival of CRCs. This demonstrates that trastuzumab can be used
as a therapeutic agent in HER2-overexpressed CRCs. In addition, trastuzumab indirectly
attacks cancer cells through Fc effect functions, such as ADCC and complement-dependent
cytotoxicity (CDC) [157,158].

In 1998, trastuzumab first received US FDA approval for the treatment of patients
with metastatic HER2-overexpressing breast cancers, and its indications for numerous
cancer treatments have expanded [159,160]. Despite the low-expression pattern observed
in CRC patients, intriguingly, recent preclinical trials have shown that trastuzumab or
pertuzumab in combination with lapatinib significantly suppressed tumor growth in HER2-
amplified CRC tumor xenograft animal models. According to the HERACLES clinical
trial (NCT03365882), compared with chemotherapy alone, trastuzumab plus lapatinib
therapy in patients with HER2-positive, wild-type KRAS metastatic CRC improved PFS by
2.9 months and OS by 11.5 months [161] (Table 1).

3.8. Pertuzumab

Pertuzumab (Perjeta®) developed by Genentech (South San Francisco, CA, USA) is a
humanized IgG1 monoclonal antibody that binds to HER2. The antibodies act as a blockade
to inhibit dimerization of HER2 with other HER receptors, especially HER3, by specifically
binding to domain II in the ECD of HER2, a different epitope for trastuzumab, resulting in
inhibition of cell growth and initiation of apoptosis [162]. In 2012, the US FDA approved
pertuzumab use in combination with trastuzumab and docetaxel for treatment of patients
with metastatic HER2-positive metastatic breast cancers. According to the HERACLES
study (NCT03365882), the randomized phase II trial studies is ongoing by evaluating the
efficacy of pertuzumab and tratuzumab in patients with HER-amplified mCRCs, compared
with cetuximab and irinotecan hydrochloride [163] (Table 1).

3.9. Ipilimumab

Ipilimumab (Yervoy®) developed by Medarex (Princeton, NJ, USA), is a fully hu-
manized monoclonal antibody that binds to the ECD of CTLA-4, specifically blocks the
interaction between CTLA-4 and B7-1 or B7-2, and eventually maintains T-cell cytotoxicity
to attack cancer cells [164,165].

In 2011, ipilimumab first received FDA approval for melanoma treatment. Further-
more, it underwent clinical trials for the treatment of NSCLC, SCLC, and bladder cancer.
Moreover, it was approved by the FDA for the treatment of mCRC in 2018 [166] (Table 1).
This antibody is currently being evaluated in the CheckMate-142 clinical trial (NCT02060188)
for treatment of patients with dMMR/MSI-H mCRC. The CheckMate-142 trial that is eval-
uating the combination therapy of ipilimumab plus nivolumab is the same clinical trial
that is evaluating nivolumab [167].

3.10. Tremelimumab

Tremelimumab (CP-675) developed by AstraZeneca (Cambridge, UK) is a fully human
monoclonal IgG2-kappa antibody that binds to the ECD of CTLA-4 and has an epitope
similar to that for tremelimumab and ipilimumab. Its binding to CTLA-4 specifically blocks
the interaction between CTLA-4 and B7-H1 and B7-H2 and downregulates the immune
system. The function of tremelimumab is similar to that of ipilimumab, which maintains
T-cell cytotoxicity against cancer cells [166,168].

In 2015, tremelimumab first received US FDA approval as an orphan drug for the
treatment of patients with malignant mesothelioma. Currently, the indications that can
be treated through clinical trials are expanding. In clinical trials, tremelimumab has
been administered in various combination therapies with durvalumab and anti-cancer
drugs. In a phase II clinical trial (NCT02870920) that compared the combination therapy of
tremelizumab plus durvalumab with best supportive care for treatment of patients with
advanced mCRC, the PFS was estimated to have improved to 1.8 months and the OS to
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have improved to 6.6 months after a median follow-up of 15.2 months (Table 1). This
clinical trial is ongoing until December, 2020 [169,170].

3.11. Pembrolizumab

Pembrolizumab (Keytruda®) developed by LifeArc (London, UK) is a humanized
monoclonal antibody that binds to PD-1. This antibody was generated by grafting the
variable region sequences of a high affinity mouse anti-human PD-1 antibody onto a human
IgG4-kappa isotype framework containing a stabilizing S228P Fc mutation for preventing
Fab-arm exchange. The antibody specifically binds the PD-1 C’D-loop and antagonizes the
interaction between PD-1 and its known ligands, PD-L1 and PD-L2 [171,172].

In 2014, pembrolizumab received FDA approval as the first PD-1/PD-L1 blockade
drug for the treatment of metastatic melanoma [173]. In 2020, the FDA also approved
pembrolizumab as the first-line treatment for patients with unresectable or metastatic
microsatellite high-instability or mismatch repair-deficient CRCs [174] (Table 1). Accord-
ing to the KEYNOTE-177 clinical trial (NCT02563002) for treatment of MSI-H/dMMR
CRCs, pembrolizumab improved PFS from 8.2 to 16.5 months compared with the standard
chemotherapy [175].

3.12. Nivolumab

Nivolumab (Opdivo®) developed by Medarex (Princeton, NJ, USA) is a fully human
monoclonal antibody that binds to the IgV domain of PD-1. The antibody has a variable re-
gion grafted into the human kappa and IgG4-constant region containing an S228P mutation
in the hinge region. Especially, nivolumab specifically binds to the N-terminal loop of PD-1
different from an epitope for pembrolizumab. Nivolumab is also an immune checkpoint
inhibitor that potentiates the cytotoxicity of T cells to kill malignant tumors [176,177].

In 2014, nivolumab first received US FDA approval for treatment of patients with
advanced melanoma and was then approved to treat lung cancer in 2015. Currently,
immunotherapy using nivolumab is widely used to treat mCRC [178]. In the CheckMate-
142 phase II clinical trial (NCT02060188) for treatment of patients with dMMR/MSI-H
mCRC, the PFS was estimated to be 12 months and the OS rate improved from 73% to 85%
compared with that of nivolumab monotherapy as the primary endpoint after a median
follow-up of 13.4 months (Table 1). This CheckMate-142 clinical trial is ongoing until
primary completion in July 2022 [179,180].

3.13. Camrelizumab

Camrelizumab (AiRuiKa) developed by Jiangsu HengRui Medicine Co. Ltd. (Lianyun-
gang, Jiangsu, China) is a humanized monoclonal antibody that binds to the flexible N-
and C’D-loops of PD-1 and specifically blocks the interaction between PD-L1 and PD-1. It
has epitopes partly overlapped with epitopes that bind to nivolumab and pembrolizumab.
The cancer cell-killing mechanism of camrelizumab in immunotherapy is similar to that of
pembrolizumab and nivolumab [181,182].

In 2019, camrelizumab first received China Food & Drug Administration approval
for treatment of patients with classical Hodgkin’s lymphoma. The indications for camre-
lizumab are expanding through multiple ongoing clinical trials. A phase II clinical trial
(NCT03912857) for treatment of patients with advanced mCRC, the combination of camre-
lizumab plus apatinib, a VEGFR2 inhibitor, is expected to increase the overall response rate
of advanced mCRC after standard chemotherapy [183,184] (Table 1).

3.14. Atezolizumab

Atezolizumab (Tecentriq®) developed by Genentech (South San Francisco, CA, USA)
is a monoclonal antibody that binds to the IgV domain of PD-L1, a ligand of the PD-1
receptor expressed on the surface of T cells. It is a humanized antibody in which the
variable region of atezolizumab is changed to a human germline sequence and Fc region
of atezolizumab engineered to reduce the Fc-mediated effector functions. PD-L1 acts as a
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T-cell suppressor through interaction with PD-1. Atezolizumab specifically binds to PD-L1
and blocks the interaction between PD-1 and PD-L1, thereby maintaining the anti-cancer
effect of T cells [185,186].

In 2016, atezolizumab received FDA approval as an immune checkpoint PD-L1 in-
hibitor for the treatment of patients with locally advanced or metastatic urothelial carci-
noma [10,16]. In 2019, the FDA also approved atezolizumab for the first-line treatment
of adult patients with extensive-stage small-cell lung cancer in combination with carbo-
platin and etoposide, (NCT02763579) [19]. According to a clinical trial (NCT02873195) for
treatment of refractory mCRC, compared with bevacizumab plus capecitabine therapy,
bevacizumab and capecitabine combination therapy improved PFS from 3.3 to 4.3 months.
Additionally, OS was maintained for 20 months, a result similar to that for bevacizumab
and capecitabine combination therapy [155] (Table 1).

3.15. Avelumab

Avelumab (Bavencio®) developed by Merck KGaA (Darmstadt, Germany) is a fully
human IgG1 antibody that binds to the IgV domain of PD-L1 in a manner similar to
atezolizumab and blocks the interaction between PD-L1 and PD-1. Avelumab consists of
human antibody sequences in both the variable and constant lambda light-chain and IgG1
heavy-chain regions [187].

In 2017, avelumab first received US FDA approval for the treatment of metastatic
Merkel cell carcinoma [17]. Clinical trials for treatment of CRC patients ongoing. Specifi-
cally, avelumab was administered in clinical trials for CRC patients with POLE mutation
observed in 3% of total CRC patients. One trial is a phase II clinical trial of avelumab
monotherapy (NCT03150706) being conducted at Asan Medical Center (AMC) in South
Korea. The other trial is a phase III clinical trial of avelumab plus 5-FU combination therapy
(NCT03827044) being conducted at Royal Marsden Hospital in the UK that is expected to
end in 2024 [188] (Table 1).

3.16. Durvalumab

Durvalumab (Imfinzi®) developed by Medimmune (Gaithersburg, MD, USA) is a fully
human monoclonal antibody that binds to the ECD of PD-L1 and blocks the interaction
between PD-L1 and PD-1. However, it has been reported that an epitope of PD-L1 for
durvalumab is different from that of avelumab. It was engineered to prevent cytotoxic
effector functions (ADCC or CDC) against PD-L1-positive immune cells [189]. Durval-
umab is an immune checkpoint inhibitor used to promote immune responses for cancer
therapy [189,190].

In 2017, durvalumab first received FDA approval for the treatment of metastatic
urothelial carcinoma and is currently expanding indications through combination ther-
apy [191]. The clinical trials using durvalumab are for refractory mCRC or mutated mCRC.
The ILOC-EORTC phase II clinical trial (NCT030101475) for treatment of patients with
refractory mCRC is ongoing with duvalumab plus tremelimumab combination therapy
after radiation therapy as a primary completion in August 2021. Another phase II clinical
trial (NCT03435107) for treatment of patients with POLE-mutated mCRC is ongoing to
compare duvalumab monotherapy with chemotherapy. That trial has a primary completion
date of March 2022 [192,193] (Table 1).

4. Conclusions

CRC is a highly complex and molecularly heterogeneous disease harboring frequent
mutations that are resistant to common treatment. Despite recent advances in identification
of therapeutic targets in CRCs and concomitant development of their therapeutic anti-
bodies, several medical needs remain unmet in CRC therapy. As indicated by cetuximab
treatment, antibody-drug resistance is one of the major hurdles for treating CRC patients.
Cetuximab is only responsive to wild-type EGFR- and KRAS-expressing CRC patients who
represent 10–20% of all CRC patients, whereas cetuximab is not responsive to approxi-
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mately 80–90% of CRC patients harboring gene mutations in downstream EGFR effectors,
including KRAS, PI3K catalytic subunit alpha (PI3KCA), PTEN, and BRAF. Furthermore,
the 5-year survival rate of approximately 13% for stage IV CRC patients highlights the
importance of basic studies for understanding CRC progression and metastasis. Therefore,
to improve CRC patient clinical outcomes, understanding the pathological mechanisms and
identification of novel therapeutic targets in CRC remain important for developing novel
monoclonal antibodies for effective CRC therapy. Although this current review focused on
discussing the roles and mechanisms of monoclonal antibodies in clinical development
and approved by US FDA and their cognate therapeutic targets in CRC, the therapeutic
potentials of bispecific antibodies and antibody-drug conjugates have also been validated
for CRC therapy based on recent increasing studies. Lastly, scientific cooperation to create
scientific knowledge and successful partnership between the industry and the academia
will accelerate the development of an innovative new drug for effective CRC therapy.
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Abstract: Genome sequencing studies have characterized the genetic alterations of different
tumor types, highlighting the diversity of the molecular processes driving tumor development.
Comprehensive sequencing studies have defined molecular subtypes of colorectal cancers
(CRCs) through the identification of genetic events associated with microsatellite stability (MSS),
microsatellite-instability-high (MSI-H), and hypermutation. Most of these studies characterized
primary tumors. Only recent studies have addressed the characterization of the genetic and clinical
heterogeneity of metastatic CRC. Metastatic CRC genomes were found to be not fundamentally
different from primary CRCs in terms of the mutational landscape or of genes that drive tumorigenesis,
and a genomic heterogeneity associated with tumor location of primary tumors helps to define
different clinical behaviors of metastatic CRCs. Although CRC metastatic spreading was traditionally
seen as a late-occurring event, growing evidence suggests that this process can begin early during
tumor development and the clonal architecture of these tumors is consistently influenced by cancer
treatment. Although the survival rate of patients with metastatic CRC patients improved in the last
years, the response to current treatments and prognosis of many of these patients remain still poor,
indicating the need to discover new improvements for therapeutic vulnerabilities and to formulate a
rational prospective of personalized therapies.

Keywords: colorectal cancer; genomic alterations; metastasis; tumor heterogeneity; tumor evolution

1. Introduction

Colorectal cancer (CRC) is one of the most frequent cancers worldwide, corresponding to the
second in males and third in females most frequent tumor. CRC is the second most common cause of
cancer death in Europe [1].

Colorectal cancer is a highly heterogeneous disease that comprises different tumor phenotypes,
characterized by specific molecular and morphological alterations. CRC is caused by genetic alterations
that target tumor suppressor genes, oncogenes, and genes related to DNA repair mechanisms.
Depending on the origin of these mutations, CRC can be classified as sporadic (70–75%), hereditary
(5%), and familial (20–25%). Three major pathways are involved in CRC origin and progression:
(a) chromosomal instability (CIN); (b) microsatellite instability (MSI); (c) CpG island methylation
phenotype (CIMP). Each of these three different groups displays peculiar pathological, genetic,
and clinical characteristics [2].

CIN is the most common (85% of total CRCs) genetic mechanism occurring in CRC. CIN is
characterized by the acquisition of a consistent karyotypic variability, aneuploidy, chromosomal
and subchromosomal aberrations, gene amplifications and loss of heterozygosity. Allelic losses at
the level of chromosome arms 1p, 5q, 17p, 18p, 18q, 20p, and 22q are highly recurrent. A major
pathogenic consequence of this CIN consists in the loss of heterozygosity at tumor suppressor gene
loci. Furthermore, CIN tumors are associated with the accumulation of mutations at the level of
several oncogenes, including KRAS and BRAF and of tumor suppressor genes such as APC and TP53.
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The meta-analysis of the outcome of more than 10,000 CRC patients clearly indicated that CIN is
associated with a worse prognosis [3].

MSI involves several recurrent alterations in the microsatellite zone, without apparent structural
and numerical changes in the genome; approximately 15% of all CRCs have a high frequency of MSI
due to germline mutations in mismatch repair (MMR) system or somatic inactivation by promoter
hypermethylation of MLH1 gene [4].

CIMP pathway is responsible for 20–30% of total CRCs and is predominantly observed in the
proximal colon (30–40%) and more rarely in distal colon (3–12%) [4].

The Cancer Genome Atlas provided in 2002 the first genome-scale analysis of a large set (276) of
CRC samples, performing a comprehensive study involving exome sequencing, DNA copy number,
promoter methylation, messenger RNA and micro RNA expression evaluation [4]. This analysis
showed that CRCs can be classified according to their mutation pattern: (i) 16% of CRCs were found to
be hypermutated (75% displayed high MSI, usually associated with hypermethylation and silencing
of the MLH1 gene, whereas the remaining 25% exhibited mismatch-repair gene and polymerase ε

(POLE) gene mutations); (ii) the non-hypermutated CRCs that formed the most consistent group of
tumors showed the recurrent mutations of APC, TP53, KRAS, PIK3CA, FBXW7, SMAD4, TCF7L2,
and NRAS genes; (iii) in hypermutated CRCs, the most frequently mutated genes were ACVR2A (63%),
APC (51%), TGFBR2 (51%), BRAF (49%), MSH3 (46%), MSH6 (40%), MYO18 (31%), TCF7L2 (31%),
and CASP8 (29%); (iv) APC (81% vs. 51%) and TP53 (60% vs. 20%) were significantly more mutated in
the non-hypermutated cancers compared to hypermutated cancers. Integrated analysis of the genetic
profiling showed that some pathways are recurrently altered in CRCs: (i) WNT pathway is altered
in 93% of all tumors (in 80% of cases due to biallelic inactivation of APC or activating mutations of
CTNNB1); (ii) PI3K signaling pathway is altered in 50% of non-hypermutated and 53% of hypermutated
CRCs; (iii) RTK-RAS signaling pathway is more frequently altered in hypermutated (80%) than in
non-hypermutated (59%); (iv) finally, TGF-β signaling pathway was much more frequently altered in
hypermutated (87%) than in non-hypermutated (27%) CRCs [4].

The study by TCGA showed the existence of three subtypes of CRC according to their
transcriptomic profile: microsatellite instability/CpG island methylator phenotype (MSI/CIMP);
invasive; chromosome instability (CIN). In a subsequent study, Zhang et al. carried out a proteogenomic
analysis on the CRCs previously characterized by TCGA [5]. This analysis showed the existence of a
limited correlation between mRNA and protein levels. Five CRC subtypes (from A to E) were identified
according to proteomic data: (i) B and C subtypes included all CRCs characterized by hypermutation,
MSI-H, POLE and BRAF mutations: B subtype was associated with the CIMP-H methylation subtype
of the TCGA study, absence of TP53 mutations and chromosome 18 loss; C subtype was associated
with a non-CIMP TCGA subtype. (ii) The A, D, and E subtypes were associated with the TCGA CIN
subtype. (iii) The E subtype displayed several remarkable features, such as the presence of TP53
mutations and chromosome 18q loss (both genomic alterations frequently associated with CIN CRCs)
and with HNF4A amplification and HNF4α protein abundance [5]. CRCs display frequent copy number
alterations (CNAs), particularly those characterized by CIN. However, only few CNAs are associated
with significant changes at protein level. Among the various CNAs, the chromosome 20 amplicon
was associated with the largest changes at both mRNA and protein level and is associated with HNF4
(hepatocyte nuclear factor 4, alpha), TOMM34 (translocase of outer mitochondrial membrane 34) and
SRC (SRC proto-oncogene, non-receptor tyrosine kinase) overexpression [5].

Copy number alterations (CNAs) show significant changes during the progression of colorectal
carcinogenesis from benign adenoma to CRC. Thus, chromosomal aneuploidies affecting chromosomes
7, 13, and 20q (all chromosomal gains) cooperate with APC mutations in the progression from adenoma
with low-grade dysplasia to adenoma with high-grade dysplasia. Losses of chromosomes 8p, 15q, 17p,
and 18q and gain of 8q are involved in tumor progression to infiltrating adenocarcinoma [6].

The analysis of gene expression profiles obtained through the study of thousands cases of
colorectal cancers supported a classification of colon cancer, based on four major consensus molecular
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subtypes (CMS), CMS1 to CMS4 (Table 1) [7]. CMS1 group (MSI immune subtype, including 14%
of all CRCs) is characterized at genetic level by hypermutation, hypermethylation, enrichment for
BRAFV600E mutations (observed in 40% of these tumors) and by pronounced infiltration of the tumor
microevironment by immune cells, particularly represented by T lymphocytes (both Cytotoxic CD8+

and CD4+ T helper) and natural killer lymphocytes; frequent in these tumors are mutations at the level
of APC (35%), TP53 (30%) and KRAS (25%) genes. Frequent in these tumors are mutations in MSH6,
RNF43, ATM, TGFBR2, BRAF, and PTEN genes. Predominantly, these tumors originate from precursor
lesions with a serrated histology, with preferential location at the level of proximal regions of the colon;
their prognostic outcome is intermediate but poor after relapse. The CMS2 subtype corresponds to
the canonical subtype (37% of CRCs) and is characterized by CIN-high, microsatellite stability (MSS)
and low levels of gene hypermethylation; a mutational profile typically observed in CIN-high CRCs,
including recurrent APC (75%), TP53 (70%), and KRAS (30%) mutations, whereas BRAF mutations were
absent; pronounced upregulation of WNT and MYC downstream targets, elevated expression of EGFR,
HER2, IGF2, IRS2, HNF4A, and cyclin; complex tubular histological structure, predominantly located in
the distal region of the colon. The CMS3 subtype corresponds to the metabolic subtype (10% of CRCs)
that is characterized by activation of glutaminolysis and lipidogenesis and by the presence of a
distinctive genomic and epigenomic profile compared with other CIN tumors, for the presence of
a mixed CIMP-H (20% of cases), MSI-H (15% of cases), hypermutation (30% of cases), and CIN-H
(54% of cases); at mutational level, frequent KRAS and APC mutations but less frequent TP53 and BRAF
mutations are observed; these tumors predominantly display papillary morphology and are located at
the level of both proximal and distal regions of colon. CMS4 corresponds to the mesenchymal subtype
(25% of all cases) and is characterized by the presence of tumors exhibiting activation of the pathways
related to epithelial-mesenchymal transition (EMT) and stemness (TGF-β signaling and integrins)
and overexpression of genes involved in extracellular matrix remodeling, complement-associated
inflammation, stromal invasion and angiogenesis; marked stromal cell infiltration at the level of
peritumoral microenvironment is a typical histological feature of these tumors; these tumors are
frequently CIN-H but rarely hypermutated, CIMP-H and MSI-H; at mutational level, frequent are
the mutations of APC, TP53 and KRAS, associated with rare BRAF mutations; at histological level,
these tumors are characterized by a desmoplastic reaction with high stroma; these tumors are associated
with a poor outcome compared with the other CMS subtypes [7].

Finally, there is a residual unclassified group representing 10–15% of all tumors with mixed features,
that seemingly represents a transitional phenotype or reflects an intra-tumoral heterogeneity [7].

Importantly, the CMS classification was predictive of chemotherapy and targeted-therapy response
in CRC patients with advanced/metastatic disease [8–10].

The CMS transcriptional classification was implemented through the analysis of microenvironment
signatures, showing consistent correlation between these two classification systems: CMS1 subgroup
was characterized by elevated expression of genes specific to cytotoxic T lymphocytes; CMS4 subgroup
was characterized by several microenvironmental features, including expression of monocytic markers
and a combined angiogenesis, inflammatory and immunosuppressive signature; at pathologic level,
CMS4 tumors display numerous infiltrating fibroblasts, producing cytokines and chemokines inducing
the angiogenetic and inflammatory phenotypes; CMS2 and CMS3 subgroups exhibit low inflammatory
and immune signatures [11].

Isella and coworkers have proposed a new transcriptional classification of CRC, allowing the
identification of five CRC intrinsic (CRIS) subtypes, displaying distinctive molecular, phenotypic
and functional features [12]. This classification was based on a methodological approach to limit
the impact of tumor stromal cells on the transcriptional classification of CRC. CRIS-A identifies a
subgroup of CRCs enriched for MSI-H, BRAF or KRAS-mutated tumors, with secretory mucinous
histology, with sustained glycolytic metabolism and inflammatory traits; CRIS-A englobes CRCs mainly
corresponding to CMS1 and, at a minor extent, CMS4. CRIS-B identifies a subset of CRCs characterized
by an impaired differentiation, activation of TGF-β signaling and epithelial to mesenchymal transition;
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these tumors are mainly MSS and only in part MSI-H; these tumors are characterized by a poor
prognosis and by an elevated infiltration of fibroblasts; CRIS-B englobes both CMS4 and CMS1 tumors.
CRIS-C identifies a group of CRCs, CIN-H, and MSS, with absent KRAS mutations and exhibiting
elevated EGFR activity and MYC copy number gains; these tumors are particularly sensitive to EGFR
inhibitors; CRIS-C englobes CMS2 tumors and in part CMS4 tumors. CRIS-D tumors display a
number of typical features mainly represented by a stem-like phenotype associated with high WNT
signaling, a MSS status, strong enrichment of IGF2 overexpression/amplification and FGFR autocrine
stimulation; CRIS-D englobes both CMS2 and CMS4 tumors. CRIS-E is characterized by a Paneth
cell-like phenotype, an MSS status, numerous WNT-related features, and frequent TP53 mutations;
CRIS-E englobes both CMS2 and CMS4 CRCs [12].

Table 1. The gene expression-based consensus molecular classification of colorectal cancer.

Tumor
Subtype

Frequency
Gene Expression

Genetic Abnormalities Tumor Location Prognosis
Signature

CMS1
Hypermutated 14%

Immune infiltration and activation
High PD-1 activation

Low stromal cell infiltration

SCNA low
Hypermutated

MSI high
CIMP high
KRAS (25%)
BRAF (40%)
APC (35%)
TP53 (30%)

Predominantly
proximal (74%)

Intermediate
Poor

prognosis
after relapse

CMS2
Canonical 40%

WNT and MYC activation
Elevated expression of EGFR, HER2, IGF2, IRS2 and HNF4A

Low immune infiltration and activation

SCNA high
No hypermutated

MSI low
CIMP negative

KRAS (30%)
BRAF (0%)
APC (80%)
TP53 (70%)

Predominantly
distal (80%) Good

CMS3
Metabolic 10%

Metabolic deregulation, with upregulation of several
metabolic signatures (glutaminolysis and lipidogenesis)

Low immune and stromal cell infiltration.

SCNA mixed
Hypermutated (30%)

MSI low; MSI high (15%)
CIMP mixed
KRAS (70%)
BRAF (10%)
APC (75%)
TP53 (30%)

Equally proximal
and distal Intermediate

CMS4
Mesenchymal 25%

Stromal infiltration
TGF-β activation

Angiogenesis
Matrix-remodelling pathways

Complement-mediated inflammation

SCNA high
No hypermutated

MSI low
CIMP negative

KRAS (40%)
BRAF (5%)
APC (65%)
TP53 (55%)

Mainly distal (66%)

Negative
Usually

diagnosed at
advanced

stage

SCNA: somatic copy-nucleotide alteration.

The complex, variable and potentially confounding role of microenvironment in the evaluation
of the transcriptomic expression of CRC, highlights the need of performing analyses at single-cell
level as a tool to better define and understand intratumoral heterogeneity [13]. Only few studies
have explored single-cell transcriptomic in CRC samples. In this context, particularly relevant was
the study carried out by Li and coworkers investigating single-cell RNA sequencing on 969 tumor
cells derived from primary tumors of 11 different CRC patients and 622 normal mucosal intestinal
cells located near the CRC [14]. This analysis identified seven different cell clusters, corresponding to
epithelial cells, endothelial cells, fibroblasts, T lymphocytes, B lymphocytes, mast cells, and myeloid
cells [14]. The single-cell analysis allowed the identification of a larger set of differentially expressed
genes compared with normal mucosa than the bulk analysis of gene expression [14]. Importantly,
EMT (epithelial-mesenchymal transition)-related genes resulted to be upregulated only at the level
of the cell population of cancer-associated fibroblasts but not at the level of epithelial cells [14].
The data obtained from single-cell transcriptomic allowed to define six different signatures of six
tumor cell types: epithelial differentiated; epithelial stem, fibroblast, T cell, B cell, macrophages [14].
The integration of the six cell type signatures together with the data of bulk signatures obtained through
the analysis of various cohorts of CRC patients allowed to define three tumor groups, defined as S1,
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S2 and S3: S1 CRCs display a weak epithelial, an elevated myeloid and a strong fibroblast signature;
S2 CRCs exhibit intermediate level of all signatures; S3 CRCs show a strong epithelial signature,
associated with weak myeloid and fibroblast signatures [14]. In all the cohorts of CRC patients studied,
S3 CRCs display a better survival than the two other groups [14]. A more recent study based on the
analysis of >50,000 single cells from CRCs and matched normal tissues provided evidence that CRC
development is associated in all cases analyzed with changes at the level of epithelial, immune and
stromal cell compartments [15]. Interestingly, in the epithelium, five different tumor-specific stem and
progenitor-like cell populations were identified [15]. This single-cell analysis showed also that epithelial
tumor cells and cancer-associated fibroblasts are fundamental and essential for the assignment of each
CRC to a given CMS subtype [15].

Although single-cell transcriptomic techniques cannot be proposed for the clinical classification of
CRCs, their use may be of considerable support in the study of CRC patients undergoing immunotherapy
treatments or myeloid-targeted therapies [16,17].

Very few studies have explored the gene expression profile observed at the level of metastatic CRC
lesions. Kamal et al. reported the comparative analysis of the transcriptomic profile of primary tumors
and corresponding metastases (liver and lung metastases) in some CRC patients [13]. According to
the gene expression profile, two types of distant metastases were identified: M1 and M2 [13]. The M1
metastatic group is characterized by strong activation of inflammatory and immune response pathways
(including immune evasion pathways, such as those involving PD-1/-L1 signaling) and enrichment in
EMT activity. The M2 metastatic group exhibits MYC activation and cell proliferation [18]. Importantly,
treatment modifies the gene expression profile of metastatic lesions: the immune phenotype of M1
metastases is lost in post-treatment metastases; treatment induces an enrichment of EMT activity [18].
The analysis of CMS groups in metastases showed the absence of CMS3 and the presence of CMS1
in only few cases; the majority of metastases were classified as CMS2 (37%) or CMS4 (45%); 86% of
metastases were CMS4 in the M1 cluster, while 60% of metastases were CMS2 in the M2 cluster [18].
The comparison of gene expression in paired primary tumors and corresponding metastases showed
that FBN2 and MMP3 were the most differentially expressed genes [18].

The incidence of CRC increases with the age. In a recent study, Lieu et al. on a large panel
of CRC samples reported the occurrence of CRCs in 7.8% of patients under the age of 40, 17.6% in
the age comprised between 40 and 49 years and 74.6% in patients with an age of 50 or older [19].
Overall genomic alterations were similar in the majority of genes currently mutated, with some
notable differences: in MSS CRC patients, TP53 and CTNNB1 alterations were more common in
younger patients with CRC [19]; in the MSI-H cohort, most of genes displayed a similar frequency of
alterations in the two age groups, but significant differences were observed at the level of APC and
KRAS alterations more frequent among younger than older patients and BRAF alterations markedly
more recurrent among older than younger CRC patients [19].

The progresses made in primary and adjuvant treatments of CRC patients have led to an
improvement of the survival times of these patients. The optimal treatment of CRC patients would
imply complete surgical ablation of primary tumor and metastases. However, 25–30% of CRC patients
display at diagnosis an advanced disease stage with metastatic diffusion; furthermore, a remaining
20% of patients develop metachronous metastases after standard treatments. Therefore, a significant
proportion of CRC patients need an efficacious medical treatment to induce the regression of tumor
cells that cannot be removed by surgery. The current medical treatment implies first line chemotherapy
or radiotherapy that can be performed either before surgery in a neoadjuvant setting or after surgery in
an adjuvant setting. Current chemotherapy treatment implies either single-drug treatment involving
fluoropyrimidine (5-FU) and multiple-drug regimens, based on the use of irinotecan (IRI), capecitabine
(CAP) or oxaliplatin (OX), such as FOLFOX (5-FU + OX), FOXFIRI (5-FU + IRI), CAPIRI (CAP + IRI)
or CAPOX (CAP + OX) [1].

The studies carried out in the last years have shown that CRC exhibits a clinically relevant
molecular heterogeneity related to various genetic and non-genetic mechanisms. The identification
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of molecular subtypes of CRCs helped to identify new strategies of treatment for selected groups of
patients (targeted therapy): (i) the presence of KRAS or NRAS mutations allowed the identification
of a group of CRC patients refractory to EGFR inhibitors; (ii) the absence of KRAS, NRAS, BRAF,
and PIK3CA/PTEN mutations (CRC “wild-type”) identifies a group of CRC patients responsive to
EGFR inhibitors; (iii) CRCs bearing BRAFV600E mutations have a poor prognosis and are responsive
to targeted inhibition in combination; (iv) CRCs with HER2 amplifications display sensitivity to
dual HER2 blockade; (v) CRCs bearing rare kinase fusion events are targetable with specific kinase
inhibitors; (vi) MSI-H and POLE hypermutant CRCs are particularly sensitive to treatment with
immune checkpoint inhibitors; (vii) CRCs with a mesenchymal phenotype display immunosuppressive
mechanisms that could be removed through combined immunotherapy treatments [20].

The strategy recommended by the National Comprehensive Cancer Network (NCCN) for the
targeted therapy of metastatic CRC patients implies a differential treatment according to the RAS
mutational status and to the colon location of the primary tumor: (i) for patients with left colon mCRC,
RAS-WT it is recommended an initial therapy based on EGFR inhibitors, and a subsequent therapy based
on mutational status for BRAF mutations (BRAF inhibitors), HER2 amplifications (HER2 inhibitors)
BRAF/HER2-WT (anti-PD-1/L1 if deficient in mismatch repair (MMR); anti-VEGF if proficient in MMR);
for patients with right colon mCRC it is recommended a therapeutic approach similar to that adopted
for RAS-mutant patients; for patients with mCRC, RAS-mutant it is recommended a differential
therapy according to the MMR status: for patients deficient in MMR it is recommended a first-line of
therapy based on anti-PD-1/L1 and a second line based on anti-VEGF inhibitors, whereas for patients
proficient in MMR, a first line based on anti-VEGF inhibitors and a second line of therapy based on
best supportive care therapy are recommended [21].

A large body of molecular data on the genomic abnormalities observed in CRC has been generated;
the majority of these studies focused on primary tumors. However, recent studies have characterized
the molecular abnormalities observed in metastatic CRC. Some studies have molecularly characterized
metastatic lesions with their corresponding primaries. The present review paper reports a detailed
analysis of these recent studies on the characterization of metastatic CRCs, supporting the view that a
better understanding of the molecular alterations and of their heterogeneity may improve the treatment
outcome of these patients.

2. Genetic Abnormalities in Metastatic CRC

Few studies have explored the frequency of recurrent genetic alterations in metastatic CRC patients.
In 2017, Zehir and coworkers reported the mutational landscape of 10,945 metastatic tumors,

including 975 metastatic CRCs, as encountered in clinical practice [22]. This study showed the presence
of four recurrently mutated genes, represented by APC, TP53, KRAS, and PIK3CA. Furthermore,
according to the somatic tumor burden, metastatic CRCs can be distinguished into three groups:
normal, hypermutated, ultramutated. The metastatic CRCs with a high mutational burden displayed a
dominant MMR signature. Finally, 35% of metastatic CRCs showed actionable somatic alterations [22].

The study carried out by Zehir et al. was based on targeted gene analysis [22]. A more recent study
by Priestley et al. involved deep whole-genome sequencing of 2399 metastatic solid tumors, including
372 CRCs [23]. Metastatic CRCs are among the tumors displaying the highest levels of single-nucleotide
variants (SNVs), with only urinary tract, esophagus, lung cancers and melanoma exhibiting higher
levels among 20 different types of metastatic cancers [23]. Only 4% of metastatic CRCs displayed an
MSI genotype/phenotype, a frequency that is lower than that reported for primary CRC, a finding that
can be explained by the lower tendency of these tumors to metastasize [13]. Copy number alterations
are frequent in metastatic CRC; an extreme form of CNA can be caused by whole genome duplication
(WGD), an event frequent (>60% of cases) in metastatic CRCs, among the metastatic tumors most
frequently showing WGD [23]. Metastatic CRCs displayed a mean number of total candidate driver
events (6.5 per patient) only slightly higher than the mean number (5.7 per patient) observed in 20
different metastatic cancers [23]. The whole-genome sequencing (WGS) approach allowed to accurately

136



Biomedicines 2020, 8, 414

define the frequency of genetic alterations occurring in mCRC at the level of genes possessing oncogenic
activity when mutated or of tumor suppressor genes (Figure 1). The analysis of the co-mutation pattern
of driver genes showed negative associations within the same transduction pathway for KRAS-BRAF
and KRAS-NRAS, for APC-CTNNB1, for APC with BRAF and RNF43 [23]. Interestingly, this study
showed in 9 CRC patients with absent APC driver mutations, the occurrence of in-frame deletion of the
complete exon 3, leading to activation of the WNT and β-catenin pathway [23]. Furthermore, 5.4% of
mCRC samples displayed an amplification of CDX2, acting as a survival oncogene for these tumor
cells [23]. The exploration of the mutational spectrum of metastatic CRC indicates that only 30% of
these tumors possess biomarkers with either an approved therapy or with strong biological evidence
or clinical trials that are actionable [23].

Figure 1. Frequency of the most recurrent gene alterations observed in metastatic CRC patients.
The data on the frequency of the major genetic alterations were reported by Priestly et al. [23] and were
based on the wide-genome sequencing analysis of 372 metastatic CRC patients.

Particularly relevant was the study carried out by Yaeger et al. [24] who reported the sequencing
analysis of most 1134 CRCs, including 979 patients with metastatic disease. These tumors corresponded
to three different molecular groups: POLE mutant (0.7%), MSI-H/hypermutated (8.7%) and MSS (90.5%),
with predominant left colon localization of MSS tumors and predominant right colon localization of
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POLE and MSI-H tumors [24]. The WNT pathway resulted to be altered in 85% of MSS tumors and in
93% of MSI-H tumors: APC gene alterations were more frequent in MSS CRCs than in MSI-H CRCs
(81% vs. 61%), while CTNNB1 and RNF43 gene alterations were less frequent in MSS CRCs than in
MSI-H CRCs (6% vs. 25% and 4% vs. 53%, respectively) [24] (Figure 2). Other remarkable differences
in the rates of several genetic alterations between these two types of metastatic CRCs are represented
by the more frequent alterations of ERBB3, PIK3CA, PIK3R1, PTEN, NF1, BRAF, BRCA1, and BRCA2
gene alterations in MSI-H CRCs than in MSS CRCs [24]. (Figure 2) The analysis of mostly recurrently
mutated genes in MSS CRCs showed a mutational frequency of 79% for APC, 78% for TP53, 44% for
KRAS, 18% for PIK3CA, 16% for SMAD4, 10% for TCF7L2 and 10% for FBXW7 [24]. The analysis of the
frequencies of some gene mutations in early-stage tumors, primary metastatic CRC and metastases
from metastatic CRCs showed that most of these mutations do not display significant differences, but a
minority of them are stage-related: the frequency of TP53 mutations progressively increases from
early-stage to primary mCRC and to metastases of mCRC; FBXW7 mutations are more frequent in
early-stage and primary mCRCs than in metastases of mCRC; ERBB2 mutations are more frequent in
early-stage than in metastatic CRCs [24]. BRAF mutations display a tendency to be more frequent in
metastatic CRC than in early-stage CRC [24]. This study also showed some remarkable differences
between primary tumor sites, i.e., right colon or left colon. Right-sided primary mCRC displayed
fewer DNA copy-number alterations than left-sided mCRC; furthermore, an enrichment of genetic
alterations in KRAS, BRAF, PIK3CA, PTEN, AKT1, RNF43, SMAD2, and SMAD4 was observed in
right-sided primary mCRC and in APC and TP53 in left-sided primary mCRC [24]. Left-located mCRC
had a significantly better overall survival than right-located mCRC [24]. The analysis of the overall
survival in various molecular subgroups of mCRCs showed a poor survival for patients bearing KRAS
mutations alone or in combination with PI3K pathway mutations. These CRCs showed also a greater
tendency to have multiple first sites of metastases [24].

Using a multigene panel sequencing, Belardinilli and coworkers have explored the co-mutational
profile of metastatic CRC; this study involved the analysis of 779 metastatic CRC primary tumors [25].
The results of this analysis showed the existence of positive associations between EGFR and KRAS,
EGFR and SMAD4, BRAF and PTEN, and NRAS and TP53 mutations, whose biological and clinical
significance is at the moment unknown [25]. Importantly, according to the presence of TP53 and KRAS
mutations, metastatic CRCs can be subdivided into four different groups: MAP1, characterized by the
co-mutation of TP53 and KRAS and subdivided into a less frequent MAP1.1 subgroup, in which TP53
and KRAS mutations are associated with other recurrent mutations, such as PIK3CA, FBXW7, SMAD4
and PTEN mutations and a more frequent MAP 1.2 subgroup in which TP53 and KRAS mutations are
not associated with other recurrent mutations; MAP 2, characterized by the mutation of the KRAS
gene and subdivided into a MAP 2.1 subgroup in which KRAS mutation is associated with highly
recurrent PIK3CA mutations and a MAP 2.2 subgroup in which KRAS mutations are not associated
with other recurrent mutations; MAP 3, characterized by TP53 mutations, subdivided into a MAP 3.1
subgroup in which TP53 mutations are associated with recurrent PIK3CA, BRAF, NRAS, and SMAD4
recurrent mutations and a MAP 3.2 subgroup in which TP53 mutations are not associated with other
recurrent mutations; MAP 4, characterized by the absence of TP53 and KRAS mutations, subdivided
into a less frequent 4.1 subgroup, characterized by highly recurrent BRAF mutations and recurrent
PIK3CA, NRAS and FBXW7 mutations and a more frequent 4.2 subgroup, characterized by absence of
recurrent mutations [25].
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Figure 2. Frequency of the most recurrent genetic alterations observed in metastatic CRC patients
(data reported by Yaeger et al., 2018) [24]. Top Panel: most recurrent genetic alterations observed in
the whole population of metastatic CRC patients; Middle Panel: most recurrent genetic alterations
observed in the population of metastatic CRC patients subdivided into MSI-H and MSS; Bottom Panel:
tumor location in metastatic CRC patients exhibiting either MSI-H or MSS.

BRAF-mutant CRC represent a peculiar subgroup of mCRCs. In the metastatic setting,
600EBRAF mutation occurs in 10% of cases and is associated with a poor prognosis [4].
Among V600EBRAF-mutated CRCs, two subgroups have been distinguished according either to
the activation of KRAS/mTOR/AKT/4EBP1 pathway (BM1 subtype) or to the deregulation in the cell
cycle (BM2 subtype) [26]. In addition to V600EBRAF-mutated CRCs, there is a rarer (occurring in 2%
of metastatic CRC patients) subgroup of nonV600EBRAF-mutated CRCs; these nonV600EBRAF-mutated
CRCs involve mutation at the level of 19 different codons [27,28]. Patients bearing mutations at
the level of codons 594 and 596 seem to form a distinct subgroup with longer overall survival
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compared with V600EBRAF-mutated patients [27,29]. A recent study reported the classification
of BRAF-mutated CRCs into three sub groups: BRAF mutations activating RAS-independent
as monomers (Class1 V600E); BRAF mutations activating RAS-independent signaling as dimers
(class 2 codons 597/601); BRAF mutations activating RAS-dependent signaling with impaired kinase
activity (class 3 codons 594/596) [30]. Class 3 BRAF-mutated metastatic CRCs were more frequently left
sided and without peritoneal metastases compared to class 1; class 3 tumors have an overall survival
comparable to that of BRAF wt tumors; while class 1 and 2 tumors have a poorer overall survival than
BRAF wt tumors [30].

3. Comparative Analysis of the Genetic Abnormalities of Primary Metastatic CRCs and of Metastases

Several studies have performed comparative lesion sequencing of paired primary metastatic
CRCs and of corresponding metastases.

About 20% of patients with CRC already have metastases at diagnosis [24]. The patterns of
metastasis of colon and rectal cancer were recently explored in a very large cohort of patients (49,096,
31,285 with colon cancer and 17,811 with rectal cancer: 30% of colon cancer and 31% of rectal cancer
patients had metastases) [31]. Of all patients with metastatic cancer, the most common sites of metastasis
were the liver (70% in both colon and rectal cancer) and the thorax (32% in colon cancer and 47%
in rectal cancer), followed by the peritoneum for colon cancer (21%) and the bone for rectal cancer
(12%); nervous system metastases were more rare, being observed in 5% of colon cancer and 8% in
rectal cancer [31]; thoracic metastases were more frequent in lower tumor stages, particularly in rectal
cancer, whereas the relative frequency of liver metastases increased with tumor stages; liver metastases
were most frequently solitary metastases (in 48% of colon and 45% of rectal cancer); lung metastases
were frequently observed in association with liver metastases (73% in colon cancer and 63% in rectal
cancer) [31].

Several comparative sequencing studies have shown a high concordance in the genomic profile
between primary and metastatic CRCs. Jones and coworkers through a comparative sequencing
analysis of a small number of patients observed a high degree of concordance between primary tumors
and metastases [32]. Vakiani et al. reported the analysis for KRAS, NRAS, BRAF, PIK3CA, and TP53
genes of 84 CRCs in whom tumor tissue from both primary and metastatic sites was available [33].
The results of this analysis showed that: the frequency of KRAS, NRAS, and PIK3CA mutations
was similar in metastatic versus primary tumors; TP53 mutations were more frequent in metastatic
versus primary tumors (53% vs. 30%, respectively), whereas BRAF mutations were significantly less
frequent (1.9% vs. 7.7%, respectively) [33]. In a subsequent analysis, 69 CRC patients were explored
for their mutational profile by NGS in primary and metastatic tumor tissues [33]. The results of
this study showed that 79% of the mutations were shared between primary and metastatic tumors.
Particularly, a high degree of concordance at the level of early occurring and recurrent mutations was
observed [33]. No discordant mutations in KRAS/NRAS and BRAF were observed; the only private
mutations, defined as mutations observed only in the primary or the metastatic tumor, were observed
at the level of APC, PIK3CA, SMAD4 and TP53 genes [34]. These findings have supported the view
that genetic alterations occurring early during colorectal cancer genesis, such as APC, KRAS, NRAS,
and BRAF mutations are maintained during the process of tumor evolution up to the final level of
tumor metastases [34].

In some contrast with these studies, Vermaat et al., using next generation sequencing, showed a
high degree of mutational discordance between primary and metastatic samples, with 52% and 86% of
dissimilarities of KRAS and EGFR mutational status between paired primary and metastatic tumor
samples. Modest variability was reported for HRAS (34%), PIK3CA (19%), FLT1 (10%), NRAS (10%)
and BRAF (14%) [35].

Lim et al [36] performed an analysis of 34 CRC patients with liver metastases by sequencing
(whole exome and RNA sequencing) both primary tumors and metastases and showed in these patients
frequent mutations of APC (65%), TP53 (68%), KRAS (24%), TCF7L2 (21%), PIK3CA (18%), NRG1 (18%),
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FBXW7 (15%), SMAD4 (15%), CARD11 (12%), and BMI1 (9%) [36]. Based on the absence or presence
of mutations in liver metastases, the mutations occurring in these patients were classified into three
different classes: class 1, mutations shared between primary tumors and liver metastases (57.6% of
all mutations); class 2 mutations present only in primary tumors (20.9% of all mutations); class 3
mutations, detected in only liver metastases (21.5% of all metastases) [36]. Importantly, the frequency
of class 1 mutations was highly variable across individual patients (ranging from 25% to 92%),
thus suggesting that the presence of a clonal selection during metastasis formation is an event highly
variable among patients; a decreased clonality during metastasis formation was usually associated
with a high-mutational concordance between primary tumors and metastases, whereas an increased
clonality during metastasis formation was usually linked with low mutational concordance between
primary tumors and liver metastases [36].

Vignot et al. reported a mutational analysis by targeted NGS on surgical samples from primary
and matched metastatic tissues from 13 CRC patients [37]. A global concordance rate for mutations of
78% was observed between primary and metastatic tumors; this concordance raised to 90% for the 12
most recurrent mutations occurring in CRC [37]. On 17 pathways explored, only two pathways were
upregulated in metastatic tissues compared to primary tumors [37].

Tan and coworkers reported a detailed analysis of the mutational profile and of CNAs of 18
matched primary and metastatic tumor tissues by high-depth sequencing of over 750 cancer-associated
genes and copy number profiling, supporting a high concordance of primary tumor and metastases [38].
Particularly, their results showed a median of 79.3% of somatic gene mutations present both in the
primary and metastasis and 81.7% of all alterations present in both primary tumors and metastases [38].
Private alterations, primary-specific or metastasis-specific are observed at lower allelic frequencies [38].
The mutations most frequently occurring only at the level of metastases are represented by MLL3,
FAT1, and GNAS gene mutations [38]. Interestingly, distinct mutational signatures are observed in
shared variants and private variants [38]. The analysis of copy number alterations similarly showed a
conserved pattern between primary tumors and metastases: chromosomal regions of allelic imbalance
were similar in the matched primary tumor and metastasis; focal gains and losses of genes commonly
amplified or deleted in cancer were similar in the primary tumors and metastases [38]. These findings
supported a model of linear evolution in most CRC patients with liver-limited metastatic disease.

Several studies reported a concordant mutation profile for the main CRC driver genes, including
KRAS, TP53, APC, PIK3CA, BRAF, and NRAS between primary tumors and metastatic lesions regardless
of the temporal relationship between metastases (synchronous or metachronous) [39,40]. Only in a
minority of cases (7–15%) metastases differed from paired primary tumors [39,40]. Similarly, Jesinghaus
and coworkers have explored the mutational landscape of 24 primary MSS CRCs and of their respective
metastases: A high degree of genetic concordance of the mutations affecting the driver genes APC,
KRAS, FBXW7, PIK3CA, BRAF, SMAD4, and ACVR2A was observed; only 16% of cases displayed the
acquisition of new mutations in metastatic lesions involving the TP53, CTNNB1, PTEN and SYNE1,
all the remaining cases sharing the genetic lesions of the primary tumor with metastases, for all types
of metastases, lymph node and distant metastases [41].

Isaque and coworkers have performed a comprehensive whole-genome analysis of differences
between metastatic lesions and their corresponding primary tumors in 12 MSS CRC patients [42].
This detailed analysis showed that 65% (range from 36% to 92%) of all mutation events were shared
between primary tumors and corresponding metastases, suggesting the existence of a common truncal
clone; 15% (range from 1% to 29%) were tumor-specific and 19% (ranging from 3 to 42%) were
metastasis-specific; recurrent driver mutations were equally present in primary tumors and their
matched metastases, with the exception of only metastatic TP53 mutation, absent in the corresponding
primary tumor; a number of metastasis-specific mutations were identified, including non-silent
mutations of FAT1, FGF1, BRCA2, TP53, and KDR, splice site mutations of JAK2 and 3′-UTR mutations
in KDR, PDGFRA, and AKT2 genes [42].
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Several studies have explored copy number profiles of paired primary and metastatic CRC.
Kawamata et al. have analyzed CNAs in paired primary and metastatic tumor samples derived from
16 patients; the CNA profile was explored and was correlated with the timing of primary and metastatic
tissue resection and with the exposure to chemotherapy [43]. An average copy number difference of
22% was observed when comparing primary and paired liver metastases; the differences observed
between metastases and corresponding primary tumors increased when considering in this analysis
post-therapy metastases; some loss of heterozygosity (LOH) events were unique either to primary
tumor samples or to metastases: those unique to primary tumors occurred more frequently in those
treatment naive, while LOH events unique to metastases occurred most frequently post-therapy [43].
Interestingly, events of amplification of clinically actionable genes ERBB2, FGFR1, PIK3CA, or CDK8
were observed in some patients at the level of metastases but not in the corresponding primary
CRCs [43].

Smeets and coworkers investigated the pattern of CNAs in 409 metastatic CRC patients undergoing
treatment with chemotherapy alone or chemotherapy plus bevacizumab in the context of the phase II
MoMa study [44]. mCRCs were clustered into three different subgroups according to increasing degrees
of chromosomal instability: tumors belonging to the intermediate-to-high instability subgroups have
improved outcome following treatment with chemotherapy plus bevacizumab versus chemotherapy
alone; low instability tumors, including POLE-mutated and MSI tumors, derive no further benefit from
bevacizumab [44].

The targeted therapy of metastatic CRC patients implies the exploration of the targeted biomarker
and its presence in both primary and metastatic tumors. The introduction of EGFR inhibitors for
treatment of metastatic CRC patients allowed the unique opportunity to obtain, through the analysis of
numerous clinical studies, data on the concordance of the mutational status for KRAS, NRAS, BRAF and
PIK3CA between primary tumors and metastases in more than 3500 patients [45]. This metanalysis
involving 61 clinical studies and data on 3565 metastatic CRCs showed: (i) a very high median
biomarker concordance for KRAS (93%), NRAS (100%), BRAF (99.4%), PIK3CA (93%); (ii) a pooled
discordance of 8% for KRAS, 8% for BRAF, and 7% for PIK3CA [35]. These observations further support
the maintenance of the main driver mutations in CRCs undergoing metastatic spreading [45].

4. Tumor Heterogeneity and Metastatic Evolution

Study of intratumor heterogeneity (ITH) is fundamental from both a biological and clinical
perspective, to understand the genomic changes driving the evolution of the malignant process
up to metastasis generation. Several studies have shown that CRCs display a consistent degree of
spatial intratumor heterogeneity; particularly, three types of spatial heterogeneity of CRCs have been
described: (i) ITH related to the existence of genetic differences at the level of tumor cells within the
primary tumor; (ii) ITH related to differences at the level of various metastatic lesions within a single
patient; (iii) ITH related to the existence of genetic differences within the cells of a single metastatic
lesion (intrametastatic heterogeneity) [46].

An initial study by Baisse and coworkers provided evidence through multiregional sequencing
analysis of 15–20 areas within a tumor, that 67% of advanced CRCs displayed significant ITH at
the level of gene alterations and CNAs [47]. Jeantet and coworkers performed the analysis of the
distribution of RAS mutations in different areas of primary tumor, metastatic lymph nodes and distant
metastases: primary tumors displayed an intra-tumoral heterogeneity for RAS mutations in 33% of
cases; the comparative analysis of primary tumors and metastatic tumors showed an inter-tumoral
heterogeneity in 36% of cases; multiple RAS mutated subclones were observed in 28% of cases in the
same tumor [48].

Kim and coworkers have performed a multiregion analysis of the mutational spectrum and
CNAs at the level of both primary and metastatic colorectal cancer lesions from five CRC patients [49].
This study showed a substantial level of ITH in both primary and matched liver metastases, with 46% to
80% subclonal mutation fractions. The spatial localization of the mutations allowed their classification
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into three types: the universal mutations are those observed in all the regional biopsies, are enriched in
genes such as APC, KRAS, and TP53 and represent events occurring early during tumor evolution;
metastasis-clonal mutations are those that are regionally clonal only in the metastatic regions and may
represent genetic events involved in the development of distant metastases; primary-private mutations
are those present in primary but absent at the level of metastases; metastasis-private mutations are
those present in primary but absent in only a part of metastatic lesions and may represent events
that are acquired during the expansion of metastatic clones [49]. It was estimated that 20–54% of
mutations in a given sample were universal, whereas from 46% to 80% of mutations were subclonal;
among the subclonal lesions, 1–15% were metastasis-clonal, 2–41% metastasis-private, and 14–56%
primary-private [49]. Most CNAs containing genes involved in CRC development, such as APC,
PTEN and SMAD4 were observed in both primary and metastatic lesions, thus representing early
or universal genomic events [49]. In contrast, copy number changes such as chromosomal gains of
c-MYC and chromotripsis can be region-specific and may represent the source of genetic intra-tumor
heterogeneity. Finally, the inferred evolution pattern of cancer progression was as a branched evolution,
rather than as linear evolution [49].

Sveen et al [50] have reported high-resolution DNA copy number analysis of metastatic lesions
from 45 CRC patients; this analysis showed a pronounced variation in the level of intra-patient
inter-metastatic heterogeneity [50]. Interestingly, the level of intra-patient inter-metastatic heterogeneity
resulted to be a strong prognostic determinant, stronger than commonly adopted clinico-pathological
prognostic markers: patients with a high-level of heterogeneity had a three-year overall survival of
18%, compared to 66% for patients with a low-level of tumor heterogeneity [50].

Uchi and coworkers have investigated intratumor heterogeneity in CRC by analyzing samples from
distinct areas of 9 different primary tumors [51]. Multiregional exome sequencing provided evidence
about the existence of extensive intratumor heterogeneity and branched evolution. Particularly,
the analysis of the various mutations showed that they can be classified as founder, shared and unique
mutations: parental clones acquire mutations in driver genes, such as APC, KRAS and FBWX7 as
founder mutations during tumor development, whereas subclones acquire mutations in PIK3CA
mutations as progressor mutations [41]. The age of patients correlated with the number of founder
mutations. Similar to gene mutations, some copy number alterations occurred as founder events
(such as amplifications of 7p, 13q, 10q, 20p, and 20q), while other CNAs, such as several focal deletions,
predominantly occur as progressor CNAs [51]. The analysis of epigenetic intratumoral heterogeneity
showed that CIMP-H occurs early in tumor evolution [51]. Similar to the other genetic alterations,
some epigenomic modifications occurred as founder events, such as hypermethylation of SFRPs,
GATA4 and GATA5 genes, whereas other epigenomic modifications occurred as progressor events [51].
An integrated view of the various parameters of intratumor genetic/epigenetic heterogeneity allowed
the reconstruction of each CRC’s life history. A typical example is given by one of these nine patients:
in this patient, the initial founder mutations, APC, KRAS and FBWX7 mutations, were observed at the
level of the parental clone; this initial parental clone subdivided into two subclones, one characterized
by the acquisition of a focal MYC amplification and the other one by several shared CNAs, such as
20p amplification and 1p deletion. At the subsequent steps of tumor evolution, the two subclones
branched into minor subclones, a process accompanied by accumulation of progressor mutations and
methylation alterations. These events caused the development of a consistent degree of intratumor
heterogeneity, extended also at the level of transcriptome heterogeneity [51]. Interestingly, these authors
have performed a comparative analysis of ITH in early and advanced CRCs, providing evidence that
early tumors acquire more subclonal driver mutations compared to advanced tumors: in early CRCs
50% of driver mutations were branch mutations, while only 22% mutations were branch mutations in
advanced colorectal cancers [52].

Some studies have explored ITH of CRCs using deep sequencing techniques. Thus, Wei et al.
performed a high depth multiregional wide exome sequencing in 28 tissues from four CRC patients
with matched primary and metastatic tumors. This study provided several interesting findings to
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better understand the process of CRC metastasization: metastatic tumors exhibited less intratumor
heterogeneity than primary tumors; primary and metastatic tumors differ significantly based on
the analysis of allelic frequency of the various mutations; all metastatic tumors inherited multiple
genetically distinct subclones from primary tumors, thus suggesting a possible polyclonal seeding
mechanism for metastasis [53]. In one of these patients, both lymph nodes and lung metastases were
analyzed, showing a completely different genetic landscape in these two different metastatic sites;
according to this finding, it was suggested that parallel metastatic dissemination to distant organs is
independent of lymph nodes [53]. Suzuki et al. have shown a variable level of ITH using deep-targeted
NGS followed by ultra-deep amplicon sequencing through the analysis of 4 different CRC patients
investigated at the level of various tumor regions; different tumor regions shared mutations in driver
genes, such as APC, KRAS and TP53. However, in addition, many mutations were observed only
at subclonal levels and in many instances their detection was only revealed by an ultra-high-depth
sequencing approach [54].

Very interestingly, Oh and coworkers performed a study of intratumor heterogeneity on a large
set of patients across 8 different tumor types by targeted deep sequencing; using this technique, a ITH
index was determined showing that CRCs are among the tumors with the highest ITH index [55].
In this study, CRC patients of all tumor stages were included showing that ITH index was already
high in 40% of stage I patients and moderately increased with tumor stage progression, with a high
ITH index in 55% of stage IV CRCs [55]. The presence of high ITH index was clearly associated with a
decreased progression-free survival (PFS) in stage I-III patients, but not in stage IV patients [55].

It is important to note that intratumor heterogeneity is not dictated only by genetic mechanisms,
but also by phenotypic heterogeneity/plasticity apparently unrelated to genetic determinants. A notable
example is provided by a study by Kreso et al., based on the analysis of serially expanded CRC clones
from patient samples, remaining genetically stable during serial transplantation; in spite this stability,
reproducible differences in the functional fates and response to chemotherapy of individual CRC
cells, suggesting that in vivo dynamic changes of CRCs are not dictated by genomic changes [56].
These observations support the view that, in addition to the well-known mechanisms of tumor
heterogeneity driven by genetic diversity, other diversity-generating processes exist within a genetic
clone, seemingly related to epigenetic diversity, variability of tumor microenvironment and multiple
external factors affecting gene expression [56].

5. Liver Metastases

The liver is the most frequent metastatic site for CRC, with 60% of CRC patients developing
colorectal liver metastases (CLMs). CLMs can be surgically removed or therapeutically ablated and
these procedures may significantly improve the survival of these patients. Recent studies have explored
a possible link between genomic features and outcomes of metastatic CRC undergoing CLM resection.
Initial studies have suggested that mutations in KRAS and BRAF are associated with a poor outcome
after CLM resection, whereas mutations in NRAS, TP53, PIK3CA, and SMAD4 were shown to be
potential prognostic factors after CLM resection [57].

More recent studies have shown that the analysis of co-mutation status is more predictive of
outcome after CLM removal [57]. Thus, it was shown that RAS/TP53 double-mutant metastatic
CRC with predominant location in right colon of primary tumors, corresponding to 31% of patients,
displayed a shorter five-year overall survival (12%), compared with 55% overall survival of TP53
wild-type [57].

The presence of V600E BRAF mutations observed in 5.1% of metastatic CRC patients, but not
non-V600E BRAF mutations was associated with worse prognosis (reduced survival and frequent and
rapid recurrence) after resection of CLMs [58]. Interestingly, V600E BRAF mutations had a stronger
association with overall and disease-free survival than KRAS mutations [58].

Datta and coworkers explored a large group of 935 patients with metastatic CRC and showed
that co-alteration of oncogenic TP53 with either KRAS, NRAS, or BRAF mutations was associated with
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significantly worse survival compared to alterations in either gene group alone [59]. Interestingly,
RAS/BRAF-TP53 co-mutated CRCs were associated with worse survival in patients with liver and lung,
but not with peritoneal surface metastases Moreover, co-altered BRAF/RAS-TP53 were significantly
associated with the development of extra-hepatic metastatic sites [59]. Similar conclusions were
reached by Kawaguchi et al. who analyzed the possible relationship between somatic gene mutation
profile and outcome in 507 metastatic CRC patients who underwent CLM resection: BRAF, RAS, TP53,
and SMAD4 mutations were significantly associated with overall survival, coexisting mutations in
RAS, TP53, and SMAD4 were associated with negative outcome (reduced OS and RFS) than coexisting
mutations in any two of these genes and mutations in one or more of these genes [60].

Smith et al. recently reported the results of a retrospective study on 370 metastatic CRC patients
who underwent either colorectal liver hepatectomy followed by hepatic arterial infusion (HAI)
chemotherapy or HAI and systematic therapy (patients with unresectable metastases); 34.8% of these
patients have extrahepatic disease and 65.2% have liver-restricted disease [60]. Concurrently mutated
RAS/BRAF and SMAD4 were associated with negative survival in resectable patients, while concurrent
RAS/BRAF and TP53 mutations were associated with worse survival in unresectable patients [61].

Leung et al. have developed a highly multiplexed single-cell DNA sequencing to trace the
metastatic lineage of two CRC patients with matched liver metastases [62]. In the first patient,
a monoclonal seeding was observed, in which a single clone of tumor cells acquired a large number of
mutations before developing the capacity to migrate to the liver and to develop an advanced, metastatic
tumor; in the second patient, a polyclonal mechanism of seeding was observed, in which two clones
that have diverged from the primary tumor metastasize to the liver [62]. Interestingly, the single-cell
sequencing approach allowed to show the existence in one of the two patients of a rare subpopulation
of diploid cells that carried a heterozygous mutation in APC gene, but not associated with other
somatic mutations; these cells were diploid and seemingly represent the initial tumorigenic cells and
remained present in the advanced tumor representing 2.6% of tumor cells [62]. A second unexpected
finding was observed in the second patient and consisted in the detection of a small independent
subpopulation of diploid tumor cells that harbored a completely different set of mutations than the
main tumor lineage [62].

6. Lymphatic Metastases

Other studies have explored the process of CRC metastasization, focusing on the mechanisms of
spreading of cancer cells from the primary tumors to regional lymph nodes. Lymph node metastasis
associates with negative outcomes in CRCs and the presence of tumor cells in regional lymph nodes
defines stage III disease and the need for adjuvant chemotherapy and lowers the 5-year survival
compared to stage II disease without lymphatic lymph nodes metastasis [63].

Naxerova et al. have explored the evolutionary relationship between primary tumor, lymph node
and distant metastases in CRC: through the study of 213 biopsy samples from 17 patients, these authors
have used somatic variants in hypermutable DNA regions to reconstruct phylogenetic trees of tumor
metastatic evolution [64]. This analysis provided evidence about the existence of two different pathways
of lymph node and distant metastases generation in CRC patients. In fact, the genetic distances
between lymph node metastases, distant metastases and corresponding primary tumors were measured
showing that for the majority (73%) of lymph node metastases the distance with respect to the primary
tumor was shorter than the distance with respect to distant metastases; distant metastases (69% of
cases) had shorter distance to the primary tumor than to lymph nodes metastases [64]. In line with
these observations, reconstruction of phylogenetic evolutionary tumor trees allowed to establish that
in 35% of cases lymphatic and distant metastases have a common origin from the same subclone of the
primary tumor (either they originate both from the primary tumor or, alternatively, distant metastases
originate from lymph node metastases). In contrast, in 65% of cases, there is evidence of a distinct
origin of lymphatic and distant metastases, as supported by the evidence of genetically different
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alterations, thus indicating that in these patients primary tumors harboring multiple subclones at
different stages of evolution have seeded genetically distinct metastases [64].

Ulintz and coworkers have explored the clonal origin of lymph node metastasis in CRC. Thus,
they have investigated multiple tumor regions and cancer-containing lymph nodes from 7 CRC patients,
providing evidence that: (i) for each patient, the primary tumor regions and matched lymph node
metastases were polyclonal and the clonal populations differed from one node to another; (ii) in a part of
CRC patients, the cancer cells present in a given lymph node originated from multiple distinct regions
of a primary tumor, while in other cases these metastatic cells originate from a single geographic region
of the primary tumor; (iii) lymph node metastases contain subclones originated early or late during
tumor development [65]. According to these findings, a model of lymph node metastatic spreading in
CRCs involving multiple waves of seeding from the primary tumor over time was proposed [65].

Hu et al. have recently characterized the evolutionary dynamics of metastatic seeding by analyzing
exome sequencing profiles from 118 biopsies derived from 23 patients with CRC with metastases to
liver or brain [66]. Particularly, these authors performed multi-region sequencing on the primary
tumor and paired metastasis to build phylogenetic trees. The results of this study indicate that the
genomic divergence between the primary tumor and paired metastases is low: mutations in KRAS,
TP53, SMAD4, TCF7L2, FN1, ERLF3, and ATM were highly concordant between primary tumors
and metastases and 70% of highly frequent gene mutations were shared by both lesions, a finding
similarly observed in liver and brain metastases; among the genes that tended to be private to the
primary tumors or to metastases the most frequent were SYNE1 and APOB. Somatic copy number
alterations were generally concordant. Some putative oncogenes, such as PIK3CA, GNAS, SRC,
FXR1, MUCA, GPC6, and MECOM were more recurrently amplified in metastases than in primary
tumors [56]. Interestingly, the analysis of genetic data relative to large sets of CRC patients allowed
to define the existence of metastasis-associated early driver gene modules present in early tumors
and characterized by modules of tumor cells exhibiting CRC drivers (combinations of APC, KRAS,
TP53, or SMAD4) associated with potential metastasis-associated genes, such as TCF7L2, AMER1,
or PTPRT [56]. Interestingly, PTPRT mutations in combination with canonical CRC drivers are almost
exclusively found in metastatic CRC patients [66]. The simulation of spatial tumor growth under
selective or neutral growth evolutionary modes, coupled with the evaluation of the patterns of subclonal
divergence at the level of different tumor regions allowed to establish whether a given tumor is driven
by positive selective selection (either strong or weak) or by neutral evolution. The development
of a spatial computational model of tumor progression and statistical inference framework to time
dissemination in a patient-specific fashion, allowed to suggest that the capacity to seed metastasis is a
property inherent to cancer cells originated early during tumor development (81% of cases), when the
tumor bulk is clinically undetectable [66]. The analysis of a large set of public databases provided
evidence that the large majority (90%) of metastatic primary CRCs displayed subclonal selection,
thus suggesting that the metastatic clone possesses a consistent selective growth advantage. However,
only a lower proportion (33%) of stage I-III CRCs displayed patterns of tumor evolution compatible
with subclonal selection. Importantly, this observation suggests that type of tumor evolution may be
dependent on disease stage or disease aggressiveness [66]. As mentioned above, driver mutations
were usually not enriched in metastases; however, the stratification of CRC patients according to the
profile of tumor evolution (early dissemination vs. late dissemination) showed a higher frequency of
private driver mutations in metastases evolving under selection conditions compared to those evolving
neutrally, thus suggesting that in these patients additional subclonal driver mutations may occur
during the development of some metastases [66].

The same authors very recently reported the analysis of whole-exome sequencing data from 457
paired primary tumors and metastases derived from 136 patients with colorectal, breast and lung cancer:
this study involved the analysis of 39 metastatic CRC patients, including both untreated and treated
metastases [67]. The results of this study provided several interesting findings: (i) the mutational
burden (single nucleotide variation and CNAs) was highly concordant between primary and metastatic
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tumors; (ii) metastases displayed a slight increase in the number of clonal single nucleotide mutations
and fewer subclonal nucleotide variants, supporting the existence of an evolutionary bottleneck during
metastasis; (iii) a high percentage (84%) of clonal drivers in each primary CRC tumor and metastasis
was shared, while the fraction of subclonal drivers was 20%; (iv) among the three cancers investigated,
CRC had the highest prevalence of primary tumor-private subclonal drivers; (v) driver mutations
present in metastases are enriched in the trunk of the phylogenetic mutational tree; (vi) treatment
induced a dramatic increase of the frequency of private clonal drivers across all the three cancers,
including CRC (78% of metastasis-private clonal driver mutations), thus suggesting that therapy selects
a minor micro metastatic subclone; (vii) a small number of driver genes that were more frequently
amplified or deleted in metastases compared to primary tumors (such as amplification of RAC1 or
deletion of FAT1 and ALB genes); (viii) polyclonal seeding was common in untreated lymph node
metastases and distant metastases, but was less frequent in treated distant metastases [67]. The low
number of metastasis-private clonal mutations is consistent with early metastatic seeding [67].

7. Effect of Therapy on Mutational Landscape of Metastatic CRC

The targeted therapy of metastatic CRC patients implies the exploration of the targeted biomarker
and its presence in both the primary and the metastatic tumors. The introduction of EGFR inhibitors
for treatment of metastatic CRC patients allowed the unique opportunity to obtain, through the
analysis of numerous clinical studies, data on the concordance of the mutational status for KRAS,
NRAS, BRAF and PIK3CA between primary tumors and metastases in more than 3500 patients [45].
This meta-analysis involving 61 clinical studies and data on 3565 metastatic CRCs, showed: (i) a
median biomarker concordance for KRAS (93.7%), NRAS (100%), BRAF (99.4%), and PIK3CA (93%);
(ii) a pooled discordance of 8% for KRAS, 8% for BRAF, and 7% for PIK3CA [45]. These observations
further support the maintenance of the main driver gene alterations in CRCs undergoing metastatic
spreading [45]. The detection of KRAS mutations in metastatic CRC is important because implies a
negative prognosis and a poor response to standard chemotherapy [68].

An important example of the therapy-driven effects on the genomic alterations of metastatic CRC
derives from the analysis of patients developing resistance to therapies based on EGFR inhibitors.
EGFR inhibitors are effective in a subset of KRAS wild-type metastatic CRCs; however, after an initial
response, the development of secondary resistance mechanisms cause disease relapse, thus limiting
the clinical benefit of this treatment: The analyses of metastases of patients who developed resistance
to EGFR inhibitors showed more rarely the emergence of KRAS amplification and more frequently
the acquisition of secondary KRAS mutations; in these patients, KRAS mutant alleles were detectable
in the blood circulating tumor DNA 10 months before the radiographic documentation of disease
progression [69]. These observations suggest that EGFR-targeted therapy exerts a selective effect
on CRCs either inducing the expansion of pre-existing KRAS-mutant subclones or favoring the
development of new KRAS alterations [69]. Another mechanism of secondary resistance to EGFR
blockade is represented by novel alterations of ectodomain of EGFR [70]. The study of individual
patients has shown that different metastatic biopsies from the same patient with CRC display genetically
distinct mechanisms of resistance to EGFR blockade: thus, in some patients, it was documented that
distinct resistance mechanisms emerge in different metastases in the same patient and can drive
lesion-specific responses to different targeted therapies [70].

Genetic mechanisms of primary resistance to EGFR inhibitors among KRAS wild-type CRC patients
are represented by NRAS mutations, V600EBRAF mutations, MET amplification, ERBB2 amplification,
PIK3CA mutations at the level of exon 20, mutations in FGFR1, PDGFRA, and MAP2K1, and homozygous
deletions of PTEN [71].

Using xenografts derived from hepatic metastases of CRC patients, amplification of ERBB2
was identified as a potential therapeutic target in cetuximab-resistant CRCs [72]. These preclinical
observations supported a clinical study (HERACLES) evaluating trastuzumab and lapatinib in
metastatic CRC patients with amplified ERBB2 refractory to standard cares: in 33 patients,
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24.2% objective responses were observed with durable clinical benefit lasting >24 months in responding
patients [72]. Although ERBB2 blockade was effective, most of responding patients relapse [73]. A recent
study explored the mechanisms of tumor evolution responsible for relapse to HER2 blockade. In fact,
the analysis of circulating tumor DNA allowed to define organ and metastases-private evolutionary
patterns and high-levels in intra-patient molecular heterogeneity, defining lesion-specific evolutionary
trees and potential pharmacologic vulnerabilities [74].

8. Models of CRC Progression and Evolution

The study of tumor heterogeneity is a fundamental tool to analyze and to define the molecular
and cellular mechanisms responsible for the development of CRC and have provided a consistent
contribution to the development of current theories to explain CRC development.

Two different models have been proposed in the time to explain the origin and development of
CRC metastasis: one suggesting a common origin for both the primary tumor and metastases and
the other hypothesizing a completely independent genesis of metastases and of the primary tumor.
The sequencing data of matched primary tumors and metastases have strongly supported the existence
of a common ancestor of both the primary tumor and of the corresponding metastases.

The development of CRC from a common ancestor implies two different models to explain
metastasis evolution: the parallel progression model suggests that the dissemination of metastasizing
tumor cells occurs during early stages of primary tumor and the primary tumor and metastases evolve
separately thereafter. The linear progression model implies the occurrence of metastases as a sequential
event occurring during primary tumor development.

8.1. Somatic Mutations in Normal Colonic Epithelium

Colon epithelium is organized in crypts, composed by about 2000 cells, representing the tissutal
units. The main function of crypts consists in providing an efficient system of renewing of the
short-lived colonic epithelium, through the differentiation of intestinal stem cells, located at the base of
the crypts; these stem cells stochastically replace one another through a biologic process of neutral drift,
thus ensuring that all stem cells and differentiated cells present in a crypt derive from a single ancestral
stem cell. As a consequence of this hierarchical organization of the intestinal crypt, somatic mutations
in these ancestor stem cells are present in all the stem cells composing the crypt; these stem cells are
considered the cells of origin of CRCs [75]. A recent study explored somatic mutational landscape in
normal colorectal epithelium through whole-genome sequencing of normal colorectal crypts from 42
individuals [76]. Signatures of multiple mutational processes were detected, with some signatures
being ubiquitous, while other ones observed in some individuals, in some crypts. Driver mutations
were observed in about 1% of normal colorectal crypts in middle-aged individuals [76]. Among the
driver mutations detected in normal crypts there are AXIN2, STAG2, PIK3CA, ERBB2, ERBB3, FBXW7
mutations [66]. A different pattern of mutations was observed in normal crypts compared to those
observed in CRCs: ERBB2 and ERBB3 mutations are common in normal colon but rare in CRCs (1%),
whereas mutations in driver genes mutations in APC, KRAS and TP53 are common in CRCs, but are
rare among normal crypts (one in 14) [66]. These observations strongly suggest a major oncogenic
potential to APC, KRAS, and TP53 mutations promoting the conversion to colorectal adenoma (CRA)
and CRC, whereas mutations in ERBB2 and ERBB3 confer higher like hoods of crypt colonization by
stem cells [76]. No significant difference was observed in the frequency of driver mutations between
individuals who had CRC and those who did not [76]. According to these findings, it was concluded
that CRAs and CRCs are rare outcomes of a pervasive process of neoplastic change occurring at the
level of morphologically normal colorectal epithelium [76].

The investigation of individuals with inflammatory bowel disease provided evidence that the
repeated inflammatory cycles affecting the colonic epithelium induce a 2.4-fold increase of the average
rate of colonic crypts affected; the mutations observed in IBD non-neoplastic epithelium mostly
involve ARID1A, FBXW7, PIGR, and ZC3H12A genes in the IL17 and Toll-like receptor pathways [77].
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Mutations in KRAS, APC and TP53 are rare in non-dysplastic tissues from IBD patients. At variance
with the normal colon, where clonal expansions are limited to the crypts, in IBD epithelium, frequent
widespread millimeter-scale clonal expansions were observed [77]. The differences in driver landscape
of IBD colon, suggest that there are different selection mechanisms in the colitis-affected colon and that
somatic mutations potentially play a causal role in IBD pathogenesis [77].

Nicholson and colleagues have analyzed stem cell dynamics in normal human colon to define the
efficiency of clone fixation within the epithelium and the rate of subsequent lateral expansion [78].
The process of mutant clone fixation within colonic crypts takes years, due to the time required for the
mutated intestinal stem cells to replace neighbors cells to populate the entire crypt; crypt fission allows
the lateral expansion of mutant clones: this process is rare for neutral mutations (0.7% per year); biases in
both fixation and expansion of stem cells increases age-related pro-oncogenic burden; pro-oncogenic
mutations modify the stem cell turnover and accelerate fixation and clonal expansion by crypt fission
to generate high mutant allelic frequencies with age [78].

8.2. Mutational Landscape in the Progression from Colorectal Adenomas to Colorectal Cancers

Several studies have compared the spectrum of genetic alterations in CRAs and in CRCs.
In an initial study, Jones et al. have performed an analysis of the mutations observed in benign,

invasive and metastatic colorectal tumors and reached the conclusion that more selective mutational
events are required for the transition of a benign adenoma into a CRC than those required for the
acquisition of metastasizing properties by a CRC [32]. The results of this study supported a classical
model of colorectal tumorigenesis, characterized by the progressive acquisition of mutational events
through various clinical stages of tumor progression: the tumor process is initiated by the acquisition
of a mutation into a gene of the Wnt pathway (mostly APC mutations) with consequent formation
of a small adenoma; mutations constitutively activating KRAS/BRAF pathway are required for the
proliferation of the small adenoma and for its transformation into a large adenoma; subsequent
acquisition of mutations at the level of genes controlling the PIK3CA, TGF-β and TP53 pathways is
required for the transformation of a benign adenoma into a CRC; only few metastasis-specific mutations
are acquired during the transition of a CRC from an invasive condition to a metastatic status [32].

APC loss of function is a key event in the colon carcinogenesis and represents the first event in
the tumor initiation. This conclusion was directly supported through sequencing studies on colon
adenomas. Nikolaev and coworkers have performed an exome sequencing analysis of 24 human colon
polyps, derived from 22 individuals with no family history of predisposition to cancer. The mutational
profiles observed at the level of the cancer-driver genes APC, CTNNB1 and BRAF genes allowed
to subdivide polyps into three different groups: the group 1 with APC mutations, included the
majority of polyps, mostly corresponding to colon adenomas: All the observed mutations introduced
premature stop codon and none of these polyps retained a normal APC allele, due to the presence
of two APC mutations or a single APC mutation associated with loss of heterozygosity; the group
2 with CTNNB1 mutations included only a few minority of polyps: the CTNNB1 mutation was
homozygous, due to concomitant LOH; the group 3 with BRAF mutations included polyps with
serrated histology: BRAF mutations were heterozygous [79]. Adenomas with CTNNB1 or BRAF
mutations did not display mutations in other cancer-driver genes, whereas adenomas with APC
mutations showed additional cancer-driver mutations (at the level of KRAS, NRAS, GNAS, AKT1,
SOX9 and TP53 genes), whose number correlated with the degree of dysplasia and invasiveness [79].
In addition to cancer-driver gene mutations, many passenger mutations were observed in colon
adenomas [69]. According to the rate of single nucleotide substitutions, it was suggested the existence
of a mutator phenotype in colon adenomas [79].

Lin and coworkers have reported the results of a whole-exome sequencing and targeted sequencing
study on 149 colon adenocarcinoma samples, corresponding to 134 conventional adenomas (CADs)
(104 non-advanced and 30 advanced) and 14 serrated adenomas (SSAs). No significant differences in
the mutation rates were found between CNADs and SSAs (1.5 and 1.7 mutations/Mb, respectively) [80].
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As it is expected, the gene most frequently mutated in CNADs was APC, while BRAF was the gene
most recurrently mutated in SSAs [70]. In addition to APC, four genes were frequently mutated in
CADs: CTNNB1 (catenin beta 1), KRTAP4-5 (keratin-associated protein 4-5), GOLGA8B (golgin A8
family member B) and TMPRSS13 (transmembrane protease, serine 13) [80]. The biological role of
GOLGA8B, TMPRSS13 and KRTAP4-5 in the development of colon adenomas and in their progression
to CRC remains largely unknown. The comparison of the mutational profile observed in non-advanced
CADs, advanced CADs and CRCs showed that: PIK3CA and SMAD mutations are absent in CADs;
APC mutations are increasing from non-advanced to advanced CADs; KRAS and TP53 mutations
are progressively increasing in the progression from non-advanced to advanced CADs and then to
CRCs [80]. The identification of some CRC-specific mutated genes, absent in CADs, provides a tool for
distinguishing between adenomas and CRCs and supports the view that some mutational events are
essential for the transition from benign adenomas to CRCs [80].

Lee and coworkers reported the mutational profiling by whole-exome sequencing of 12 high-grade
colon adenomas (HGCAs, 11 non-hypermutated and 1 hypermutated). This analysis showed that total
numbers and spectrum of somatic mutations detected in HGCAs were not consistently different from
those observed in CRCs [81]. The most recurrent gene alterations observed in these tumors consisted
in mutations of APC, KRAS, SMAD4, ERBB4, AMER1, and TP53 genes, copy number loss of SMAD4,
and copy number gain of GNAS and ARID2 genes [81]. The peculiar finding of this study was related
to the observation that mono-allelic inactivation of SMAD4 may occur in HGCAs.

Druliner and coworkers have recently reported the analysis of cancer-adjacent polyps (CAPs) and
cancer-free polyps (CFPs): CAP cases included matched, distant normal colon epithelium, the polyp
(residual polyp of origin) and the corresponding cancer that arose from the polyp, whereas CFP cases
include matched, distant normal colonic epithelium and colon adenoma (polyp) [82]. The mutational
spectrum of CAPs and CFPs was explored by wide exome sequencing; the majority of the top 10
genes involved in CRC tumorigenesis had a mutational frequency higher in CAPs than in CFPs: TP53,
FBXW7, PIK3CA, KIAA1804, SMAD2, and SMAD4 were almost exclusively mutated in CAPs [82]. Thus,
the CAPs displayed an increased number of genetic variants as compared to the CFPs and the genes
preferentially or exclusively mutated in the CAPs were enriched for cancer pathways [82]. Some genes,
GREM1, IGF2, CTGF, and PLAU displayed significant changes between CFPs and CAPs [82].

In a recent study, Cross and coworkers have mapped the evolutionary landscape of CRAs and
CRCs through the study of multi-targeted whole genome sequencing on 2–16 regions from 9 CRAs and
15 CRCs [83]. The mutational frequency (single nucleotide alterations) was similar in CRAs and CRCs;
the burden of driver mutations was similar in CRAs and CRCs. Individual driver gene mutations
were detected at similar frequencies across CRAs and CRCs, with the exception of TP53, which was
more commonly mutated in CRCs than in CRAs [83]. Intra-tumor heterogeneity and phylogenetic
analyses suggest that CRCs occupy sharper fitness peaks that CRAs: 56% of CRA single nucleotide
alterations (SNAs) were subclonal, while only 45% of CRC SNAs were subclonal. The phylogenetic
trees of CRAs have shorter trunks and longer branches/leaves than those of CRCs; CRAs were more
heterogeneous than CRCs, suggesting that the former occupy a broader fitness peak than the latter
ones [83]. The analysis of non-synonymous mutations to synonymous mutations on the branches/leaves
of CRCs relative to their trunks, but not of CRAs, possibly suggesting a possible positive subclonal
selection in CRAs; these findings suggest that subclonal selection is absent/weak at the level of
established CRC [83]. The driver gene alterations can be subdivided into tier 1 mutations (mutations
or gene alterations playing a defined role in CRC pathogenesis) and tier 2 mutations (gene alterations
of uncertain pathogenic role or pan-cancer genes): tier 1 driver mutations were very frequently clonal
in both CRAs (80%) and CRCs (89%); tier 2 driver mutations were less frequently clonal in CRAs
(47%), compared to CRC (80%) [83]. The analysis of copy number alterations showed some remarkable
differences between CRAs and CRCs: Adenomas had fewer CNAs than CRCs and the overall average
proportion of the genome disrupted by CNAs was lower in adenomas (40%) than in CRCs (72%) [83].
Driver CNAs in CRC involve losses of chromosomes 5q (APC), 17p (TP53) and 18q (SMAD4): 17p loss
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occurred more frequently in CRCs than in CRAs, whereas loss of 5q and 18q occurred at similar
frequencies in CRAs and CRCs [83]. 78% of CN gains were subclonal in CRAs compared to 48% in
CRCs; 57% and 27% of CN losses were subclonal in CRAs and CRCs, respectively [83]. The evolution
of CRC involves either a punctuated or a more gradual CNA acquisition [83]. Finally, the analysis
of few MSI+ CRCs indicate that these tumors evolve in a similar way to MSS CRCs, with a higher
mutational burden and with a more limited evidence of subclonal selection [83]. The ensemble of
these observations suggests that CRAs can harbor mutations in any CRC driver gene and driver
acquisition does not necessarily involves selective sweeps, inducing stepwise evolution of the tumors,
as supported by the finding that subclones with additional driver mutations do not replace subclones
lacking these driver mutations, but co-exist in different areas of the tumors [84].

8.3. The Classical Linear Progression Model and the Big Bang Model

The classical linear progression model implies that a CRA is initiated by two genetic alterations at
the level of the APC gene and progresses to invasive CRC through a progressive, stepwise acquisition
of additional genetic alterations involving driver gene mutations such as KRAS and TP53 and deletion
of chromosome 18q4 [74]. The evolutionary dynamics of this process is governed by a series of
progressive selective sweeps to fixation, each involving the progressive development of subclones
exhibiting increasing fitness, due to the acquisition of new driver mutations [32].

Using early index-lesion sequencing and a mathematical model helping to translate the mutational
events into distance of time, it was estimated a shorter time required for the development of metastases
from advanced CRC (1.8 yeas) than for the development of an advanced CRC from a colon adenoma
(17 years) [32].

In 2015, Sottoriva and coworkers proposed the “Big Bang” model of human colorectal tumor
evolution, based on the assumption that these tumors are genetically heterogeneous from their
initiation and subsequent genetic alterations are changes of their original ancestral cancer-driving
alterations [85]. Several observations support the Big Band model: (i) Intratumor heterogeneity is a
“constitutive” property of CRCs arising from their initiation and increasing with their progressive
growth, not significantly influenced by events of clonal selection; this spontaneous propensity to
intra-tumor heterogeneity predisposes the CRCs to a branched phylogeny pattern of growth. (ii) Marked
clonal expansions or selective sweeps are rare events at the level of CRCs at an advanced stage of
tumor development. (iii) Both universal and private genetic alterations originate early during tumor
development a become widespread during tumor progression, thus becoming the dominating elements
in the genetic structure of developed CRCs. (iv) Aggressive subclones are present in the primary tumor
and remain rare; however, these subclones have a relative fitness advantage that contributes to fuel
resistance to drug treatments and may become dominant under these circumstances [85].

Several observations directly support this theory. In fact, Kang et al [86] have explored the
mutational heterogeneity of colorectal adenomas and reached the conclusion that these tumors display
the presence of private mutations in different parts of the same tumor. This consistent intratumor
heterogeneity originates from the first tumor divisions [86]. Sievers have investigated the mutational
landscape of small colorectal polyps and showed that these tumors carried 0–3 driver pathogenic
mutations, the most frequent being APC, KRAS, TP53, BRAF, FBXW7, and BRAF mutations [87].
About 31% of small polyps display two or more pathogenic mutations, with variable allelic frequencies,
a finding supporting the presence of multiple tumor cell populations [87].

The large majority of driver mutations are clonal and arise before the start of tumor expansion,
thus explaining the existence of only a minimal driver gene heterogeneity among untreated CRC
metastases [88]. The rarity of subclonal driver mutations supports the view that subclones may
differ by the selective presence of passenger mutations progressively accumulating during growth:
these subclones have similar fitness and occupy different tumor regions, thus generating ITH and their
size is mainly dependent on the timing of their generation during the process of tumor evolution [89].
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Additional evidence in favor of the “Big Bang” model tumor growth comes from additional recent
studies. Thus, Williams et al [90] have explored whether the subclonal mutant allele frequencies of
a part of cancers of different origin follow a model of tumor evolution based on simple power-law
distribution, as predicted by neutral growth. This analysis provided evidence that other cancers,
such as stomach, bladder, lung and cervical cancers, as well as CRCs, follow a model of tumor evolution
bye neutral growth [90]. In these malignancies, after an initial single tumor expansion, characterized
by the formation of multiple heterogeneous subclones that, in spite their genetic heterogeneity, initially
grow at comparable rates, without overtaking one another; thus, in these tumors, all clonal selection
events occur at a very early stage of tumor development and not in late-developing subclones,
thus resulting in the generation of numerous passenger mutations, involved in the generation of
intra-tumor heterogeneity [90].

It is commonly believed that passenger mutations have no role in cancer development. However,
many passenger mutations fall within protein-coding genes and, although individually weak,
these mutations tend to accumulate during tumor progression evading negative selection mechanisms,
and in their collective burden, alter the course of tumor progression [91,92].

Lineage tracing experiments in human colorectal adenomas further support the “Bing Bang”
theory of colony cancer development [93]. These experiments led to the identification of multipotential
stem cells within human colorectal adenomas, responsible for the development and maintenance of
these tumors. The study of methylation patterns of non-expressed genes, as well as the analysis of
genetic lesions in micro dissected individual crypts from colonic adenomas were used to characterize
clonal evolution of these tumors [93]. The analysis of individual crypts within each adenoma showed
that adenomatous crypts are clonal populations maintained by multipotential stem cells; individual
crypts from each adenoma display different methylation patterns; intratumor clones present in some
colonic adenomas are epigenetically homogeneous [93]. The results of this study were compatible
with a model of colorectal adenoma evolution not based on continual steady growth but on an initial
burst of tumor growth, followed by relative quiescence; the tumor clones form at the initial stages
of tumor development but not sweep through the tumor and are present as localized with divergent
intraclone methylation patterns. Rare subclones are generated later during tumor development,
exhibit homogeneous methylation patterns, and are localized at the level of focal regions of the
tumor [93].

Studies of the spatial distribution of genetic alterations within a tumor by phylogeography, an
approach that combines tumor phylogeny or the ancestral relationships of tumor subclones with their
spatial physical locations in the tumor, allows to visualize how tumors spread [94]. The spatial analysis
of private mutations in early CRCs, combining multiregional sequencing with mathematical multiscale
models showed the existence of spatial mutation patterns in these tumors, supporting the existence of
early colorectal tumor cell mobility, a tumor cell property required for generating ITH [95].

The analysis of epigenetic ITH into CRCs analyzing opposite tumor sides showed evidence of
little ITH or stepwise selection during tumor development, suggesting that the epigenome observed in
various tumor regions reflects that of its founder cells; despite epigenomic conservation, RNA expression
displayed significant variation between individual tumor regions, seemingly due to mechanisms of
continue adaptation related to phenotypic plasticity [96].

Saturation microdissection and targeted deep resequencing have shown that CRCs are jigsaw
arrayed in millimeter-wide columns sharing common phenotypes rather than being arranged
horizontally by phenotype [97]. Most of the large subclones thus identified shared both invasive
and superficial phenotype; subclones with invasive phenotypes arose from both early and late
phylogenetic branches [97]. This pattern of phylogeography is consistent with single tumor expansions
by founder cells possessing all the driver mutations required to sustain tumor growth rather than a
stepwise mechanism involving progressive invasions by a minority of subclones at various levels of
progression [97]. Particularly, on 11 CRCs analyzed in this study, two out of 11 displayed private driver
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mutations, while nine in 11 did not have private driver mutations, showing evidence of multiclonal
invasion, and invasive and metastatic subclones originate early during tumor development [97].

In conclusion, the analysis of the genetic heterogeneity observed at the level of CRCs is compatible
with a “Big Bang” expansion model, characterized by an early phase of tumor growth consisting in a
single cell expansion; this initial tumor expansion generates a large number of early-arising clones,
coexisting within the tumor for long periods of time for the absence of a selective pressure [98]. This weak
selection was insufficient to determine large clonal expansions in short times. This finding supports
the view that the large part of tumor heterogeneity is generated early during tumor development, at a
stage where the tumor is still undetectable at clinical level [98].

9. Conclusions

About half of CRCs develop metastases and metastatic spreading is the main cause of CRC-related
death. The dynamics and the molecular processes remain largely unknown. Several recent studies
have shown that systemic spread can occur early in CRC development. Recent studies have reported
a detailed analysis of the genomic landscape of metastatic CRC patients underlying the molecular
heterogeneity of these patients and the possibility to identify some therapeutic targets in these patients.
The study of molecular evolution of CRCs suggest that these tumors may evolve either through a
process of subclonal selection or neutral evolution.

A better understanding of the cellular and molecular processes governing CRC metastasis
spreading will be necessary to improve the outcome of metastatic CRC patients.

Although the survival rate of patients with metastatic CRC patients improved in the last years,
the response to current treatments and prognosis of patients bearing KRAS, NRAS, and BRAF mutations
remain still poor. Therefore, there is an absolute need to identify these patients and to discover new
improvements for therapeutic vulnerabilities and to formulate rational prospective personalized
therapies aiming to improve their survival chances.
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Abstract: Significant progress has been made in the last decade in our understanding of the patho-
genetic mechanisms of colorectal cancer (CRC). Cancer stem cells (CSC) have gained much attention
and are now believed to play a crucial role in the pathogenesis of various cancers, including CRC.
In the current study, we validated gene expression of four genes related to CSC, L1TD1, SLITRK6,
ST6GALNAC1 and TCEA3, identified in a previous bioinformatics analysis. Using bioinformatics,
potential miRNA-target gene correlations were prioritized. In total, 70 formalin-fixed paraffin-
embedded biopsy samples from 47 patients with adenoma, adenoma with early carcinoma and CRC
without and with lymph node metastases were included. The expression of selected genes and mi-
croRNAs (miRNAs) was evaluated using quantitative PCR. Differential expression of all investigated
genes and four of six prioritized miRNAs (hsa-miR-199a-3p, hsa-miR-335-5p, hsa-miR-425-5p, hsa-miR-
1225-3p, hsa-miR-1233-3p and hsa-miR-1303) was found in at least one group of CRC cancerogenesis.
L1TD1, SLITRK6, miR-1233-3p and miR-1225-3p were correlated to the level of malignancy. A negative
correlation between miR-199a-3p and its predicted target SLITRK6 was observed, showing potential
for further experimental validation in CRC. Our results provide further evidence that CSC-related
genes and their regulatory miRNAs are involved in CRC development and progression and suggest
that some them, particularly miR-199a-3p and its SLITRK6 target gene, are promising for further
validation in CRC.

Keywords: colorectal cancer; differentially expressed genes; cancer stem cells; qPCR

1. Introduction

Colorectal cancer (CRC) is ranked as the third most common cause of morbidity due to
cancer worldwide [1]. The five-year survival of patients with CRC can vary, with five-year
survival rates of approximately 90% in patients with adenoma with early carcinoma and
approximately 8–12% in patients with advanced CRC [2]. Despite the introduction of new
treatment modalities, 40–50% of CRC patients develop metastases [1–4]. The prognosis can
be improved significantly with the detection of early lesions through population screening
programs [5,6].

CRC development is divided into discrete stages, ranging from normal mucosa to
invasive carcinoma. The majority of CRC cases develop from precursor lesions, adenomas
and serrated polyps [4]. Molecular pathways involved in CRC development include
stepwise accumulation of mutations, epigenetic changes, and changes in gene expression,
leading to uncontrolled cell division and an invasive phenotype [4,7]. Most genetic events
that are associated with tumour development occur early, before the formation of the
adenoma, leading to an urgent need to define mechanisms responsible for the switch from
adenoma to carcinoma.

It is believed that the bulk of any given neoplasm consists of cells incapable of
metastatic seeding or tumour progression. A minority of cancer cells, referred to as
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cancer stem cells (CSC) or CSC-like cells [8], are capable of self-renewal, differentiation
and mobility. They are mostly found as a subpopulation on the invasive tumour front,
and are believed to be responsible for invasiveness, metastatic spread and relapse [9,10].
Additionally, turnover of CSCs is slow, which in turn allows greater resistance to therapies
that target rapidly replicating cells [9,10].

Two separate mechanisms have been suggested for the development of CSC in CRC.
According to the first, oncogenic mutations accumulate within the colonic crypt stem
cells, located in the bottom area of a normal crypt. These CSCs are able to differentiate
into mature cancer cells and exhibit uncontrolled proliferation. According to the second
mechanism, cancer cells undergoing an accumulation of genetic changes and/or epithelial-
mesenchymal transition dedifferentiate from normal mature epithelial cells into a state
similar to stem cells [11].

In a previous study, we used a bioinformatics analysis of publicly available gene
expression microarray projects [12] and identified potential markers for differentiation be-
tween normal colon mucosa, adenoma and CRC. Some of the differentially expressed genes
were associated with CSC-like cells, namely L1TD1, SLITRK6, ST6GALNAC1 and TCEA3.
L1TD1, a gene-encoding RNA-binding protein, has been identified as a marker for human
embryonic stem cells, their renewal and cancer cell proliferation. It has been associated
with RNA transcription, splicing, processing, localization, stability and translation [13–16].
SLITRK6, an integral membrane protein, has been found to be highly expressed in human
adult neural stem-like cells and in several cancers. It has been associated with cell adhesion
and actin cytoskeleton [17–19], cell features that are closely related to cell differentiation,
stemness, cancer cell migration and invasion [20–22]. ST6GALNAC1, encoding an enzyme,
has been associated with cell migration, contact and maintenance of isolated CRC stem
cells. It is involved in the activation of akt pathway and it is a potential candidate for
CSC targeting therapy [23]. TCEA3, a transcription elongation factor, has been shown to
regulate differentiation of mouse embryonal stem cells through the Lefty1-Nodal-Smad2
pathway [24].

However, there is very limited information about their role in CRC. We therefore
analysed the expression of these four genes during CRC cancerogenesis, from normal
mucosa, adenoma and adenoma with early carcinoma to advanced CRC, predicted miRNAs
that could regulate these genes and analysed their expression as well.

2. Materials and Methods

2.1. Patient and Tissue Selection

Patients who underwent excision or resection of adenoma, adenoma with early carci-
noma and CRC from 2015 to 2019 were included in the study. For routine histopathologic
examination, tissue samples were fixed in 10% buffered formalin and embedded in paraffin
(FFPE). During routine examination, all specimens were evaluated by a pathologist ac-
cording to standard procedures and, after histopathologic examination, pTNM (pathologic
Tumour Node Metastasis) classification was assessed on the basis of the depth of invasion
and extent of the primary tumour, the number of lymph nodes with metastases and the
presence of distant metastases (AJCC 8th edition [25]). For the purpose of this study, biopsy
samples were collected retrospectively from the archives of the Institute of Pathology,
Faculty of Medicine, University of Ljubljana. After re-evaluation of consecutive cases for
each group by a pathologist and initial quality check, representative samples were selected
for further study. Samples of normal mucosa obtained from resected CRC specimens were
used as control samples. Patients treated by radiotherapy, chemotherapy or biologic drugs
prior to surgery were not included in this study. Patients with mucinous carcinomas or
signet cell carcinomas were also excluded. Only sporadic CRC cases were included. Tissue
samples were grouped as normal mucosa, adenoma, adenoma with early carcinoma, CRC
without lymph node metastases (CRC N0) or CRC with lymph node metastases (CRC N+).
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The study was conducted according to the guidelines of the Declaration of Helsinki,
and approved by the National Medical Ethics Committee (Republic of Slovenia, Ministry
of Health), approval number 0120-54/2020/4.

2.2. Target miRNAs Identification and Prioritization

For the identified differentially expressed genes (DEGs), we searched for miRNA
targets that might be involved in the regulation of their expression. The databases MiR-
Tar [26], miRDB [27], Mirna-coadread [28], TarBase [29], TargetScan [30], miRBase [31] and
a literature based search on Pubmed, as well as the settings used in the miRNA mining, are
given in Table S1.

miRNAs that could target selected DEGs were checked in the miRBase [31] for annota-
tion, method of identification and validation. Cases in which the miRNAs were identified
as not true miRNAs were discarded. Only miRNAs either with a known functional associ-
ation with cancer or that appeared in at least two databases as related to the target gene
were considered as potential regulators of DEGs. The identified miRNAs from Table S1
were further prioritized as explained below.

Alignment between the miRNA and gene sequence was inspected manually and
mismatches in the seed region were noted. In cases in which there was a maximum of one
mismatch in the miRNA seed binding region in the binding relevant 2–7 bp, the matching
was considered sufficient for further analysis [32]. Additionally, in cases in which a relevant
reference for cancer associations was identified, the miRNA was also considered for further
analysis. We identified the sequence 70 bp and 30 bp upstream and downstream of the
mature miRNA binding site, the former for minimum free energy (ΔG) determination in
regard to the folding of the sequence and 30 bp for secondary structure analysis [33,34].
Higher ΔG upstream or downstream of the binding site may imply binding issues, whereas
a lower ΔG suggests a locally linear RNA structure around the target mRNA-binding
site [34]. We also identified ΔG of the potential binding site and identified cases in which
the difference between the potential binding site and the 70 bp flanking 3′ and 5′ was at least
10 kcal/mol [35]. ΔG and secondary structure analysis was performed using mFold [36]
and Vienna RNAfold [37]. Identification of secondary structures and destabilising elements
(DSE) or stabilising elements (SE) was performed for each miRNA-binding site and the 30
bp flanking sequence on each side. Potential DSEs with the following cut-off lengths include
a hairpin loop, ≥11 bp; interior loop, ≥9 bp; bulge loop, ≥7 bp; multiple branching loop
≥ 11 bp; and joint sequence or free end, ≥11 bp. DSE could aid in miRNA binding while
stabilising elements (SE) including stems, as explained by Zhao, Samal and Srivastava [34].
Structures were considered significant for inhibition of miRNA binding if the ΔG of the
structure was lower than −6 kcal/mol [38]. Identification of potential conservation of
miRNA-target gene binding site sequences between human, mouse, rat and chicken was
performed using TargetScan 7.2 [30].

RNA22 [39] was used for identification of statistically significant (p ≤ 0.05) alignments
between DEG target 3′-UTR sites and miRNAs. The settings used in the analysis were:
8-mer or 7-mer seed binding, 1 unpaired sequence in seed region, 1 G:U wobble, maximum
folding energy for heteroduplex −12.0 and 20.0 kcal/mol. The heteroduplex energies
with cut-off −12.0 and −20.0 kcal/mol used in RNA22 were the energies suggested by
the software and the typical setting described in the study by Miranda, Huynh, Tay, Ang,
Tam, Thomson, Lim and Rigoutsos [39]. Results of individual analyses were compared for
possible overlaps. The full workflow of the prioritization is shown in Figure 1.
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Figure 1. Identification and prioritization of miRNAs. Legend: DEG, differentially expressed genes; DSE, destabilising
elements; ΔG, minimum free energy; ID, identification.

2.3. RNA Isolation and Quality Assessment

RNA was obtained from FFPE tissue slides using a microtome (4 × 10 μm-thick slides).
RNA, including miRNAs, was isolated using an AllPrep DNA/RNA FFPE kit (Qiagen,
Hilden, Germany) kit according to the manufacturer’s protocol. Concentration and quality
assessment of the isolated RNA was performed using a spectrophotometer ND-1000 or ND-
One (Nanodrop, Thermo Fisher Scientific, Waltham, MA, USA) at wavelengths 260 nm and
280 nm. Prior to further analysis, RNA quality was tested using reverse transcription and
amplification of GAPDH (Hs_GAPDH_vb.1_SG, 100 bp) by SybrGreen technology. Samples
that did not amplify during this initial control step were excluded from further analysis.

164



Biomedicines 2021, 9, 179

2.4. Reverse Transcription (RT) and Pre-Amplification

Reverse transcription (RT) of the isolated mRNA was performed using OneTaq®®

RT-PCR Kit (New England Biolabs, Ipswich, MA, USA) using a mix of random hexamers
and oligo-dT primers according to the manufacturer’s protocol. We used 60 ng of RNA in
the total 10 μL RT reaction and 1 μL of random hexamers, and incubated for 5 min at 70 ◦C.
Afterward, we added 5 μL of the Reaction mix and 1 μL of Enzyme mix to the reaction and
incubated at 25 ◦C for 5 min, 42 ◦C for 1 h and 80 ◦C for 5 min.

Preamplification of the obtained cDNA was performed using the TaqMan®® Preamp
Master Mix (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s
instructions. For a 10 μL reaction, we added 5 μL of PreAmp Master Mix (2×), 2.5 μL of
Pooled TaqMan®® Gene Expression probes (Thermo Fisher Scientific, Waltham, MA, USA)
(0.2×, diluted in TE buffer) and 2.5 μL of cDNA. Incubation was performed at 95 ◦C for
10 min, 95 ◦C for 15 s and 60 ◦C for 4 min.

RT of the isolated miRNAs was performed using the TaqMan™ MicroRNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA, USA) according to the manufac-
turer’s protocol. The reaction volume was a total of 10 μL, including 10 ng of RNA, 2 μL of
RT primer, 0.1 μL of 100 mM dNTPs, 1 μL of MultiScribe™ Reverse Transcriptase 50 U/μL,
1 μL of 10× Reverse Transcription Buffer, 0.19 μL of the RNase Inhibitor 20 U/μL and
0.71 μL nuclease-free water. The conditions for the reverse transcription were 30 min at
16 ◦C, 30 min at 42 ◦C and 5 min at 85 ◦C.

2.5. Selection of Primers and Probes

The TaqMan-based approach (Thermo Fisher Scientific, Waltham, MA, USA) was
used for the quantitative real-time PCR (qPCR) methodology. A predesigned mixture
of primers and probes was used for expression analysis of mRNAs of DEGs and their
potential regulatory miRNAs relative to reference genes (RGs). The candidate genes were
selected after a bioinformatics analysis performed in a previous study [12]. The potential
regulatory miRNAs were selected as described above. Selected probes are shown in Table 1,
with reference genes (RGs) presented in bold.

Table 1. Selected probes.

Gene/miRNA Assay ID Sequence (Probe Sequence or Mature miRNA Sequence)

B2M Hs99999907_m1 GTTAAGTGGGATCGAGACATGTAAG
IPO8 Hs00183533_m1 GGGGAATTGATCAGTGCATTCCACT

L1TD1 Hs00219458_m1 TTTTTCGCCAGGCACCAAGGCACAG
SLITRK6 Hs00536106_s1 TTTCCATGGACTGGAAAACCTGGAA

ST6GALNAC1 Hs01027885_m1 AGGAGGCCTTCAGACGACTTGCCCT
TCEA3 Hs00957468_m1 GAAATCGAAGATCATATCTACCAAG

hsa-miR-199a-3p 002304 ACAGUAGUCUGCACAUUGGUUA
hsa-miR-335-5p 000546 UCAAGAGCAAUAACGAAAAAUGU
hsa-miR-425-5p 001516 AAUGACACGAUCACUCCCGUUGA

hsa-miR-1225-3p 002766 UGAGCCCCUGUGCCGCCCCCAG
hsa-miR-1233-3p 002768 UGAGCCCUGUCCUCCCGCAG
hsa-miR-1274b 002884 UCCCUGUUCGGGCGCCA

hsa-miR-1303 002792 UUUAGAGACGGGGUCUUGCUCU
RNU6B 001093 CGCAAGGATGACACGCAAATTCGTGAAGCGTTCCATATTTTT

2.6. Quantitative Real-Time PCR (qPCR)

Prior to qPCR amplification, efficiencies were determined in triplicate reactions for
each probe and for each group of samples. The dilution series included 4-point dilutions
ranging from 5-fold to 625-fold for mRNAs/miRNAs. A Rotor Gene Q (Qiagen, Hilden,
Germany) machine was used for all qPCR analyses, and all 10 μL testing reactions were
performed in duplicate. For mRNAs, the cycling protocol was 50 ◦C for 2 min, 95 ◦C for
10 min, 40 cycles of 95 ◦C for 15 s and 62 ◦C for 1 min. For miRNAs, the cycling protocol
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was 95 ◦C for 10 min, 40 cycles of 95 ◦C for 15 s and 60 ◦C for 60 s. The reactions included
5.0 μL of the FastStart™ PCR Master mix (Roche Diagnostics, Basel, Switzerland), 0.5 μL of
the TaqMan probe and 4.5 μL of cDNA (pre-amplified cDNA diluted 5-fold for mRNAs
and for miRNAs cDNA diluted 100–fold).

After efficiency correction, the obtained ΔCq (normalized Cq of analysed mRNAs/miRNAs
relative to geometric mean of RGs) were used for analysis of target gene/miRNA expression.
The fold difference in the expression was calculated against the normal mucosa samples group
using the ΔΔCq method [40].

2.7. Statistics

Differences in expression were compared between tumour and corresponding normal
mucosa using ΔCq and the Willcoxon Rank test (nonparametric test for dependent sam-
ples). For comparison of relative quantification of mRNAs/miRNAs between independent
groups of samples (e.g., adenoma vs. normal mucosa), ΔCq and the Mann–Whitney U
test were used (nonparametric test for independent group of samples). ΔΔCq and the
Mann–Whitney U test were used for comparison between CRC N0 and CRC N+ sample
groups. Using the Spearman coefficient, we analysed whether miRNAs and the target
mRNA were in reverse correlation and whether miRNAs and mRNAs were associated
with cancerogenesis. All statistical analyses of experimental data were performed using
SPSS version 24 (SPSS Inc., Chicago, IL, USA). Differences in expression between groups
were considered significant at p ≤ 0.05.

3. Results

3.1. Patient Characteristics

Approximately 30% of retrospectively selected cases successfully passed initial quality
control. Our study therefore included 70 biopsy samples from 47 patients with adenoma
(n = 11), adenoma with early carcinoma (n = 13), CRC without lymph node metastases
(n = 10) and CRC with lymph node metastases (n = 13). There were 15 women and 32 men,
aged 73.7 ± 8.4 and 65.7 ± 11.4 years, respectively. As a control group, microscopically nor-
mal mucosa from CRC resected specimens was used (n = 23). Demographic characteristics
of the included patients are shown in Table 2.

Table 2. Demographic characteristics of the included patients.

Patients Adenoma
Adenoma with

Early Carcinoma
CRC without Lymph

Node Metastases
CRC with Lymph
Node Metastases

M:F 10:1 9:4 4:6 9:4
Age 62.3 ± 10.7 64.9 ± 5.7 72.7 ± 11.6 73.2 ± 11.8

Legend: CRC, colorectal cancer; F, female; M, male.

Among adenomas, there were six cases of tubular adenoma with high-grade dys-
plasia, three tubulovillous adenomas with high-grade dysplasia and two tubulovillous
adenomas with low-grade dysplasia. Among adenomas with early carcinoma, there were
six tubulovillous adenomas, six tubular adenomas and one villous adenoma, all with
high grade dysplasia and with malignant transformation, evidenced by invasion of the
dysplastic glands in the submucosa (pT1). Among CRC cases, there were two stage I
carcinomas, five stage IIA, two stage IIB, eight stage IIIB, one stage IIIC, four stage IVA
and one stage IVB carcinomas. Of the CRC cases, 7 cases were poorly differentiated and 16
were moderately differentiated.

3.2. Differential Gene Expression
3.2.1. Differential Gene Expression in Adenoma and Adenoma with Early Carcinoma

ΔCq for the investigated genes in adenoma and adenoma with early carcinoma were
statistically evaluated independently against normal mucosa samples. Statistically signif-
icant results include 6.20-fold downregulation of SLITRK6 (p = 0.010) in adenomas, and
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3.22-fold upregulation of TCEA3 in adenomas with early carcinoma (p = 0.006). The results
are shown in Figure 2.

Figure 2. Expression (ΔCq) of four genes (L1TD1, SLITRK6, ST6GALNAC1, TCEA3) in normal mucosa, adenoma and
adenoma with early carcinoma. Legend: x, mean; ◦, outlier; ** p ≤ 0.01.

We also observed statistically significant 4.58-fold upregulation in adenoma with early
carcinoma compared to adenoma for the gene TCEA3 (p ≤ 0.001).

3.2.2. Differential Gene Expression in Carcinoma Compared to Normal Mucosa

Differences in expression of the investigated genes between CRC N0 or CRC N+
and corresponding normal mucosa were calculated using ΔCq. Statistically significant
results include the 7.16-fold upregulation of L1TD1 in CRC N+ (p = 0.008) and 6.16-fold
downregulation of SLITRK6 (p = 0.039) and 3.10-fold for ST6GALNAC1 (p = 0.02) in CRC
N+. Additionally, 7.97-fold upregulation of TCEA3 in the CRC N0 (p = 0.004) was also
observed. The results are shown in Figure 3.

Figure 3. Expression (ΔCq) of the investigated genes in carcinoma without (a) and with lymph node metastases (b) and
corresponding normal mucosa. Legend: CRC N0, colorectal carcinoma without lymph node metastases; CRC N+, colorectal
carcinoma with lymph node metastases; x, mean; ◦, outlier; * p ≤ 0.05; ** p ≤ 0.01.
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3.2.3. Gene Expression in Carcinoma with Lymph Node Metastases Compared to
Carcinoma without Lymph Node Metastases

ΔCq values for each carcinoma case were first calculated against the corresponding
normal mucosa. Then, the independent ΔΔCq comparisons for the investigated genes
between the CRC N0 and CRC N+ were performed. Statistical significance was identified
for TCEA3, which was upregulated in the CRC N0 group compared to CRC N+ (p ≤ 0.000).
The results are shown in Figure 4. The complete statistical comparisons are available in
Table S2.

Figure 4. Expression (ΔΔCq) of the investigated genes (L1TD1, SLITRK6, ST6GALNAC1, TCEA3) in carcinoma without and
carcinoma with lymph node metastases. Legend: CRC N0, colorectal carcinoma without lymph node metastases; CRC N+,
colorectal carcinoma with lymph node metastases; x, mean; ◦, outlier; *** p ≤ 0.001.

3.3. Prioritization of Potential miRNA-Target Gene Associations

Only miRNAs with a known functional association with cancer or which appeared
in at least two databases in correlation with the target gene were considered for
further prioritization. The complete results of the miRNA prioritization for target genes
correlations with relevant information and manual alignment with free energy comparisons
and secondary structure identification are available in Tables S3 and S4. The complete
results of the RNA22 analysis are presented in Table S5.

After comparison of the results of analyses presented in Tables S3–S5, we identi-
fied several miRNAs for further validation. A condensed view of choosing a specific
miRNA for further validation in association with a potential target gene is presented in
Table 3. The minimum requirements are in bold. Only cases with DSEs present in the
sequence, a known previous association with the target gene and a previous association
with CRC, are included.
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Table 3. Condensed view of prioritization results for the miRNAs identified for further validation.

Gene miRNA
Association with at

Least Two Databases
Folding Free Energy

Constraints
RNA22

Direct
Validation

L1TD1 hsa-miR-1303 + + − −
SLITRK6

hsa-miR-199a-3p + − + −
hsa-miR-425-5p − + − +

ST6GALNAC1 hsa-miR-335-5p + + − −

TCEA3
hsa-miR-335-5p + + − −

hsa-miR-1225-3p + + − −
hsa-miR-1233-3p + + + * −

Legend: CRC, colorectal carcinoma; *, did not appear as a significant binding pair, but had a folding energy higher than the software cut-off.

3.4. Differential miRNA Expression
3.4.1. Differential Expression of miRNAs in Adenoma and Adenoma with
Early Carcinoma

We compared ΔCq values of the investigated miRNAs in adenomas and adenoma with
early carcinoma to normal mucosa samples. Among the investigated miRNAs, miR-335-5p
was not expressed in normal mucosa, adenoma and adenoma with early carcinoma.

Statistically significant changes in expression included upregulation for the majority
of miRNAs in both adenoma and adenoma, with early carcinoma in comparison to normal
mucosa: 13.43-fold and 6.07-fold for miR-425-5p (p < 0.001, p < 0.001), respectively; 16.97-
fold and 6.78-fold for miR-1225-3p (p < 0.001, p < 0.001), respectively; and 11.86-fold and
4.40-fold for miR-1233-3p (p < 0.001, p = 0.003), respectively. miR-1303 was significantly
4.29-fold upregulated only in the adenoma group (p = 0.025). The results are shown in
Figure 5.

Figure 5. Expression (ΔCq) of the investigated miRNAs in normal mucosa, adenoma and adenoma with early carcinoma.
Legend: x, mean; ◦, outlier; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001.
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3.4.2. Differential miRNA Expression in Carcinoma with and without Lymph Node
Metastases Compared to Corresponding Normal Mucosa

ΔCq values for the investigated miRNAs were compared between CRC N0 and CRC
N+ and their corresponding normal mucosa, as shown in Figure 6. Statistically significant
results include the 7.38-fold upregulation of miR-425-5p (p = 0.002), 6.60-fold for miR-
1225-3p (p = 0.001) and 6.95-fold for miR-1233-3p (p = 0.001) in CRC N0 and 3.28-fold for
miR-1225-3p (p = 0.019) in CRC N+. Among the investigated miRNAs, miR-335-5p was
expressed neither in normal mucosa nor in CRC.

Figure 6. Expression (ΔCq) of the investigated miRNAs in carcinoma without (a) and with lymph node metastases (b) in
comparison to corresponding normal mucosa. Legend: CRC N0, colorectal carcinoma without lymph node metastases;
CRC N+, colorectal carcinoma with lymph node metastases; x, mean; ◦, outlier; * p ≤ 0.05, ** p ≤ 0.01; *** p ≤ 0.001.

3.4.3. Differential Expression of miRNAs Between Carcinoma with and without Lymph
Node Metastases

Figure 7 shows independent ΔΔCq comparisons for the investigated miRNAs between
the CRC N0 and CRC N+, which revealed a statistically significant difference in the
expression of miR-425-5p (p = 0.003). Additional statistical comparisons are available in
Table S6.

3.5. Correlation between Expression of Investigated Genes and Their Potentially
Regulatory miRNAs

The expression of L1TD1 to miR-1303, as shown in Figure 8, showed an inverse trend
in all analysed groups except the adenoma group. However, we were not able to confirm a
negative correlation between L1TD1 and miR-1303 (Table 4).
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Figure 7. Expression (ΔΔCq) of the investigated miRNAs in carcinoma without and with lymph node metastases. Legend:
CRC N0, colorectal carcinoma without lymph node metastases; CRC N+, colorectal carcinoma with lymph node metastases;
x, mean; ◦, outlier; ** p ≤ 0.01.

Figure 8. Expression of L1TD1 and miR-1303 in adenoma, adenoma with early carcinoma and carcinoma without and
with lymph node metastases. Legend: CRC N0, colorectal carcinoma without lymph node metastases; CRC N+, colorectal
carcinoma with lymph node metastases; * p ≤ 0.05; ** p ≤ 0.01.
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Table 4. Spearman’s correlation coefficients between expression of genes and their potentially
regulatory miRNAs.

Gene and miRNA Correlation Coefficient Significance (2-Tailed)

L1TD1 miR-1303 −0.024 0.862

SLITRK6
miR-425-5p −0.187 0.176
miR-199a-3p −0.323 0.017 *

TCEA3
miR-1233-3p 0.116 0.360
miR-1225-3p 0.056 0.660

Legend: * p ≤ 0.05.

Comparing the fold change expression data for SLITRK6 with the predicted miRNAs
miR-425-5p and miR-199a-3p, we observed an inverse trend of expression between miR-
425-5p and SLITRK6 in all tested groups. Expression of miR-199a-3p remained at similar
levels throughout the adenoma-carcinoma progression. The results are shown in Figure 9a.
However, we were able to confirm a negative correlation between SLITRK6 and miR-199a-
3p, as shown in Figure 9b. The correlation testing results are given in Table 4.

Figure 9. (a) Expression of SLITRK6, miR-199a-3p and miR-425-5p in adenoma, adenoma with early carcinoma and carcinoma
without and with lymph node metastases; (b) Correlation between expression (ΔCq) of miR-199a-3p and target gene SLITRK6.
Legend: CRC N0, colorectal carcinoma without lymph node metastases; CRC N+, colorectal carcinoma with lymph node
metastases; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001.

Expression of the TCEA3 gene showed a similar trend in adenoma with early carci-
noma and CRC N0 to both miRNAs, miR-1225-3p and miR-1233-3p. In adenoma and CRC
N+, both miRNAs showed opposite trends in expression to its potential target gene TCEA3.
The results are shown in Figure 10. We were not able to confirm any correlation between
TCEA3 and miR-1225-3p or miR-1233-3p (Table 4).

172



Biomedicines 2021, 9, 179

Figure 10. Expression of TCEA3, miR-1225-3p and miR-1233-3p in adenoma, adenoma with early carcinoma and carcinoma
without and with lymph node metastases. Legend: CRC, colorectal carcinoma; N0, without lymph node metastases; N+,
with lymph node metastases; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001.

3.6. Gene and miRNA Correlation to the Level of Malignancy

The Spearman correlation coefficient showed that L1TD1 and SLITRK6 were signifi-
cantly correlated to level of malignancy. L1TD1 was weakly positively correlated, SLITRK6
was moderately negatively correlated and miR-1225-3p and miR-1233-3p were significantly
positively correlated to the level of malignancy (Table 5).

Table 5. Spearman correlation coefficients of the association between ΔCq of analysed genes and
miRNAs and level of malignancy (from normal mucosa to adenoma, adenoma with early carcinoma,
carcinoma without and carcinoma with lymph node metastases).

Gene and miRNA Correlation Coefficient Significance (2-Tailed)

L1TD1 0.336 0.011
SLITRK6 −0.433 <0.001

ST6GALNAC1 −0.186 0.141
TCEA3 0.102 0.419

miR-199a-3p 0.128 0.291
miR-425-5p 0.209 0.083

miR-1225-3p 0.345 0.003
miR-1233-3p 0.276 0.021

miR-1303 0.014 0.912

4. Discussion

We validated four genes related to CSC and CSC-like properties which were previ-
ously identified using bioinformatics analysis as differentially expressed between normal
mucosa, adenoma and CRC [12]. We also validated miRNAs postulated by a bioinformatics
approach as regulating these genes. We found that in CRC, expression of ST6GALNAC1
decreased and expression of L1TD1 increased with level of malignancy, whereas SLITRK6
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and TCEA3 showed variable expression. TCEA3 was also related to the malignant transfor-
mation of adenoma to adenoma with early carcinoma and the development of lymph node
metastases in CRC. Furthermore, we found differential expression of miRNAs that poten-
tially regulate these genes (miR-199a-3p, miR-425-5p, miR-1225-3p, miR-1233-3p and miR-
1303) and a negative correlation between miR-199a-3p and its potential target gene SLITRK6.

Expression of the L1TD1 gene in our study progressively increased from adenoma
to CRC, with the highest expression in CRC with lymph node metastases. L1TD1 has
been shown to be associated with RNA binding, renewal of undifferentiated embryonal
stem cells [13] and embryonal carcinoma cell lines [14]. In human embryonal stem cells,
L1TD1 has also been associated with canonical markers of pluripotency that are also
involved in cancerogenesis, such as OCT4, NANOG, LIN28 and SOX2 [15]. With the use of
bioinformatics analysis, a higher expression of L1TD1 in CRC was shown to be associated
with longer disease-free survival [16]. Our results showed a positive trend of expression
of L1TD1 to CRC cancerogenesis. However, its role remains speculative due to limited
information on L1TD1 in cancerogenesis.

Our study showed variable expression of gene SLITRK6 during CRC cancerogenesis.
It was downregulated in all stages of CRC development, except in adenoma with early
carcinoma, in which it was upregulated. SLITRK6 has been shown to be highly expressed
in neural stem and progenitor cells [17], and it has been associated with cytoskeletal dy-
namics, axon guidance and cell adhesion [18]. In other cancer types, it was expressed
at high levels in bladder cancer and, to a lesser extent, in lung cancer, breast cancer and
glioblastomas. Moreover, in bladder cancer, it was suggested as a promising target for
conjugate therapy [19]. A bioinformatics study on CRC showed differentially expressed
SLITRK6 together with L1TD1 and ST6GALNAC1 [16], and it was downregulated in CRC
compared to adenomas using microarray expression analysis [41]. However, our results
showed no significant differences in expression between adenomas and CRC. This differ-
ence may be explained by the use of different methodologies for expression analysis of
SLITRK6 (microarrays versus qPCR).

Gene expression of ST6GALNAC1 in our study progressively decreased from adenoma
to CRC, with the lowest expression in CRC with lymph node metastases. This gene, and
its product STn antigen, has been demonstrated to be associated with cell contact, cell
migration and prognosis of patients with carcinoma of the colon, stomach, pancreas, breast,
prostate and ovaries [23]. STn antigen has been used as a target in immunotherapy trials for
breast, colon and ovarian cancer [23]. Data regarding its expression and function in normal
human tissues are limited [16,23]. It has also been associated with stem cell maintenance in
ovarian cancer [42], as well as with the maintenance of isolated stem cells of CRC [23]. Its
upregulation has been associated with good prognosis in breast cancer [43] and enhanced
tumorigenicity in a breast cancer cell line [44]. siRNA silencing of ST6GALNAC1 led
to reduced growth, migration and invasion of gastric cancer cells in vitro [45], whereas
its overexpression enhanced their metastatic ability [46]. Due to limited data on its role
in CRC and different patterns of expression in several cancers, further investigation is
needed for better understanding the involvement of this gene in CRC cancerogenesis and
metastatic spread.

Gene TCEA3 showed variable expression in our study, with significant upregulation in
adenoma with early carcinoma and CRC without lymph node metastases. Interestingly, its
expression was also significantly different between adenoma and CRC and between CRC
without and with lymph node metastases, suggesting its role in metastases development.
TCEA3 was shown to have a higher expression level in mouse embryonal cells and was
involved in regulation of stem cell differentiation [24]. Expression of TCEA3 was lower in
cell lines of ovarian carcinoma in which its interaction with receptor TGFβ I induced cell
death [47]. TCEA3 has also been associated with stomach cancer, in which high expression
has been associated with better prognosis, lower proliferation of carcinoma cells and
induction of apoptosis [48]. In a bioinformatics study of microarray expression data of
normal colon tissue and CRC, TCEA3 downregulation was identified among differentially
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expressed genes [49]. Our results are therefore consistent with previous findings on
stomach cancer and CRC, thus contributing to understanding the involvement of TCEA3
in CRC cancerogenesis.

When investigating correlations of genes/miRNAs with the level of malignancy, it
is important to note that SLITRK6 showed a moderate negative correlation and L1TD1
was positively correlated with the level of malignancy. Among miRNAs, the expression of
miR-1225-3p and miR-1233-3p, targeting TCEA3, were in weak positive correlation with the
level of malignancy.

Interestingly, when investigating the miRNA-predicted target gene correlations, only
miR-199a-3p and its target SLITRK6 were in significant correlation. The pair was negatively
correlated, which suggests inhibition of the target gene by the miRNA [50]. This correlation
has not yet been previously observed in CRC.

miR-199a-3p was downregulated in our study in all investigated groups. However, no
significant differences among the groups were found. In previous studies, miR-199a-3p was
found to be highly expressed in the late stage of differentiation of human embryonal stem
cells, as well as foetal pancreas and adult islet samples [51]. Additionally, miR-199a-3p was
shown to target stemness and mitogenic-related pathways to suppress the expansion and
tumorigenic capabilities of prostate cancer stem cells in vitro [52]. In CRC, miR-199a-3p
was described as being significantly downregulated in the microarray expression data [53].
Upregulation of miR-199a/b contributed to cisplatin resistance in ALDHA1+ CRC stem
cells [54]. Our data are consistent with previous microarray results on CRC. Further
investigation of the exact involvement of miR-199a-3p in cancerogenesis of CRC is needed.

miR-425-5p was significantly upregulated in all investigated groups except CRC with
lymph node metastases. Additionally, significant differences in expression were observed
between adenoma and CRC and between CRC without and with lymph node metas-
tases, suggesting its role in malignant transformation and the development of metastases.
miR-425-5p has been previously associated with CRC, showing that miR-425-5p regulates
chemoresistance in CRC cells [55] both in vitro and in vivo. A microarray analysis compar-
ing isogenic chemo-sensitive and chemo-resistant HCT116 cell lines identified differentially
expressed miR-425-5p. Xenograft mouse models showed that miR-425-5p inhibitor sen-
sitized HCT116-R xenografts to chemotherapeutic drugs in vivo. miR-425-5p was also
upregulated in a microarray expression experiment on CRC [56], and it was found that miR-
425-5p downregulation impacted stemness and cisplatin resistance in laryngeal carcinoma
cells [57]. Our results are consistent with previous microarray results on CRC.

miR-1225-3p is another miRNA in our study that was significantly upregulated in all
investigated groups compared to normal mucosa. Additionally, it was also significantly
differentially expressed between adenoma and CRC, suggesting a role in malignant trans-
formation. Published data have shown that it was associated with the TCEA3 gene in
project GSE42095 performed on differentiated embryonic stem cells [51] and with CRC
in project GSE35602 on CRC stromal tissue, in which it was upregulated [56]. Using
microarray analysis, it was identified as one of the 173 differentially expressed miRNAs
between spheroid body-forming cells (which possess gastric cancer stem cell properties)
and parental cells on MKN-45 gastric cancer cell line cells [58]. Our results are consistent
with microarray results on CRC stromal tissue.

miR-1233-3p was significantly upregulated in all investigated groups when compared
to normal mucosa except CRC with lymph node metastases. Additionally, it was also
significantly differentially expressed between adenoma and CRC, suggesting a role in
malignant transformation. miR-1233-3p was associated with the TCEA3 gene in project
GSE28260, which was performed on renal cortex and medulla [59]. It was associated with
CRC in a study performed on serum miRNA profiling in patients with colon adenomas
or cancer, in which it was downregulated when comparing CRC to normal samples [60].
Before comparing our results to those performed on serum samples, it is important to note
that, in addition to the fact that there are numerous differences in tissue types, there are
also numerous differences in the methodologies used for profiling different tissue types.
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miR-1303 showed variable expression with significant upregulation in adenoma in
comparison to normal mucosa. Additionally, it was also significantly differentially ex-
pressed between adenoma and CRC, suggesting a role in malignant transformation. miR-
1303 has been previously investigated in association with CRC, in which it was found
to be part of a group with frequent and sometimes biallelic mutations in microsatellite
instable (MSI) tumours. No direct link was found between the presence or absence of
mono- or biallelic alterations and the levels of mature miR-1303 expression in MSI cell lines.
A significant increase in miR-1303 was observed in microsatellite stable (MSS) CRC cell
lines in comparison to normal colonic mucosa [61]. A correlation between miR-1303 and
L1TD1 was also previously identified in the integrative knowledge base for miRNA-mRNA
expression in colorectal cancer [28]. However, expression of this miRNA is variable, and
there are limited data regarding its role in CRC cancerogenesis.

Genes associated with CSC features could be promising prognostic and therapeu-
tic markers. It has been previously shown that CSC-associated molecular profiles can
predict tumour regeneration and disease relapse after conventional therapy in CRC pa-
tients [9,62–66]. Direct targeting can be achieved by inhibiting self-renewal pathways, by
interfering with antiapoptotic or metabolic pathways, by activating differentiation path-
ways or by acting on the protective microenvironment through the involved genes. Several
potential anti-CSC targeted drugs have emerged in previous studies, with some of them
making their way to the clinic [67]. As previously mentioned, SLITRK6 is a promising
candidate for conjugate therapy in bladder cancer [19] and the product of ST6GALNAC1
has been a target in immunotherapy trials for several cancers [23]. Studying miRNAs
regulating selected genes is also a promising therapeutic approach by silencing these genes
using miRNAs mimic or by depleting miRNAs using antagomirs to re-express investigated
genes [68].

One of the limitations of our study is related to normal samples, which were taken
at least 20 cm away from the tumour and showed no microscopic abnormalities. How-
ever, genetic and protein aberrations may already be present in morphologically normal
mucosa [69,70]. Despite certain limitations, these samples may be used as corresponding
control samples to overcome differences in the genetic background. Additionally, the
newly identified associations of these genes and miRNAs with CSCs, CRC development
and progression in this study are of a preliminary nature. Further validation through
a functional study may be needed for additional confirmation of the results. Another
limitation is the relatively small sample size. The latter is due to the use of formalin-fixed
paraffin-embedded (FFPE) tissue samples, in which nucleic acids are fragmented and
therefore difficult to analyse. However, all FFPE cases were evaluated by pathologists,
enabling appropriate diagnosis. Furthermore, only samples that successfully passed the
initial quality control and samples with stable expression of the reference genes were
selected for further analysis, thus limiting the number of included samples.

5. Conclusions

Using a bioinformatics approach, we identified and validated new CSC-related genes
with a previously unknown or poorly defined role in CRC development and progres-
sion. Expression of three investigated genes progressively increased (L1TD1) or decreased
(ST6GALNAC1, SLITRK6) with the level of malignancy. The TCEA3 gene was also re-
lated to the malignant transformation of adenoma to adenoma with early carcinoma and
development of lymph node metastases in CRC.

The expression of some of the potential regulatory miRNAs confirmed the alterations
in gene expression in CRC development. Our results provide further evidence that CSC-
related genes and their regulatory miRNAs are involved in CRC cancerogenesis and
progression, and suggest that some of them, particularly miR-199a-3p and its SLITRK6
target gene, are promising for further validation in CRC.

Supplementary Materials: The following are available online at https://www.mdpi.com/2227-905
9/9/2/179/s1.

176



Biomedicines 2021, 9, 179

Author Contributions: Conceptualization, K.U., E.B., N.Z.; methodology, K.U., M.Ž., E.B., validation,
K.U. and M.Ž.; formal analysis, K.U.; data curation, K.U.; writing—original draft preparation, K.U.
and E.B., writing—review and editing, E.B., M.Ž., N.Z.; visualization, K.U.; supervision, E.B., N.Z.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Slovenian Research Agency (research core funding no.
P3-0054; project funding J3-1754; PhD research funding).

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the National Medical Ethics Committee (Republic of
Slovenia, Ministry of Health), approval number 0120-54/2020/4.

Informed Consent Statement: Patient consent was waived due to the following reason. As stated
in the approval document, the study is retrospective, observational, performed on tissue samples
that were obtained during routine diagnostic/therapeutic procedures, consisted of either excision
or resection. Therefore, enough tissue was available for routine analysis and research. Moreover,
tissue is still available for any additional analysis in the future. Our State Ethical Committee does
not require informed consent from patients in such studies. However, the informed consent was
obtained before the routine procedure.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kudryavtseva, A.V.; Lipatova, A.V.; Zaretsky, A.R.; Moskalev, A.A.; Fedorova, M.S.; Rasskazova, A.S.; Shibukhova, G.A.;
Snezhkina, A.V.; Kaprin, A.D.; Alekseev, B.Y.; et al. Important molecular genetic markers of colorectal cancer. Oncotarget 2016, 7,
53959–53983. [CrossRef] [PubMed]

2. Cao, H.; Xu, E.; Liu, H.; Wan, L.; Lai, M.-D. Epithelial–mesenchymal transition in colorectal cancer metastasis: A system review.
Pathol. Res. Pr. 2015, 211, 557–569. [CrossRef]

3. Balch, C.; Ramapuram, J.B.; Tiwari, A.K. The epigenomics of embryonic pathway signaling in colorectal cancer. Front. Pharmacol.
2017, 8, 267. [CrossRef]

4. Sepulveda, A.R.; Portillo, A.J.D. Molecular basis of diseases of the gastrointestinal tract. In Molecular Pathology, 2nd ed.;
Coleman, W.B., Tsongalis, G.J., Eds.; Elsevier BV: Amsterdam, The Netherlands, 2018; pp. 387–415. [CrossRef]

5. Järvinen, H.J.; Mecklin, J.-P.; Sistonen, P. Screening reduces colorectal cancer rate in families with hereditary nonpolyposis
colorectal cancer. Gastroenterology 1995, 108, 1405–1411. [CrossRef]

6. Brenner, H.; Jansen, L.; Ulrich, A.; Chang-Claude, J.; Hoffmeister, M. Survival of patients with symptom- and screening-detected
colorectal cancer. Oncotarget 2016, 7, 44695–44704. [CrossRef]

7. Fischer, J.; Walker, L.C.; Robinson, B.A.; Frizelle, F.A.; Church, J.M.; Eglinton, T.W. Clinical implications of the genetics of sporadic
colorectal cancer. ANZ J. Surg. 2019, 89, 1224–1229. [CrossRef] [PubMed]

8. Blank, A.; Roberts, D.E.I.; Dawson, H.; Zlobec, I.; Lugli, A. Tumor heterogeneity in primary colorectal cancer and corresponding
metastases. Does the apple fall far from the tree? Front. Med. 2018, 5, 234. [CrossRef]

9. Dylla, S.J.; Beviglia, L.; Clarke, M.F.; Hoey, T.; Lewicki, J.; Gurney, A.L.; Park, I.-K.; Chartier, C.; Raval, J.; Ngan, L.; et al. Colorectal
cancer stem cells are enriched in xenogeneic tumors following chemotherapy. PLoS ONE 2008, 3, e2428. [CrossRef]

10. Saiki, Y.; Ishimaru, S.; Mimori, K.; Takatsuno, Y.; Nagahara, M.; Ishii, H.; Yamada, K.; Mori, M. Comprehensive analysis of the
clinical significance of inducing pluripotent stemness-related gene expression in colorectal cancer cells. Ann. Surg. Oncol. 2009,
16, 2638–2644. [CrossRef]

11. Munro, M.J.; Wickremesekera, S.K.; Peng, L.; Tan, S.T.; Itinteang, T. Cancer stem cells in colorectal cancer: A review. J. Clin. Pathol.
2018, 71, 110–116. [CrossRef]
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Abstract: Colorectal cancer (CRC) represents one of the most widespread forms of cancer in the
population and, as all malignant tumors, often develops resistance to chemotherapies with con-
sequent tumor growth and spreading leading to the patient’s premature death. For this reason, a
great challenge is to identify new therapeutic targets, able to restore the drugs sensitivity of cancer
cells. In this review, we discuss the role of TRIpartite Motifs (TRIM) proteins in cancers and in
CRC chemoresistance, focusing on the tumor-suppressor role of TRIM8 protein in the reactivation
of the CRC cells sensitivity to drugs currently used in the clinical practice. Since the restoration of
TRIM8 protein levels in CRC cells recovers chemotherapy response, it may represent a new promising
therapeutic target in the treatment of CRC.

Keywords: CRC; chemoresistance; TRIM8; miR-17-5p

1. The CRC Therapy

Colorectal cancer (CRC) is one of the most prevalent malignancy tumors with high
morbidity and mortality. Risk factors for the occurrence of CRC are related to both external
factors such as diet, obesity, smoking, old age, chronic intestinal inflammation and genetic
factors. The majority of CRC (70–80%) is sporadic, while around 20–30% of CRC has a
hereditary component, such as Lynch Syndrome (LS) (3–4%) and the familial adenoma-
tous polyposis (FAP) (∼1%) [1]. A high percentage of sporadic CRC is characterized by
deletions, translocations and other chromosomal rearrangements identified as chromoso-
mal instability (CIN) [2]. A smaller percentage of sporadic CRC show a defective DNA
mismatch repair (MMR), caused by hypermutated regions and microsatellite instability
(MSI) [3].

Moreover, CpG island methylation phenotype (CIMP), is an epigenetic cause of CRC,
as it induces silencing of a range of tumor suppressor genes, including MutL Homolog
1 (MLH1), and one of the MMR genes [4,5]. Recently, a classification of CRC into four
Consensus Molecular Subtypes (CMS) has been reported in the literature: CMS1 (MSI
Immune, 14%), hypermutated, microsatellite unstable, strong immune activation; CMS2
(Canonical, 37%), epithelial, chromosomally unstable, marked WNT and MYC signaling
activation; CMS3 (Metabolic, 13%), epithelial, evident metabolic dysregulation; and CMS4
(Mesenchymal, 23%), prominent transforming growth factor β activation, stromal invasion,
and angiogenesis [6].

All of the studies carried out so far have demonstrated that an earlier diagnosis is
correlated with a better prognosis [7,8]. Current treatments used for CRC include some
combination of surgery, radio-/chemotherapies and targeted therapy [8]. Unfortunately,
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despite some advances in pharmacological therapies, the 5-year survival rate of patients
with late stage CRC is very poor because of recurrence and metastasis; moreover, one
essential reason for treatment failure is the presence of innate or acquired resistance, which
affects 90% of patients with metastatic cancer [7–9].

The main therapy for CRC patients has been, since the 1950s, chemotherapy based on
5-fluorouracil (5-FU) [8–10]. This drug inhibits DNA replication, replacing thymidine with
fluorinated nucleotides into the DNA, hereby causing cell death. The active metabolite of 5-
FU, fluorodeoxyuridine mono-phosphate (FdUMP), inhibits thymidylate synthase (TS), the
enzyme essential for the conversion of deoxyuridine mono-phosphate to deoxythymidine
monophosphate in the DNA synthesis pathway [11]. Different studies show that high
TS levels are closely associated with the 5-FU resistance of cancer cells [12,13]. It follows
that 5-FU resistance is closely related to the expression of thymidylate synthase (TS) and
patients with low TS expression show a better prognosis [14,15].

Other enzymes involved in the metabolism and degradation of 5-FU, such as Thymi-
dine phosphorylase (TP), uridine phosphorylase (UP), orotate phosphoribosyl transferase
(OPRT) and dihydropyrimidine dehydrogenase (DPD), are correlated with sensitivity of
CRC cells to 5-FU. It is reported that higher levels of TP, UP and OPRT displayed enhanced
sensitivity to 5-FU therapy [16–18], by contrast, DPD expression level is inversely correlated
with chemosensitivity [17].

Capecitabine was the first oral chemotherapy drug for CRC. Thymidylate synthase
(TS), is the enzyme that converts capecitabine to 5-FU and for this reason loss of function
of this enzyme confers the resistance of Capecitabine [19,20].

Moreover, the literature reports that changes in the status of p53 affects the sensitivity
to TS inhibitors, suggesting that analysis of the status of p53 (e.g., wild type or mutant
and functionally active or not) could be useful to predict the clinical outcome of the
chemotherapy with TS inhibitors [21].

FOLFOX is the first combined chemotherapeutic strategy which integrates the use of
5-FU with Leucovorin and Oxaliplatin (a platinum-based chemotherapeutic drug approved
for the treatment of CRC).

Oxaliplatin causes DNA breaks that are difficult to repair, hereby improving its
tumor cell killing potential [22]. Oxaliplatin effectiveness is related to the expression
level of nucleotide excision repair (NER) genes; indeed, ERCC1, XRCC1 and XDP, and
WBSCR22 proteins represent novel oxaliplatin resistance biomarkers.

TGF-β1-treated CRC cells have been shown to increase epithelial mesenchymal transi-
tion, indicating the involvement of TGF-β1 in resistance to oxaliplatin [23–25].

Irinotecan (CPT-11), a semi-synthetic derivative of the plant extract camptothecin, is
another chemotherapeutic drug used in CRC, that inhibits topoisomerase I (Topo I). In cells,
Irinotecan becomes an active metabolite, SN-38, with a stronger anticancer activity, and
forms a topoisomerase-inhibitor-DNA complex affecting the DNA function. Elevated levels
of Topo I make cells more sensitive to irinotecan [26,27]. Furthermore, carboxylesterases
(CES), uridine diphosphate glucuronosyltransferase (UGT), hepatic cytochrome P-450 en-
zymes CYP3A, β-glucuronidase and ATP-binding cassette (ABC) transporter protein,
involved in the uptake and metabolism of Irinotecan, have a role in chemoresistance [28,29].
If the Irinotecan resistance is due to the epigenetic changes occurring in CRC, the use
of histone deacetylase (HDAC) inhibitors could solve the resistance of the CRC cells to
Irinotecan [30].

A second-line option for the combined treatment of mCRC (metastatic CRC), is
represented by Capecitabine and Irinotecan therapy (XELIRI) with or without Beva-
cizumab [31,32]. The advent of monoclonal antibodies such as Bevacizumab and Cetuximab
permitted great development in the CRC therapy.

In the last few years, studies have focused on stem cells and their prognostic value
for CRC [33,34]. In fact, these cells show an enrichment of surface markers such as CD133,
EphB2high, EpCAMhigh, CD44+, CD166+, ALDH+, LGR5+ and CD44v6+, which are
useful for prognosis and follow the course of the pathology [35]; moreover, these cells show
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a higher expression of ATP binding cassette (ABC) family members, the efflux pumps that
promote the transport of drugs outside the cell [36,37].

In addition to those described, other drugs in recent years have been used to treat
CRC, including tyrosine kinase inhibitors (TKI) such as Sorafenib and Axitinib that block
cell proliferation by inhibiting the mitogen-activated protein kinase (MAPK) pathway and
prevent tumor-associated angiogenesis. Several studies have shown that the single use of
TKIs is ineffective to increase patient survival and combined approaches are under investi-
gation. Some clinical data suggested the use of Sorafenib in combination with oxaliplatin
and irinotecan in metastatic CRC patients as it appears to block cell proliferation [38,39]; in
other studies, sorafenib, used in combination with standard FOLFOX chemotherapy, was
not effective [40–42]. Axitinib seems to have a better effect used in combination therapy
with other chemotherapeutic drugs such as Erlotinib and Dasatinib [42].

Furthermore, Cisplatin is employed for the treatment of CRC, inducing the formation
of platinum–DNA adducts [43], which in turn trigger the apoptotic process [44]. Cisplatin
treatment often results in the development of resistance, leading to therapeutic failure.
Intense research has identified several mechanisms underlying Cisplatin resistance [45,46].

Nutlin-3 is a chemotherapeutic drug that inhibits the interaction between Mouse
double minute 2 homolog (MDM2) and tumor suppressor p53 causing the stabilization
of p53 and its consequent activation. In this way p53 leads to the inhibition of cancer cell
proliferation and the induction of cellular senescence.

The Doxorubicin is an antineoplastic antibiotic of the anthracycline family with a broad
antitumor spectrum. The drug binds to cellular DNA, inhibiting nucleic acid synthesis and
mitosis and causing chromosomal aberrations. The literature shows that a combination of
Nutlin-3 and Doxorubicin was more effective in treatment [47].

A novel important approach in cancer therapy is represented by the application of
proteasome inhibitors [48–51]. In particular E3 ligases, enzymes that perform the final step
in the ubiquitination cascade, represent drug targets for its ability to regulate protein stabil-
ity and functions [52,53]. For this reason researchers are exploring the role of E3 ligases in
tumor chemotherapy resistance and the underlying mechanism [54–60]. Indeed, a grow-
ing number of E3 ligases and related substrate proteins, such as the RING finger protein
(RNFs), MDM2, the apoptotic protein inhibitor (IAPs), and tripartite proteins (TRIMs), have
emerged as crucial players in drug resistance of several cancers, including CRC [61,62].
The literature reports that both C3HC4-typezinc finger-containing 1 (RBCK1), also known
as HOIL-1L (a protein with an N-terminal ubiquitin like (UBL) domain) and the 3-ubiquitin
ligase FBXW7 (a protein that influences the epithelial–stromal micro environmental interac-
tions) increase epithelial-mesenchymal transition (EMT) and contribute to chemoresistance
and stemness in CRC [63]. The miR-223/FBXW7 pathway has been reported to play a
crucial role in the mechanism of chemoresistance in many human cancers, such as gastric,
breast, and non-small cell lung cancers. However, it is unclear whether similar mechanisms
of doxorubicin resistance are involved in particular in CRC. The miR-223/FBXW7 axis
regulates doxorubicin sensitivity through EMT in CRC [64]. Moreover, the overexpression
of RNF126, RING finger protein 126 (RNF126), a novel E3 ubiquitin ligase, was remarkably
associated with multiple advanced clinical features of CRC patients independent of p53
status. RNF126 promotes cell proliferation, mobility, and drug resistance in CRC via en-
hancing p53 ubiquitination and degradation [65]. Considering the resistance mechanisms
described for the CRC, more research is needed to clarify the role in this mechanism of
others E3 ligases such as TRIM proteins.

2. TRIM Proteins in Cancer

The TRIpartite Motifs (TRIM) protein family is composed of more than 70 known
TRIM proteins in humans and mice, which are encoded by approximately 71 genes in
humans. The TRIpatite Motif is composed by three zinc-binding domains, a RING domain
(R), a B-box type 1 (B1) and a B-box type 2 (B2), followed by a coiled-coil (CC) region [66,67].
Functionally, the RING finger domain is involved in the ubiquitination system, mediating
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the transfer of ubiquitin from E2-Ub ligase enzyme to its substrates: this domain is therefore
a characteristic signature of many E3 ubiquitin ligases [68]. Genes encoding for TRIM
proteins are present in all metazoans [69] and mutations in these genes are implicated in a
variety of human diseases including cancer.

This is not surprising if we consider that TRIM family proteins are involved in a
plethora of cellular functions, such as regulation of gene expression, signal transduction
pathways, autophagy, cell growth, migration, protein stability through the ubiquitination
system, regulation of development and immune response, effects on cell survival and
metabolism and direct antiviral action. Alterations of TRIM expression levels represent
biomarker and prognostic factors of specific cancers including osteosarcoma, gastric, liver,
breast, ovarian, prostate, lung, cervical and CRC [70–72].

Depending on tumor type and on their deregulation mechanisms, TRIMs proteins can
exert their action both as onco-protein and tumor-suppressor proteins in cancers. To date,
many TRIMs proteins have resulted to be overexpressed in one or more cancers. TRIMs 11,
14, 22, 24, 25, 27, 28, 32, 37, 44, 47, 49, 59, 65 are upregulated in some of the high incidence
cancers (breast, gastric, liver, lung, osteosarcoma, prostate, kidney) [73–114], while some
others TRIM are upregulated in a cancer-specific way (e.g., TRIM22 in lung, TRIM31 and
TRIM35 in liver, TRIM63 in breast, TRIM66 in osteosarcoma, TRIM68 in prostate). The al-
tered expression of this TRIMs has been correlated with poor prognosis [115–119] (Table 1).
On the contrary, there are also many TRIMs downregulated in tumors. TRIMs 3, 8, 13, 16,
21, 62 are downregulated in many of the main cancers worldwide (breast, gastric, liver,
lung, osteosarcoma, prostate, kidney) [120–131], while some TRIMs are under-expressed in
a cancer-specific way (e.g., TRIM15 in gastric cancer, TRIM26 in liver, TRIM58 in lung). In
these cases, their downregulation is correlated with early-onset and poor overall survival
among cancer patients [132–134] (Table 1).

Interestingly, there are some TRIM proteins, which result in being up- or down- regu-
lated depending on cancer type. Among them are TRIM2 (up-regulated in osteosarcoma,
down-regulated in kidney cancer), TRIM29 (up-regulated in lung cancer and osteosarcoma,
down-regulated in liver and prostate cancers), TRIM33 (up-regulated in breast cancer,
down-regulated in liver and kidney cancers) [135–143].

Table 1. TRIM proteins in tumors. Tripartite motif (TRIM) proteins described in the manuscript are listed based on their
expression levels in the main cancer types worldwide.

Cancer Type Upregulated TRIMs Downregulated TRIMs

Breast
11 [112], 24 [77], 25 [73], 27 [75],
28 [74], 32 [107], 33 [138], 37 [82],
44 [97], 47 [113], 59 [104], 63 [119]

8 [131], 13 [130], 16 [127],
21 [128], 62 [120]

Gastric
14 [144], 24 [84], 28 [76],

32 [96], 37 [106], 44 [79], 59 [105] 3 [145], 15 [134]

Liver
11 [92], 14 [101], 24 [108],
28 [90], 31 [117], 32 [85],
35 [116], 37 [83], 65 [100]

3 [121], 16 [125], 21 [123],
26 [132], 29 [146], 33 [135]

Lung

11 [109], 22 [98], 24 [80],
25 [88], 27 [78], 28 [81],

29 [139], 32 [111], 37 [102],
44 [91], 47 [93], 59 [94], 65 [89]

13 [129], 16 [124], 58 [133],
62 [122]

Osteosarcoma
2 [142,143], 29 [147], 37 [99],

59 [87], 66 [118] 8 [148]

Prostate
24 [110], 25 [149], 28 [103],

47 [86], 68 [115] 16 [126], 29 [136]

Renal 44 [114], 59 [95] 2 [141], 8 [150,151], 33 [137,140]

At the basis of the correlation between TRIMs, altered expression and tumor onset,
there are, generally, several mechanisms, not fully understood, such as chromosomal
translocations (resulting in oncogenic gain-of-function fusion genes), that likely contribute
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to oncogenesis through the constitutive activation of oncogenic signaling pathways, hyper-
or hypo- methylation of CpG islands present in the TRIMs promoter regions [70,152–156].
Alternatively, the low expression of the tumor-suppressive TRIMs is inversely correlated
with specific micro RNAs (miRs) overexpression (e.g., TRIM8 vs. miR17-92 family). On the
contrary, overexpression of some oncogenic TRIMs in various cancers is frequently due to
the loss of miR dependent gene suppression (e.g., TRIM11, TRIM14, TRIM24, TRIM25, and
TRIM44) [144,150,157–163].

The pivotal role of TRIMs, in the pathological as well as in the physiological cellular
life, is now clear if we consider that one or more TRIM members can influence diverse
key downstream effector cellular pathways, such as p53 controlled pathways, the Wnt/β-
catenin signaling, Transforming Growth Factor-β (TGF-β), Phosphoinositide-3-kinase
/Protein Kinase B (PI3K/Akt) pathways and the pro-inflammatory Signal transducer and
activator of transcription 3- Nuclear Factor kappa-light-chain-enhancer of activated B cells
(STAT3-NF-κB) pathways.

2.1. TRIM Family and the p53 Controlled Pathways

The tumor suppressor protein p53 is a key player in the regulation of cell cycle,
apoptosis, and in the maintenance of genome stability. A high percentage of tumors
show inactivation of p53 function due to gene mutation (with a consequent not-functional
p53 protein) or to network inactivation (also in the presence of a wild-type p53 protein).
In several human malignancies, it has been shown that TRIMs are able to modulate
chemoresistance by exerting their role on p53 stability and/or activity [164,165].

The oncogenic TRIMs are able to negatively regulate p53 by increasing its polyubiq-
uitination and subsequent proteasomal degradation or by impairing its transcriptional
activity both directly and indirectly (e.g., TRIM11, TRIM21, TRIM23, TRIM24, TRIM25,
TRIM28, TRIM29, TRIM31, TRIM32, TRIM39, TRIM59 and TRIM66) [149,166–179]. On
the contrary, a group of tumor suppressive TRIMs are showed to have positive stabi-
lizing effects on p53 protein. They mainly work by enhancing p53 stability by interfer-
ing with MDM2 ubiquitin ligase activity and/or inhibiting the p53–MDM2 interaction.
These TRIMs are downregulated in tumors (e.g., TRIM3, TRIM8, TRIM13, TRIM19 and
TRIM67) [145,150,151,180–184] (Table 1).

2.2. TRIM Family and the Wnt/β -Catenin Signaling Pathway

The Wnt signaling pathway is involved in controlling several main cellular processes
(e.g., proliferation, migration, cell adhesion). Moreover, it is important for normal embry-
onic development and adult tissue homeostasis [185,186].

TRIM29 and TRIM58 are the only two TRIM family members which have been iden-
tified to act by modulating the Wnt/β-catenin signaling pathway, and they act in an
opposite way. TRIM29 (pro-proliferative) is upregulated in several human tumors. It
induces the Wnt/β-catenin signaling pathway through upregulation of CD44 expression,
linking this network to the progression of other human tumors. On the contrary, TRIM58
(anti-proliferative) is downregulated in human lung tumor. It exerts its tumor-suppressive
activity by suppressing the expression of EMT and matrix metalloproteinase (MMP) genes
and, consequently, by inhibiting cell invasion. Moreover, its overexpression significantly
increases β-catenin ubiquitination and proteasomal degradation in gastrointestinal (GI)
tumors [147,187–192].

2.3. TRIM Family and the TGF-β Pathway

Several members of TRIM proteins are implicated in the regulation of TGF-β signaling.
The members of the TGF-β family are cytokines crucially involved in the regulation of
cellular processes (e.g., cell growth, differentiation, migration, autophagy, and apoptosis).
The TRIM family proteins work by specifically degrading signaling modules involved in
this pathway (TGF-β-receptors, R-Smads, and Co-Smads) [193–197].
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Different TRIM proteins have been demonstrated to modulate the canonical TGF-β-
Smad signaling pathway both positively and negatively, depending on the TRIM protein
involved. In particular, TRIM14, TRIM25, TRIM27, TRIM44, TRIM47, TRIM59 are signifi-
cantly linked to the TGF-β signaling pathway [198–200].

2.4. TRIM Family and the PI3K/Akt Signaling Pathway

The PI3K/Akt pathway has also been correlated with tumor onset and progression.
Its deregulation is frequently observed in most human malignancies due to the altered
transmission of extracellular growth factor-derived signals [201–204]. The activation of the
PI3K/Akt pathway has been frequently observed in various cancers, but only for a few
years has this activation been also linked to an increased expression of some TRIM proteins.

For example, TRIM14, TRIM27, TRIM44 and TRIM59 are linked to the activation of the
PI3K/Akt pathway in different tumors. These TRIM members are upregulated in cancer
tissues and this correlates with a poor prognosis and an increase in some characteristic
tumor features including invasion, metastasis, and apoptosis resistance [205–209]. They
act by degrading its antagonist Phosphatase and tensin homolog (PTEN), with the increase
in Akt phosphorylation and PI3K/Akt signaling activity, or by directly inducing the Akt
signaling pathway, through the regulation of phosphorylated PI3K and Akt levels. Both
these mechanisms lead to an increase in cell proliferation and EMT, with the consequent
poor patients’ prognosis [144,210,211].

2.5. TRIM Family and the Pro-Inflammatory STAT3-NF-κB Pathway

Many tumors show a constitutive activation of transcription factors involved in the
pro-inflammatory response. These include transcription factors like STAT3 and members
of the NF-κB protein family, that seem to be crucial in linking chronic inflammation to
cancer development. In particular, the aberrant STAT3 signaling is mainly due to persisting
signaling events caused by the deregulation of specific signaling modules [212–218]. The
aberrant TRIMs expression seems to be clinically relevant for constitutive STAT signaling
in several tumors, particularly those of the gastrointestinal (GI) tract. Indeed, excessive
TRIM-mediated STAT3 activation has been reported for several TRIMs (e.g., TRIM14,
TRIM27, TRIM29 and TRIM52) and this is associated with an overall poor survival of
patients [219–222]. Oncogenic TRIMs, in particular, exert their effects mainly through
the activation of the Janus kinase/signal transducers and activators of transcription 3
(JAK/STAT3) signaling pathway by inducing the formation of the constitutively active
JAK1-2/STAT3 complex or by promoting the poly-ubiquitination and consequent degrada-
tion of a protein tyrosine phosphatase involved in the negative regulation of STAT3 (named
Shp2), thus activating a STAT3 signal. By promoting the activation of STAT3, TRIMs indi-
rectly induce STAT3-target genes, such as MMP-2, MMP-9 and the vascular endothelial
derived growth factor (VEGF), thus promoting cancer cell migration and invasion [220].

Moreover, the aberrant NF-κB activation is linked with several tumors’ onset. The
NF-kB canonical pathway can be mainly activated by proteasomal degrading the NF-κB
inhibitor IκBα, leading to a release and subsequent activation of dimeric complexes of
the NF-κB/Rel transcription family members p50, p65 (RelA) and c-Rel. Alternatively,
the NF–κB activation relies on the inducible phosphorylation–dependent ubiquitination
and processing of the NF–κB precursor protein p100 by the action of the NF–κB-inducing
kinase (NIK) (non-canonical pathway). Once activated, NF-κB promotes tumorigenesis by
inducing proinflammatory genes such as cyclooxygenase-2 (COX-2).

Several oncogenic TRIMs are able to activate both the NF–κB dependent routes: the
canonical NF-κB pathway, triggered by different pro-inflammatory cytokines, or the non-
canonical NF-κB pathway, also by interfering with autophagy [223–227].

Contrary to oncogenic TRIMs, there are also some tumor suppressors, TRIMs protein
that are able to antagonize NF-kB activity by promoting inhibitor of nuclear factor kappaB
kinase subunit gamma (IKKγ) neddylation with the consequent stabilization of the IκBα
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protein and the impairing of the NF–κB activation, even in the presence of NF-κB activating
cytokines [228].

3. TRIMs Involved in CRC

Different TRIM proteins are involved in development and progression of CRC. They
can regulate various aspects of tumorigenesis, including proliferation, apoptosis, au-
tophagy, transcriptional regulation, chromatin remodeling, invasion, metastasis and chemore-
sistance [229]. Cancer cells, through different mechanisms such as inactivation of the tumor
suppressor gene p53, may acquire resistance to chemotherapy. For this reason, the reactiva-
tion of wild type p53, through the TRIM proteins, could be a promising strategy to restore
sensitivity to the treatment of chemotherapy in all tumors including CRC [164,165]. Below
we describe the role and the levels of the different TRIMs in the CRC.

TRIM23 is upregulated in CRC, it binds p53, inducing its ubiquitination and promoting
colorectal cell proliferation [149]; TRIM24 (transcription intermediary factor 1α-TIF1α),
mRNA and protein levels were higher in CRC tissues compared to controls, indicating
this TRIM is a potential negative prognostic marker. In particular, TRIM24 promotes the
degradation of p53 via ubiquitination [230].

The literature reports that TRIM25 negatively regulates the expression of Caspase-
2, and consequently the reduction of TRIM25 levels in the colorectal cell increases their
sensibility to drugs [230]; moreover, TRIM25 reduction induces p53 acetylation and p53-
dependent cell death in HCT116 cells [173,231,232]. This TRIM regulates p53 levels and
activity in the HCT116 cell line in two opposite ways. From one side, TRIM25 prevents the
formation of the ternary complex constituted by p53, MDM2, and p300, which is essential
for p53-polyubiquitination and degradation, leading to the increase in p53 stability. Despite
this, from another side, p53 transcriptional activity is inhibited in the presence of TRIM25,
since the same p53-MDM2-p300 complex is required for p53 acetylation and, consequently,
it is able to block the p53-dependent activation of p53-controlled apoptotic genes, following
DNA damage [173].

TRIM59 is upregulated in CRC patients and correlates with a poor prognosis. There-
fore, the reduction of TRIM59 levels reversed the expression of epithelial-mesenchymal
transformation-related proteins vimentin, in p53 wild-type and p53 mutated cells, demon-
strating that the TRIM59 oncogenic action is p53 independent [209,233]. In CRC, it has
not been studied whether the oncogenic role of TRIM59 is through direct degradation of
p53; only in stomach cancer does the literature report a direct TRIM59-p53 interaction and
subsequent p53 degradation [170].

TRIM28 and TRIM29 are markers for patient survival in CRC. TRIM28 binds MDM2 and
promotes the degradation of p53 [234]. In addition, TRIM28, in concert with MDM2, pro-
motes the formation of a p53 complex with histone deacetylase 1 (HDAC1), thus preventing
acetylation of p53 [166]. To date, it is unclear by which molecular mechanism TRIM29 regu-
lates the development of CRC; in fact, this TRIM could prevent p53-mediated transcription
of its target genes in the nucleus by sequestering p53 outside the nucleus and thus prevent-
ing its p300-dependent acetylation [168]. Alternatively, it could promote p53 degradation
by degrading and/or changing the localization of TIP60, a transcriptional coactivator of
p53, consequently reducing TIP60-dependent p53 acetylation [146]. In contrast, histone
deacetylase9 (HDAC9) can inhibit the action of TRIM29, resulting in increased p53 activity
and reduced cell survival [168].

Some TRIM proteins behave like oncogenes because they are involved in the ac-
tivation of pro-proliferative pathways such as Akt/mTOR and NF-κB signaling path-
ways. In particular, TRIM2 and TRIM47 are potential targets for therapy in CRC, since
they promote cell proliferation, epithelial-mesenchymal transition (EMT) and metastasis
in vitro and in vivo [143,199]. TRIM6 is upregulated in CRC and its reduction increases the
anti-proliferative effects of 5-fluorouracil and oxaliplatin [235]. TRIM27 and TRIM44 are
involved in activation of the Akt/mTOR signaling pathway inducing cell proliferation,
migration, invasion and metastasis in CRC [206,207]. Additionally, TRIM66, TRIM52 and
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TRIM14 also play an oncogenic role in CRC, since they are involved in cancer proliferation
and metastasis through the regulation of STAT3 pathway expression [118,144,220,222].
Instead, TRIM27 is involved in proliferation, invasion and metastasis of CRC in vitro and
in vivo regulating AKT [206]. TRIM14, together with TRIM1, have a role in autophagy.
Indeed, TRIM14 negatively interferes with the autophagic degradation of the NF-κB family
member p100/p52, inducing a non-canonical NF-κB signaling pathway [227]. By contrast,
TRIM11 mediates the degradation of the receptor-interacting protein kinase 3 (RIPK3).
RIPK3 activation is linked to necrotic cell death and represents a causative role for both pe-
diatric and adult IBDs (inflammatory bowel diseases). TRIM11 counteracts mTOR-induced
activation of RIPK3, inducing RIPK3 degradation through autophagy and thus represent-
ing a novel regulatory mechanism important for antagonizing necroptosis [236]. In this
way, TRIM11 shows a protective role in the gut, mainly through antagonizing intestinal
inflammation and cancer.

Finally, TRIM31 and TRIM40 interfere with the canonical NF–κB pathway, promoting
invasion and metastasis in CRC [226,227]. In particular, TRIM40 is downregulated in gas-
trointestinal cancers. It is able to inhibit the NF-κB activity by promoting the neddylation
of the IKKγ, also called NEMO (NF–κB essential modulator), a key regulator for NF-κB
activation, thus preventing inflammation-associated carcinogenesis in the GI tract [202].
In contrast to the oncogenic action of the TRIMs described so far, TRIM67, TRIM58 and
TRIM8 are downregulated in CRC, playing a tumor suppressor role. The reduction of
TRIM67 levels in CRC is caused by methylation of two loci (cg21178978 and cg27504802).
Mechanistically, TRIM67 binds p53, thus inhibiting MDM2 binding to p53 and following
ubiquitination [184]. TRIM58 plays a critical role of tumor suppressor by limiting Wnt/β-
catenin dependent EMT; indeed, the recovery of TRIM58 reduces tumor invasion [191].
TRIM8 seems to be down-regulated in CRC and in restoring TRIM8 levels, p53 is stabilized,
and cells become sensitive again to chemotherapeutics (The Human protein Atlas, avail-
able from http://www.proteinatlas.org, accessed on 25 February 2021) [151,182,229,237]
(Table 2).

Table 2. TRIM proteins involved in CRC. Tripartite motif (TRIM) proteins described in the manuscript are listed based
on their expression levels in different types of cancer, also below is indicated where the TRIM gene expression levels or
mechanisms of action were obtained. The arrows indicate if that TRIM protein was found up- (↑) or down- (↓) regulated; nd
indicates not detected levels.

TRIMs Levels Action References

TRIM11 nd
Has a protective role in the gut mainly through

antagonizing intestinal inflammation
and cancer

HEK293 and HT29 cell line [236]

TRIM14 ↑ promotes migration and invasion of CRC
regulating the SPHK1/STAT3 pathway

CRC tissue and HT-29, SW620, and
LoVo cell lines [220]

TRIM2 ↑ promotes Epithelial-mesenchymal transition
in CRC CRC tissue and SW620, RKO cell lines [143]

TRIM23 ↑ induces p53 ubiquitination promoting cell
proliferation

CRC tissue, SW480, HT29, SW1116,
HCT116, SW620 and FHC cell lines,

xenograft
[179]

TRIM24 ↑ mRNA and protein levels are elevated in
CRC tissue CRC tissue [230]

TRIM25 ↑ its reduction increases the CRC chemo
sensibility DLD-1RKO and HEK293 cell lines [231]

TRIM27 ↑ involved in proliferation, invasion and
metastasis of CRC

CRC tissue, LoVo, HCT116, SW480,
DLD-1, HT29 and normal epithelial

colon cells (NCM460), xenograft
[206]

TRIM28 ↑ promotes MDM2-mediated p53 degradation
reducing the CRC patient survival CRC tissue [234]

TRIM29 ↑ prevents p53-mediated transcription of its
target genes

CRC tissue, CT116, SW620, SW480,
SW1116, LOVO, HT29 and RKO

cell lines
[219]
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Table 2. Cont.

TRIMs Levels Action References

TRIM31 ↑ involves in canonical NF–κB pathway,
promotes invasion and metastasis in CRC

CRC tissue, HT-29, SW 116, SW 620,
SW 480 cell lines [226]

TRIM40 ↑
involves in activation of the Akt/mTOR

signaling pathway, inducing cell proliferation,
migration, and invasion in CRC

CRC tissue, HEK293T, HeLa and
SW480 cell lines [228]

TRIM44 ↑
involves in activation of the Akt/mTOR

signaling pathway, induces cell proliferation,
migration, and invasion in CRC

CRC tissue, Intestinal mucosal
epithelial cells (NCM460) and SW620,

LOVO, and HCT116 cell lines
[207]

TRIM47 ↑ promotes proliferation and metastasis in CRC
CRC tissue, HCT116, HT29, SW480,

RKO, SW620, Caco2, LoVo and
SW1116 cell lines, nude mice

[200]

TRIM52 ↑ with an oncogenic role in CRC via regulating
the STAT3 signaling pathway

CRC tissue, SW480, LoVo, SW620,
HT29 and RKO) and normal human

intestinal crypt cells (HIEC), xenografts
[222]

TRIM59 ↑ the reduction of TRIM59 levels reduce the
expression of EMT related proteins

CRC tissue, Caco-2, SW480, HT-29,
LoVo, DLD-1, HCT116 cell lines and
normal human colorectal epithelial

cells (NCM460)

[208]

TRIM6 ↑ its reduction increases the anti-proliferative
effects of 5-fluorouracil and oxaliplatin

CRC tissue, FHC, and CRC cell lines,
LOVO, Sw620, HCT-8 and HCT116 cell

lines and nude mice
[235]

TRIM66 ↑ regulates migration and invasion in CRC
through JAK2/STAT3 pathway

CRC tissue, Human normal colorectal
cell lines NCM460 and human CRC cell

lines including HCT116, HT29,
CaCo2 and SW620

[118]

TRIM58 ↓ inhibits CRC invasion through EMT and MMP
activation.

CRC tissue, HCT8, KM12, Caco-2,
DLD-1, HCT116, LoVo, HT-29, SW480,

SW620, RKO and HCT15 cell lines
[191]

TRIM67 ↓
inhibits metastasis by mediating

mitogen-activated protein kinase 11 (MAPK11)
in CRC

CRC tissue and xenografts [184]

TRIM8 ↓ restoring levels of TRIM8 the CRC becomes
sensitive to chemotherapeutic drugs HCT116 cell line and xenografts [151,182]

4. TRIM8 Tumor Suppressor Gene

The TRIM8 gene is located on the 10q24.3 chromosome and transcribes an mRNA
of about 3.0 kbp that is translated into a protein of 551 aa with a molecular weight of
61.5 kDa. TRIM8 is expressed in many human tissues such as lungs, intestine, breast, brain,
placenta, muscles, kidneys. TRIM8 performs activities involved in embryonic development
and cell differentiation, in response to the innate immune system and in different human
tumors [238,239]. Although a role of TRIM8 as an oncogene is reported by affecting the
NF-κB and JAK-STAT pathways, much experimental evidence support a role for TRIM8
as a tumor suppressor [240–243]. Over the years it has been demonstrated how these
two pathways are involved in several processes, including inflammatory ones that are
associated with the onset and development of CRC [244–246].

The first role of TRIM8 in cancer was demonstrated by Vincent et al., in 2000. The
authors showed frequent deletion or loss of heterozygosity in the TRIM8 gene in glioblas-
tomas [238]. Then, Carinci et al. performed the transcriptome analysis of larynx squamous
cell carcinoma (LSCC) tissue and they observed a large reduction of TRIM8 expression
which correlated with metastatic progression, suggesting a tumor suppressor role of
TRIM8 [148]. Over the years, the suppression role of TRIM8 has been observed in different
tumors. Zelin et al. demonstrated that TRIM8 is downregulated in breast cancer and
the protein level of TRIM8 is negatively correlated with estrogen receptor α. Moreover,
knockdown of TRIM8 can significantly enhance breast cancer cell proliferation and mi-
gration both in vitro and in vivo [131]. As in breast cancer, and also in other cancers, low
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expression levels of TRIM8 are associated with a poor prognosis for the patients; in fact,
TRIM8 is downregulated in Glioma, Chronic lymphocytic leukemia (CLL), Renal Clear
Cell Carcinoma (ccRCC), CRC and in melanoma [148,150,247–249].

In particular, the literature reports that the downregulation of TRIM8 in tumors is
often caused by the action of specific miRNAs. In fact, in patients affected by ccRCC,
CRC (The Human protein Atlas, available from http://www.proteinatlas.org, accessed
on 25 February 2021) [237], Glioma, and CLL, the overexpression of miR-17-5p causes
TRIM8 downregulation that affects cell proliferation and is associated with patient’s sur-
vival [150,229,247,248]. One of the reasons why TRIM8 plays a tumor suppressor role is its
capacity to regulate the stability and activity of p53 tumor suppressor gene. Indeed, TRIM8
is a direct p53 target gene, and by a feedback mechanism, displaces p53-MDM2 binding,
thus stabilizing p53 and promoting MDM2 degradation. As final outcome, TRIM8 pro-
motes the p53-dependent suppression of cell proliferation and DNA repair [182].

Generally, the most aggressive chemo-resistant tumors have mutations in the p53
gene or inactivation in its pathway through alterations of its regulators. This is the case
with tumors like the clear cell renal cell carcinoma (ccRCC) and the CRC in which the
reactivation of the p53 pathway could be one of the best treatment strategies [250–252].
Strikingly, it has been demonstrated that in HCT116 colon, carcinoma and in ccRCC
cell lines, TRIM8 silencing induced p53 inactivation and MDM2 stabilization impairing
Cisplatin and Nutlin-3 effect. This suggests that TRIM8 levels are relevant to the p53-
mediated cellular responses to chemotherapeutic drugs. Conversely, the overexpression of
TRIM8 in HCT116 cells induced a great reduction in proliferation rate, which became more
pronounced when the cells were treated with Nutlin-3 and Cisplatin [150].

Another case of resistance to chemotherapy is represented by Anaplastic Thyroid
Cancer (ATC), where it has been demonstrated that TRIM8 is a direct target of miR-182,
which is upregulated in ATC tissue and cell lines. Suppressing the action of TRIM8,
miR-182 promotes cellular growth and enhances the cisplatin resistance of ATC cells [253].

5. TRIM8 and miR-17-92 Cluster in CRC Progression and Chemo Resistance

The downregulation of TRIM8 expression in tumors, including CRC, is explained by
the upregulation of the miR-17-5p belonging to the miR-17-92 cluster. MiR-17-5p directly
targets the 3′ UTR of TRIM8 repressing its expression [150,247,248]. The human genome
contains two paralogues of the miR-17-92 cluster, the miR-106b/25 cluster and the miR-
106a/363 cluster. The miR-17-92 and miR-106b/25 clusters are emerging as key actors
in a wide range of biological processes including tumorigenesis [254,255]. An increasing
number of recent papers has reported that miR-106b- 5p and miR-17-5p are overexpressed
in many different chemo/ radio-resistant cancers, including CRC, ccRCC and glioma,
playing a role in early metastatic progression [256] and contributing to oncogenesis and
chemo-resistance [150]. MiR-17-5p and miR-106b-5p are transactivated by N-MYC, and
this oncogene is negatively regulated by miR-34a, which is transactivated by p53. Inter-
estingly, miR-17-5p and miR-106b-5p silencing increases TRIM8 expression levels, which
in turn stabilizes and activates p53 towards a cell proliferation arrest program. Moreover,
p53 promotes the transcription of miR-34a, which turns off the oncogenic effect of N-MYC,
linking p53 to N-MYC. By restoring normal TRIM8 levels, CRC cells recover sensitivity to
chemotherapy treatments such as Sorafenib, Axitinib, which are among the Tyrosine Kinase
inhibitors currently in use for treatment of both renal and colorectal carcinoma [257–260],
and also to Nutlin-3 and Cisplatin [150]. In conclusion, TRIM8, among all miR-17-5p tar-
gets, is pivotal in controlling cell sensitivity to chemotherapy and its role in tumor growth
has been demonstrated also in human tumor xenografts generated in nude mice. Indeed,
in TRIM8-treated tumors, cell proliferation stops completely compared to tumors treated
with a control vector. This evidence confirmed in vivo the pathway identified in vitro,
underlying TRIM8 as a key factor in the p53/N-MYC/miR-17 axis [150].

Another important role of TRIM8 in counteracting the proliferation of cancer cells is
highlighted by its effects on the stability and activity of the oncogenic transcription factor
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ΔNp63α, belonging to the p53 gene family. ΔNp63α is upregulated in different tumors,
in fact the expression level of this transcription factor is correlated with a poor prognosis
of patients [261–263]. It has been demonstrated that TRIM8 promotes the degradation of
ΔNp63α in both a proteasomal and caspase-1-dependent way. It is important to point out
that ΔNp63α is able to downregulate TRIM8 expression, thus preventing the stabilization
of p53. This dual role of TRIM8 demonstrates an enhanced activity in the inhibition of
tumor development and therefore in the role played in chemoresistance and offers more
possible therapeutic benefits [264].

6. Conclusions

Studies are increasingly focusing on the molecular basis of chemoresistance in CRC.
The identification of new molecular targets and the development of drugs able to regulate
their activity opens a positive landscape for CRC patients. Specifically, in this review we
reported the tumor suppressor role of TRIM8 in the resistance to drugs administered for the
treatment of CRC. TRIM8 is downregulated in colon carcinoma cells due to the inhibitory
action of miR-17-5p and miR-106b. Suppressing the activity of these miRNAs, the level of
TRIM8 proteins increase, and the activity of p53 tumor suppressor protein is restored and
cells respond again to chemotherapy treatment. TRIM8 is therefore a promising therapeutic
target for CRC treatment.
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Abstract: Anastomotic leakage is a dreadful complication in colorectal surgery. It has a negative
impact on postoperative mortality, long term life quality and oncological results. Nanofibrous poly-
caprolactone materials have shown pro-healing properties in various applications before. Our team
developed several versions of these for healing support of colorectal anastomoses with promising
results in previous years. In this study, we developed highly porous biocompatible polycaprolactone
nanofibrous patches. We constructed a defective anastomosis on the large intestine of 16 pigs, covered
the anastomoses with the patch in 8 animals (Experimental group) and left the rest uncovered (Con-
trol group). After 21 days of observation we evaluated postoperative changes, signs of leakage and
other complications. The samples were assessed histologically according to standardized protocols.
The material was easy to work with. All animals survived with no major complication. There were
no differences in intestinal wall integrity between the groups and there were no signs of anastomotic
leakage in any animal. The levels of collagen were significantly higher in the Experimental group,
which we consider to be an indirect sign of higher mechanical strength. The material shall be further
perfected in the future and possibly combined with active molecules to specifically influence the
healing process.

Keywords: colorectal surgery; nanofibrous materials; anastomotic leakage; intestinal anastomosis;
anastomotic patch; polycaprolactone; electrospinning; experiment; peritoneal adhesions

1. Introduction

Anastomotic leakage (AL) is a severe and feared complication in colorectal surgery.
There used to be a lack of consensus over the classification of such conditions in the past,
making it difficult to compare complication rates after specific types of procedures. Rahbari
et al. [1] created a clear classification of the leaks depending on the type of approach to
the complication, which is generally accepted by the wider medical community. However,
different hospitals have different approaches and what could be treated conservatively in
one department (classified as grade A or B [1]), could also end up with an anastomosis
resection and a Hartmann procedure in another (classified as grade C [1]). It is therefore
very difficult to assess the real incidence of AL, however it is usually reported to be as high
as 5 to 19% [2–4]. The majority of colorectal procedures are performed for colorectal cancer
and the number of performed procedures is enormous. Therefore, these complications
form a great medical problem [5,6].

Many risk factors have been identified and one of the strongest is the position of
anastomosis. Especially low anastomoses (within 5 or 6 cm from the anal verge [7,8]) show
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high risk of AL [9,10]. Other known factors are age, gender, smoking, steroid therapy
and more [9–11]. All of the risk conditions are assumed to decrease the patient’s healing
abilities generally or locally. However, the specific pathophysiological mechanisms are
not well described. As postoperative life quality is often terribly compromised after such
complications and the complication itself is in many cases (especially grade C) fatal, AL is
considered a large socioeconomic burden [12,13].

Peritoneal adhesions (PAs) are a common problem in abdominal surgery. They are
formed in various extents after all surgical procedures and also other damage to the
peritoneal cavity. Their purpose is protective, however they are in many cases a source of
long term postoperative complications such as gastrointestinal obstruction, infertility or
abdominal discomfort [14].

Some kind of patch seems to be a promising solution for local prevention of AL (and
possibly PAs). Many materials have been tested for these purposes yet none of them are
currently accepted in routine clinical practice [15–17]. There also has not been any material
developed and tested for prevention of both PAs and AL according to our knowledge and
a literature search.

Nanofibrous materials are nonwoven fabrics created by different techniques, usually
from polymeric biomaterials. The variety of source materials and range of fabrication
protocols offer an enormous spectrum of such fabrics, naturally resulting in novel applica-
tions in medical use. Some versions of nanofibrous planar biodegradable materials have
been described to have a positive effect on wound healing by several authors [18–20]. It
is assumed to be caused, among other factors, by its structural similarities to collagenous
extracellular matrix [19]. There are a variety of synthetic biodegradable materials suitable
for fabrication of nanofibrous scaffolds such as polycaprolactone (PCL), polylactide, polyg-
lycolide, polydioxanone, polyhydroxybutyrate and others [21]. PCL is among the most
used for implantable devices because of its good mechanical and biological properties and
for the fact that it is a substance already in use in clinical medicine [22–24].

Electrospinning is one of the most commonly used approaches for scaffold production.
The versatility of the process together with easily controlled parameters has led to wide use
of electrospun scaffolds in the field of regenerative medicine and tissue engineering [25].
In our study, the planar nanofibrous PCL layers were fabricated via a needleless electro-
spinning technique called NanospiderTM. The chosen method contrasts with commonly
used needle electrospinning by allowing large-scale industrial production, thus supporting
further introduction of the material to the market.

Our team developed and tested several versions of these materials [26,27]. A complex
histological, clinical and macroscopic evaluation system has been perfected in recent
works [26].

The healing process of both a skin wound or an anastomosis on the small or the large
intestine is a complicated process that is yet to be fully explored and understood [28]. How-
ever, some parts of the process are known and it is certain that this process must remain well
balanced for a successful outcome. A healthy peritoneum is a well-perfused metabolically
active structure capable of relatively high metabolic exchange with its surroundings in-
cluding both peritoneal fluid and other viscera and neighboring peritoneal surfaces [29,30].
Based on the results of our previous experiments and on the presumption that a certain
level of metabolic exchange between the sutured intestine and the surrounding peritoneal
surfaces is needed to maintain the healing process rather than creating a sealed barrier,
we decided to create a very fine porous nanofibrous patch. Such a patch should allow
this metabolic exchange while maintaining the pro-healing properties of a nanofibrous
mesh we proposed in the previous studies [26,27]. The process conditions for fabricating a
material with a low surface density were optimized via needleless electrospinning.

According to our knowledge, our study is the first to propose the idea of a porous
anastomotic patch for healing support that should not act only as a mechanical barrier, but
support the healing process of the intestinal anastomosis. We intend to develop such a
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patch into a product that could be routinely used in colorectal surgery for healing support
in either all or high risk anastomoses.

In this study we aimed to develop an ultrafine porous polycaprolactone nanofibrous
patch, use it in a perfected model of complicated anastomotic healing on the large intestine,
and further develop current assessment methods for evaluation of anastomotic healing in
experimental settings.

2. Materials and Methods

2.1. Material Preparation (Electrospinning Method)

A mixture of 16% w/w PCL (Mw 45,000 g/mol, Sigma Aldrich, St. Louis, MI, USA) in
chloroform/ethanol/acetic acid in ratio 8/1/1 (Penta Chemicals, Prague, Czech Republic)
was stirred 24 h until complete dissolution of the PCL granulate. Subsequently, the solution
was electrospun using the needleless NanospiderTM 1WS500U electrospinning device (El-
marco, Liberec, Czech Republic) (scheme in Supplementary Figure S1). The environmental
parameters such as the relative humidity and temperature were controlled via the climatic
system NS AC150 (Elmarco). The nanofibers were collected on a polypropylene spunbond
substrate. The process parameters were optimized to produce a nanofibrous layer with
low surface density, namely 10 g/m2 (listed in Appendix A, Table A1).

2.2. Material Characterization

A scanning electron microscope (SEM) VEGA 3 TESCAN (SB Easy Probe, Brno, Czech
Republic) was used to obtain the surface morphology of the fabricated nanofibers. Prior
to scanning, the samples were sputter coated with 10 nm of gold using QUORUM Q50ES
(Quorum technologies, Lewes, UK). The fiber diameters were assessed by the software
IMAGE J (NIH Image, Bethesda, MD, USA) by randomly measuring 500 fibers in the scans.
The specific weight was calculated by weighing of samples in the dimension 10 × 10 cm
(n = 10).

Sterilization and in vitro biocompatibility tests: Before in vitro testing, the materials
were sterilized via low temperature ethylene oxide (Anprolene, Andersen Sterilizers, Haw
River, NC, USA) according to the Czech norm CSN EN ISO 11135-1. The materials were
tested one week after sterilization to eliminate the effect of ethylene oxide residues in the
layers. The PCL scaffolds were seeded with 3T3 mouse fibroblasts (ATCC, Manassas, VA,
USA) in a concentration 7 × 103 cells per well. Metabolic activity was evaluated after
3, 7, 14 and 21 days via colorimetric Cell Counting Kit-8 (CCK-8) (Dojindo Laboratories,
Rockville, MD, USA). During the CCK-8 assay, the scaffolds were incubated with 10% (v/v)
of CCK-8 solution in full DMEM media for 3 h at 37 ◦C, 5% CO2. Absorbance was measured
at 450 nm (n = 5). The morphology of the cells on the PCL materials was also monitored.
Fluorescence imaging was performed with Nikon Eclipse-Ti-E (Nikon Imaging, Prague,
Czech Republic) on fixed cells with 2.5% v/v glutaraldehyde (Sigma Aldrich, St. Louis,
MI, USA) in PBS by adding DAPI (for cell nuclei visualization) and phalloidin-FITC (for
staining actin cytoskeleton) after 3, 7, 14 and 21 days. The MATLAB software (MATLAB
Student R2020b, Mathworks, Natick, MA, USA) was used to calculate the number of cells
per 1 mm2 of the scaffold from 10 random fields of view. Dehydrated samples with fixed
cells were also scanned via SEM during the same time period to obtain the morphology of
the cells.

2.3. Experimental Design

We used 16 Prestice black-pied pigs in two groups; this number was chosen after
consultation with a statistician (Supplementary Document S1). The animals were subjected
to transection of the descending colon and anastomosis with a standardized defect under
general anesthesia (Figure 1).
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Figure 1. Construction of a defective anastomosis. Intestinal anastomosis with a defect on antimesen-
teric side pulled through a small incision.

The defect was covered with the nanomaterial in the Experimental group while it
was left uncovered in the Control group. The animals were observed for 3 weeks. Sample
collection and macroscopic evaluation were performed on the 21st postoperative day
(POD). Histological evaluation followed.

2.4. Surgical Procedure

The animals were not fed on the day of the surgery, but no further intestinal prepara-
tion was applied. They were premedicated with ketamine (Narkamon 100 mg/mL, BioVeta
a.s., Ivanovice na Hané, Czech Republic) and azaperone (Stresnil 40 mg/mL, Elanco AH,
Prague, Czech Republic) administered intramuscularly. The animals were weighed prior
to the surgical procedure. General anesthesia was maintained by continual application of
propofolum MCT/LCT (Propofol 2% MCT/LCT Fresenius Medical Care a.s.). Nalbuphin
(Nalbuphin, Torrex Chiesi CZ s.r.o., Prague, Czech Republic) was used for analgesia. A
single dose of 0.6 g Amoksiklav (Amoksiklav 1.2 g, Sandoz s.r.o., Prague, Czech Republic)
was administered intravenously 30 min before the skin incision, a second 0.6 g dose was
administered 2 h later.

A Pro-Port implantable central venous catheter (Deltec, Smiths medical, Minneapolis,
MN, USA) was introduced in general anesthesia through the right jugular vein and attached
to the subcutaneous tissue on the right lateral side of the neck in each animal for easy and
stress-less manipulation with the animal during the follow-up. After the implantation,
we entered the abdominal cavity via a 10-cm-long transrectal incision performed in the
left caudal abdominal quadrant. We pulled the descending colon up through the incision.
We then transected the colon approximately 20 cm from the anus. We used soft intestinal
clamps to prevent solid intestinal contents from contaminating the abdominal cavity. We
cleaned the two ends of the transected colon using wet cotton balls. We constructed
a hand-sewn end-to-end anastomosis using the standard seromuscular running suture
using glyconate monofilament 4/0 suture line (Monocryl 4/0, B. Braun Medical s.r.o.,
Prague, Czech Republic). We intentionally left a 1-cm-large defect on the ventral side of
the anastomosis, simulating a technical fault. We placed a standard 2.5-cm-wide sheet of
the nanomaterial onto the sutured intestine, covering the intestinal circumference with the
defect and the neighboring parts of the mesocolon in the Experimental group. We left the
defect uncovered in the Control group. We placed the colon back to the abdominal cavity
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and sutured the peritoneum with an absorbable material (Vicryl 3/0, Ethicon Inc., Johnson
& Johnson, s.r.o., Prague, Czech Republic) to prevent adhesions to the abdominal wall.
Then we closed the muscle layer using single non-absorbable sutures (Mersilene 1, Ethicon
Inc., Johnson & Johnson, s.r.o., Prague, Czech Republic). We rinsed the subcutaneous tissue
with saline solution before finally suturing the skin.

2.5. Postoperative Observation

The animals were observed for 3 weeks and they were checked daily for stool passage,
body temperature and clinical signs of complications by both a surgeon and a veterinarian.
Activity of the animals was scored using a 4-point scale (normal activity, decreased activity,
little to no activity, irritated animal). Intravenous infusions of 250 mL 10% glucose and
250 mL Hartmann solution were applied daily in the first 3 Postoperative days (PODs). The
animals were fed according to a re-alimentation schedule created for previous experiments.
When feeding intolerance occurred, intravenous infusions were administered in the same
way as in the first three PODs. Blood samples were obtained in defined time points (before
the surgical procedure, 2 h after construction of colonic anastomosis, on the 1st POD, 3rd
POD, 7th POD, 14th POD, 21st POD) and tested for blood count, level of bilirubin, liver
enzymes, hemoglobin, urea and creatinine to distinguish metabolic disorders. Animals
were weighed each time the blood sample was taken. A 5% weight difference from the
initial weight was considered a significant weight change.

2.6. Macroscopic Evaluation

The animals were subjected to laparotomy again on the 21st POD under general
anesthesia. The abdominal cavity was inspected and checked for signs of AL (visible
free intestinal contents or purulent secretion, macroscopic changes of peritoneal surfaces),
visible defects in the site of anastomosis, changes in the intestinal diameter (stenosis of the
anastomosis, dilation of oral segments of the intestine) or any other visible postoperative
changes. At same time, the extent and location of PAs (according to qualitative Zühlke’s
grading and quantitative Peritoneal Adhesions Amount Score (PAAS) (Supplementary
Figure S2) [26]), amount and macroscopic quality of peritoneal fluid and the position and
appearance of the nanofibrous material (if present) were recorded.

The intestinal specimens including the anastomoses were collected together with
surrounding adhering tissues, cut on the mesenteric side longitudinally, pinned onto a cork
underlay and stored in 10% buffered formalin.

2.7. Histological Evaluation

The intestinal samples were cut into 5 pieces, 5 mm thick, crosswise to the line
of the anastomosis in the area of the anastomotic defect. The tissues were processed
by common paraffin technique. Each sample was cut to 5 μm slides and stained with
hematoxylin and eosin for comprehensive overview; a Gomori trichrom kit was used to
stain connective tissues.

The samples were investigated semi-quantitatively and quantitatively. Epithelization,
inflammatory infiltration and necrosis were assessed in a single overall semi-quantitative
investigation (Intestinal Wall Integrity Score (Appendix B, Table A2)). The inflammatory
reaction to stitches and microabscesses were not included in the score. The score was
determined for all five blocks, and the three blocks with the highest score (corresponding
to the area of the anastomotic defect) were used for statistical evaluation.

The blocks with the highest total score for each pig were subsequently analyzed quan-
titatively; 5 μm sections were stained with picrosirius red (Direct red 80) for visualization of
collagen in polarized light. Immunohistochemical methods were used for detection of the
vascular endothelium using Anti-Von Willebrand Factor antibody (Abcam ab6994, dilution
1:400); Calprotectin Monoclonal Antibody MAC387 (Invitrogen MA1-81381, dilution 1:200)
was used for detection of granulocytes and tissue macrophages.
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The area for quantitative evaluation for samples without visible defect of the muscular
layer was defined as the intestinal wall excluding mucosa located 3 mm orally and aborally
from the center of the anastomosis. The evaluation area for samples with a defect of the
muscular layer or pseudodiverticulum was defined as 2 mm orally and aborally from
the defect margins. The volume of endothelial cells, volume of MAC387 positive cells
and volume of collagen was assessed using stereological methods in a similar way as in a
previous study [26].

2.8. Statistics

Common descriptive statistics and frequencies were used to characterize the sample
data set. Due to their non-normal distribution, the intestinal wall integrity scores and histo-
logically determined volume fractions were compared between the Experimental and Con-
trol group using Mann–Whitney U test in STATISTICA data analysis software (Version 12,
StatSoft, Inc., Tulsa, OK, USA). The material properties, presented as mean ± standard
deviation (SD), were analyzed using GraphPad Prism (Version 7, GraphPad Software, San
Diego, CA, USA). Firstly, the Shapiro–Wilk test was used to prove or reject the normal
distribution of the data. For the normally distributed data, a parametric ANOVA test with
Tukey’s multiple comparison was performed. The nonparametric Kruskal–Wallis with
Dunn’s multiple comparison was chosen for the data following non-normal distribution.
All reported p values are two-tailed and the level of statistical significance was set at
α = 0.05.

3. Results

3.1. Material Properties

Sheets of PCL nanofibrous material were successfully prepared and sterilized. The
material appeared very subtle yet the manipulation with it was still comfortable. The
material was easy to apply onto the intestinal surface and it remained adhered to the
spot of application without any need of further fixation. The morphology of the fibrous
material was assessed by SEM (Figure 2A). The fibers had no defects and were without any
dominant orientation. The fiber diameter was (385 ± 239) nm (Figure 2B). The high SD is a
consequence of ultrafine fibers being present together with larger ones. The specific weight
of the material was calculated as (9.67 ± 0.77) g/m2; the data are symmetrical around the
mean value (Figure 2C).

3.2. Cytocompatibility

Adhesion, proliferation and morphology of the 3T3 mouse fibroblasts on the PCL
scaffolds were monitored with fluorescence microscope and the scanning electron micro-
scope after 3, 7, 14 and 21 days (Figure 3A). The length of the experiment corresponds
with the duration of the in vivo study. Cell viability was determined using a colorimetric
assay CCK-8 after 3, 7, 14 and 21 days of incubation of 3T3 mouse fibroblasts with the
tested fiber layers. The obtained mean absorbance values express the cell viability of the
cultured cells (Figure 3B). According to the CCK-8 assay, the absorbance was low during
the first testing day, which is in positive correlation with the microscopy observation. On
the seventh day of cultivation, an increase in viability was measured. At the same time,
spreading of the cells was observable on the microscopy images, as the cells expanded
across the material and began to form isolated cell islands. After 14 days of cultivation,
there was a further increase in viability and the cells formed a sub-confluent layer. On
the last testing day, the SEM image revealed 100% confluence of the cells. The number of
the cells (Figure 3C) correlates with the remaining results. The highest cell density was
observed during the 14th day (3887 ± 539) cells/mm2, while on the last testing day it
dropped to (2735 ± 880) cells/mm2.
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Figure 2. The SEM (scanning electron microscopy) images of the electrospun PCL (polycaprolactone)
planar layer, scale bars 20 μm and 50 μm (A). The boxplot of fiber diameters (n = 500) (B). The
calculated value of specific weight of the nanofibrous layer (n = 10) (C).

3.3. Manipulation

The material was easy to apply and no further fixation was needed. Procedure times
were not prolonged by the usage of the material.

3.4. Clinical Results

All animals survived the observation period in good clinical condition. A temporary
activity decrease was observed in one animal from the Control group (12.5%) and in three
animals from the Experimental group (37.5%).

There were no major complications during the observation period. Laparotomy
wound infection occurred in one animal from the Experimental group (12.5%) and one
animal from the Control group (12.5%). Infection of the skin wound of the pro-port system
occurred in the same animal from the Control group (12.5%).

No animal developed signs of gastrointestinal obstruction (vomiting, feeding intoler-
ance). No animal developed signs of peritonitis and sepsis (abdominal wall tenderness,
significant activity decrease, significant laboratory changes). Peroral intake was tolerated
by all animals, all animals were fed according to the schedule with no exceptions. Only
three animals from the Control group (37.5%) gained more than 5% of weight during the
experiment, while six animals from the Experimental group (75%) showed such weight
gain (Appendix C, Table A3).
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Figure 3. Fluorescence microscopy images (blue cell nuclei and green actin cytoskeleton) and SEM images of the cells on
the PCL scaffold after 3, 7, 14 and 21 days of the in vitro testing, scale bars 50 μm (A). The result of the colorimetric CCK-8
assay after the same time period, Kruskal–Wallis *** p = 0.0004. (B). Counted number of the cells on the surface of PCL
materials per 1 mm2, ordinary one-way ANOVA, *** p < 0.0006, **** p = 0.0001 (C).

3.5. Macroscopic Results

There was no macroscopically visible pathological reactions to the material in theab-
dominal cavities of the animals after 3 weeks of observation. Four animals (50%) had no
PAs at the site of the anastomosis in the Control group, while three animals (37.5%) from
the Experimental group had no PAs there. A mean PAAS value of 1 was recorded in both
the Control and the Experimental group (Tab). All PAs were scored 2 points according to
the Zühlke’s grading system in both groups (partially vascularized adhesions, possible to
separate by combination of blunt and sharp dissection). Stenosis of the anastomosis was
observed in one animal from the Control group (12.5%) with low shrinkage of the intestinal
diameter (less than 1/3) (Figure 4A). No stenoses were observed in the Experimental group
(Figure 4B). No signs of gastrointestinal obstruction (dilatation of oral segments) were ob-
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served in any of the animals. No macroscopic signs of AL were observed (no visible defect
in the site of the colonic anastomosis, no free intestinal content in the abdominal cavity).

 
Figure 4. Macroscopic findings in situ at the end of the observation period; (A) stenotic anastomosis
from the Control group; (B) anastomosis with attached material (Experimental group).

Complete dislocation of the material was not observed in any of the animals of the
Experimental group. Partial dislocation was observed in three animals (37.5%), however
the material always kept covering the location of the anastomotic defect (Figure 5). The
defect was not visible in the Control specimens without a patch (Figure 6A). The material
was well attached in the most of the specimens (Figure 6B).

Most of the adhesions in the site of the anastomosis were between the large intestine
and the urinary bladder. There were no PAs observed in the rest of the abdominal cavity in
any animal.

3.6. Blood Sample Results

There were no statistically significant differences in the measured parameters be-
tween the two groups and no significant deviations from normal levels of the parameters
(see Supplementary Table S1).

3.7. Histological Results

The material was washed out during the histological fixation and staining. There
were no microscopic signs of AL (no full-thickness defect was found in any specimen
in either the Control or the Experimental group). We found normal morphology of the
intestinal wall in all specimens using a comprehensive overview (Figure 7). In some cases,
the muscular layer did not heal completely and pseudodiverticula were formed (three
cases in the Control group (37.5%) and seven cases (87.5%) in the Experimental group;
Figure 8)). There was no statistically significant difference between the groups according
to our Intestinal Wall Integrity Score (Figure 9A). There were significantly higher volume
fractions of collagen in the Experimental group (Figure 9B). There was no statistically
significant difference between the two groups in volume fractions of MAC 387 positive
cells (Figure 9D) and endothelial cells (Figure 9C).
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Figure 5. A specimen from the Experimental group prepared for fixation. Partial dislocation of the
material (circled), residue of a PA (arrow).

 
Figure 6. Specimens prepared for fixation. (A) A specimen from the Control group; (B) a specimen from the Experimental
group. The material covers the line of anastomosis well.
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Figure 7. Example histological specimen from the Control group, Gomori trichrome staining. (I)
The mucosa; (II) the submucosa; (III) the muscular layer; (IV) a defect after suture material that was
washed out during histological processing; (V) location of the anastomosis with normal scar tissue.

 
Figure 8. Example histological specimens from both groups. Gomori trichrome (A) Control group, optimal healing, normal
morphology of the intestinal wall, muscular layer with normal scar tissue; (B) Control group, larger defect of the muscular
layer, a pseudodiverticulus; (C) Experimental group, optimal healing, normal morphology of the intestinal wall, visible
residues of the nanofibrous material in the bottom of the image; (D) Experimental group, large defect of the muscular layer,
a pseudodiverticulus, visible residues of the nanofibrous material in the bottom of the image covering the incomplete defect
of the intestinal wall.
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Figure 9. Graphical depiction of main histological results. (a) The intestinal wall integrity score in the Control group and the
Experimental group with no significant differences with median value above 80%. (b) Significantly higher volume fractions
of collagen at the site of anastomosis in the Experimental group. (c) No significant differences between the two groups in
volume fractions of endothelial cells, lower dispersion range of values in the Experimental group. (d) The difference in
volume fractions of inflammatory cells at the site of anastomosis between the groups is not statistically significant.

4. Discussion

We developed a nanofibrous material based on biodegradable polycaprolactone with
very low specific weight. The material was uniquely designed for the reinforcement of GI
anastomoses and its design was based on our previous in vitro and in vivo experiments.
Polycaprolactone is often used for its biocompatibility and biodegradability [31–33]. The
in vitro testing with 3T3 mouse fibroblasts proved the cytocompatibility of the material;
the cells formed a fully confluent layer on the surface of the scaffold after 21 days. This
observation is consistent with other literature resources, where the combination of micro-
and nanofibers in PCL scaffolds supported cell growth [21,22]. Prior to the in vitro testing,
the scaffolds were sterilized with low temperature ethylene oxide with respect to the low
melting point of PCL. The possible effect of the ethylene oxide sterilization on PCL was
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already examined in our previous study by Horakova et al. [27]. The PCL patches are
easy to apply and we value this as an important property. While the material is very
subtle as its specific weight is only 10 g/m2, it was still mechanically strong enough to be
handled easily. The material always remained in the site of application during the surgical
procedure and during reposition of the viscera without further fixation. The convenient
application together with natural fixation are key properties should this approach be used
in routine clinical practice.

We successfully created a model of anastomosis with a defect on the large intestine
of a pig. We used the Testini’s [16] modified model from previous experiments [26] in
order to move the anastomosis to a location with bacterial contamination and higher
risk of healing complications. The defect was chosen to be small enough to simulate a
technical fault (which is also one of the contributing factors of AL [34]) and large enough
to induce imperfect healing. The position of the anastomosis 20 cm from the anus was
chosen for its good accessibility, no need for further preparation, possibility of small
abdominal wound and therefore low non-anastomosis related complication risk. The
model allowed us to focus only on imperfect anastomotic healing with no other disturbing
factors. Together with the assessment methodology, the model allowed a reduction in
the number of experimental animals and gave what we consider statistically reliable
results. A three-week observation period was chosen based on our previous experience
and the possibility of using evaluation histologic systems from previous publications. AL
is typically an early complication, usually appearing within the first 10 PODs [2,35]. To
verify the behavior of the material in a long term period regarding its complete absorption
and impact on the risk of late complications, longer observation times would be necessary.

All of the animals in both groups survived the observation period in good clinical
shape with a low complication rate. An activity decrease was observed only in the early
postoperative period in both groups, which we considered as normal postoperative state.
The feeding tolerance was equally good in both groups. The animals from the Experimental
group gained weight in more cases than in the Control group. Weight gain is a sign of
good postoperative adaption [36]. No animal developed ileus or sepsis or other serious
pathological reaction to the material. This contributes to our assumption that it is safe to
use in this application.

We observed slight shifting of the material in a few cases, however the material always
remained covering the spot of anastomotic defect. We observed this also in the last study
on the small intestine with an earlier version of the material, and therefore we assume it
is not a coincidence [26]. This barrier was always present even in specimens with larger
defect of muscular layer, and no macroscopic or microscopic AL was observed. It remains
a question whether the material is able to prevent manifestation of AL. An anastomotic
leakage is in experiments usually obtained by either large anastomotic defects or other
negative influences (infection, radiation, devascularization). The model of a small defect
was chosen to study the impact of the material on imperfect anastomotic healing in highly
standardized conditions.

There was one partial shrinkage of the intestinal diameter at the site of the anastomosis
in one animal from the Control group (12.5%), therefore we assume the material does not
cause formation of anastomotic strictures. Those can however develop in longer time
periods and thus a longer observation time would be needed to verify this information [37].

The level of adhesions was similarly low in both groups, suggesting the current
material version to be the first in our series of polycaprolactone electrospun materials
without pro-adhesive properties [26]. We consider the generally low amount of adhesions to
be also a result of short procedure times with low manipulation with tissues [38]. Excessive
formation of PAs is considered to be a result of a healing problem [39]. The visceral
peritoneum is the superficial layer of the intestine, so wound healing of the peritoneum
is a part of anastomotic wound healing. Therefore, we think, qualitative and quantitative
assessment of PAs should be involved in the evaluation of anastomotic healing [26].

215



Biomedicines 2021, 9, 102

There were no statistically significant differences in vascularization and inflammatory
cells infiltration according to the stereological measurements. This suggests a normal
healing process [40]. However, the levels of collagen were found higher in the Experimental
group. It was previously observed in mechanical tests of intestinal anastomoses that higher
levels of collagen are associated with higher mechanical strength and higher anastomotic
bursting pressure [41]. Bacterial collagenases were identified as a possible contributor
to development of AL. Their activity causes collagen degradation in the site of intestinal
anastomosis. Intestinal colonization with several bacterial species was identified as a strong
risk factor of AL due to their production of collagenases [41–43].

We used both traditional evaluation methods [40] with those that were developed for
our purposes in previous papers [26]. The intestinal wall integrity score from the previous
study was adjusted for a defective model on the large intestine. Together with the rest
of the involved assessment methods, it forms the most robust and complex evaluation
system of anastomotic healing in similar experiments according to our knowledge and
literature search.

The above-mentioned results all suggest possible contribution to AL prevention by
our material only indirectly. To obtain more distinguishable results, a model with more
compromised anastomotic healing with high risk of AL manifestation would be necessary.
This is certainly a limitation of this study.

Because the material was washed out during the histological processing, we cannot
evaluate the level of biodegradation. However, this was studied earlier for PCL in other
forms [44].

The material seems to be an ideal version for use in combination with active substances
like anti-inflammatory drugs, antibacterial agents or antibiotics as an anastomotic patch.
Polycaprolactone was identified as a good medium for regulated drug release [33,45]; there
is a broad spectrum of active molecules that could be beneficial for either AL prevention
or prevention of excessive PA formation [39,46–49]. Therefore, we intend to perfect the
material using these substances and to study their impact on anastomotic healing and
complications further to finally offer a perfect anastomotic patch for patients with high risk
of AL. Possible clinical studies will be planned afterwards.

5. Conclusions

We succeeded in creating a unique ultrafine polycaprolactone electrospun material
and in applying it in a model of complicated anastomotic healing on the pig colon. The
planar PCL layer was fabricated via needleless electrospinning technique, a method suit-
able for eventual large-scale production. The material is easy to use without any need for
further fixation. The presence of the material did not cause any adverse effects in vivo.
The PCL layer showed good cytocompatibility and biocompatibility and was well toler-
ated during the whole animal study. The material is also not pro-adhesive and did not
cause anastomotic strictures or other complications. The anastomotic specimens showed
significantly higher levels of collagen after the 3 weeks of observation, which is an indirect
sign of higher mechanical strength. Impact on the risk of AL was not observed directly
as no AL appeared in either group. We intend to develop new versions of the material
with active agents and study them further in adjusted experimental settings to obtain more
distinguishable results before moving to clinical studies on colorectal surgical patients.
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Appendix A

Table A1. Process parameters of the needless electrospinning via NanospiderTM.

Distance between the electrodes [mm] 175

Voltage Electrode 1 [kV] −10

Voltage Electrode 2 [kV] 40

Rewinding speed [mm/min] 60

Cartridge movement speed [mm/s] 450–500

Temperature [◦C] 22

Relative humidity [%] 50

Appendix B

Table A2. Intestinal Wall Integrity Score.

Layer Points Finding

Mucosa
1/4 Completely re-epithelized

0/4 Incompletely re-epithelized

Submucosa
1/4 Completely healed

0/4 Purulent infiltration, necrosis

Muscularis *

3/12 No distance (≤0.09 mm)

2/12 Distance 0.1 to 1.99 mm

1/12 Distance 2 to 3.99 mm

0/12 Distance over 4 mm

Serosa

3/12 No purulent infiltration and necrosis

2/12 Purulent infiltration and/or necrosis from the muscular layer to area of nanomaterial **

1/12 Purulent infiltration and/or necrosis from the area of nanomaterial to the peritoneum ***

0/12 Purulent infiltration and/or necrosis passes to the peritoneum

* Distance between the two anastomosed muscle layers. ** 2/12 points for purulent infiltration and/or necrosis from muscular layer to half
thickness of the serosa in the Control group. *** 1/12 points for purulent infiltration and/or necrosis from half thickness of the serosa to the
peritoneum in the Control group.

217



Biomedicines 2021, 9, 102

Appendix C

Table A3. Weight profile of experimental animals.

Animal
POD 0

Weight (kg)
POD 3

Weight (kg)
POD 7

Weight (kg)
POD 14

Weight (kg)
POD 21

Weight (kg)

Control group

cg 01 34 31.6 31.4 33.8 33

cg 02 31 30.1 29.4 30.7 30.7

cg 03 37 33.8 33.7 34.5 34.5

cg 04 45.5 41.3 41.1 42 42.1

cg 05 48.4 43.6 42.8 44 43.8

cg 06 30.6 30 30.7 29.5 32.5

cg 07 30 29 29.8 33.6 32.1

cg 08 27.8 25.9 27.2 30.5 30.5

Experimental group

eg 01 28.7 28.3 29.2 29.4 29.4

eg 02 29.9 29.3 28.2 29 30.3

eg 03 35.8 35.2 35.2 39 37.9

eg 04 37.3 36.8 36 41 41

eg 05 41.7 41.5 41.3 43.4 45.2

eg 06 42.9 42.2 42.2 43.8 45.1

eg 07 27.9 27.4 26.3 29.4 30

eg 08 27.2 26.8 25.8 29.1 29
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Abstract: Background: The loss or low expression of DNA mismatch repair (MMR) genes can
result in genomic instability and tumorigenesis. One such gene, MSH2, is mutated or rearranged
in Lynch syndrome (LS), which is characterized by a high risk of tumor development, including
colorectal cancer. However, many variants identified in this gene are often defined as variants of
uncertain significance (VUS). In this study, we selected a variant in the 3′ untranslated region (UTR)
of MSH2 (c*226A > G), identified in three affected members of a LS family and already reported
in the literature as a VUS. Methods: The effect of this variant on the activity of the MMR complex
was examined using a set of functional assays to evaluate MSH2 expression. Results: We found
MSH2 was overexpressed compared to healthy controls, as determined by RTqPCR and Western blot
analyses of total RNA and proteins, respectively, extracted from peripheral blood samples. These
results were confirmed by luciferase reporter gene assays. Conclusions: We therefore speculated that,
in addition to canonical inactivation via a gene mutation, MMR activity may also be modulated by
changes in MMR gene expression.

Keywords: MSH2 3’UTR variant; hereditary colon cancer; Lynch syndrome; MSH2 protein; over
expression MSH2; MMR gene; MMR complex deficiency; MSH2 unclassified variants

1. Introduction

The loss or low expression of MSH2 in particular, but also that of other DNA mismatch repair
(MMR) genes, results in genomic instability and a predisposition to cancer [1,2]. It has also been
described that the overexpression of MLH1 and/or MSH2 induces apoptosis and/or a mutator phenotype
with genetic instability [3–5]. At the somatic level, genomic instability is evident, especially in repeated
DNA sequences, known as microsatellite sequences. Indeed, microsatellite instability (MSI) is an
important molecular marker for the characterization of a mutator phenotype linked to MMR genes [6].
A defective MMR system mainly results from mutations in the same MMR genes and is the basis
of Lynch syndrome (LS). LS is an autosomal dominant condition caused by a defect in one of the
MMR genes and is characterized by a high lifetime risk of tumor development, especially colorectal
cancer (20–70%), endometrial cancer (15–70%), and other extracolonic tumors (15%) [7]. The molecular
characterization of LS patients relies on the identification of point mutations and large rearrangements
in the coding regions of the MMR genes, MLH1, MSH2, PMS2, and MSH6 [8–13].
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The defects are often caused by mutations in the coding regions of MMR genes or by the promoter
methylation of these genes. However, in many cases, despite the presence of a hypermutable phenotype
in a patient, no mutations/hypermethylation of MMR genes can be detected [14,15].

It is noteworthy that, in addition to canonical inactivation via gene mutation, MMR activity can
also be modulated by changes in MMR gene expression [16]. To date, many hypotheses on other
causes that determine loss of function in the MMR system have been postulated. Variants in some
genetic regions, such as in the 3’ untranslated region (UTR), may impair the binding of putative
transcriptional factors or micro (mi)RNA involved in the regulation of gene expression. In this regard,
it very interesting to note a study that demonstrated a regulatory mechanism existing between miR-
422a and the MLH1 gene, following the identification of a variant of uncertain significance (VUS)
in the 3’ UTR of the MLH1 gene in a LS patient [17]. Therefore, the functional study of VUS in the
3’UTR of MMR genes may allow us to understand the pathogenetic significance of these variants.
Here, we report a functional study of a variant identified in the 3′ UTR of MSH2 (c*226A > G),
already described as a variant of uncertain significance in an international database of MMR variants
(www.insight-database/varints.org). This variant was found in three patients of the same family with a
LS-related cancer.

2. Materials and Methods

The Clinical Department of Laboratory Medicine of the hospital affiliated to Federico II University
(Naples, Italy) recruited the subjects after receiving authorization from the local ethics committee
“Comitato etico per le attività Biomediche Carlo Romano” of the University of Naples, Federico II
(protocol no. 120/10, approval November 2010). Once the authorization was obtained, the study
received ethical approval, the participants were informed, and written consent was obtained.

The experiments were performed on DNA and on cDNA extracted from peripheral
blood lymphocytes.

2.1. DNA Extraction from Patient Samples

Total genomic DNA was extracted from 4 mL peripheral blood lymphocytes collected in EDTA
using a BACC2 Nucleon Kit (Amersham Life Science, Buckinghamshire, UK), according to the
manufacturer’s recommendations, and from formalin-fixed and paraffin-embedded (FFPE) tumor
tissues using standard methods. The DNA was precipitated with two volumes of absolute ethanol
and the pellet was washed with ethanol at 70% and resuspended in sterilized TE buffer (Tris 10 mM
pH7.5-EDTA 1 mM pH8) [9].

2.2. DNA Amplification and Microsatellite Analysis

MSI was tested on paired samples of lymphocyte DNA and in paraffin-embedded tumor tissues
of the colon. The MSI status was evaluated with a fluorescent multiplex system comprising five
mononucleotide repeats (BAT-25, BAT-26, NR-21, NR-24, Bat40, and TGFβRII), four dinucleotide
repeats (D2S123, D18S58, D5S346, and D17S250) and two tetranucleotide repeats (TPOX and TH01)
using the CC-MSI kit (AB ANALITICA, Padova, Italy), and subsequent capillary electrophoresis
analysis using an ABI 3130 Prism (Applied Biosystems, Fisher Thermo Scientific, Waltham, MA, USA).
Tumors were classified as “highly unstable” (MSI-H), if at least 30% of the markers showed instabilities
and “with low levels of instability” (MSI-L), if at least 10% of the markers showed instabilities. If no
allele difference between the DNA extracted from normal and tumorous tissues was observed, tumors
were classified as microsatellite stable (MSS) [9].

2.3. Immunohistochemistry

IHC analysis was performed on a Benchmark XT automatized immunostainer (Ventana Medical
Biosystems, Tucson, USA). The primary antibody used was anti-MSH2 mouse monoclonal clone
G219–1129. This antibody is supplied by the manufacturer optimally pre-diluted (3.04 μg/mL) to be
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compatible with VENTANA detection kits (Sigma-Aldrich). The detection system used was an iVIEW
DAB Detection Kit (Ventana) based on the streptavidin–biotin-conjugated system. The antigen–positive
complexes were detected by the addition of the DAB chromogen (diaminobenzidine) and its substrate
(H2O2). The samples were finally counterstained with hematoxylin. Nuclear staining was observed
using an optical microscope with positivity represented by the presence of brown staining [9]. This
positivity was compared with blue nuclear epitopes in which the specific antigen was not present.
The internal positive control was represented by lymphocytes, stroma, and functional mucosal crypts,
while the negative control was obtained by slides without primary antibody. Strong, moderate, weak,
or negative staining is revealed by this method.

2.4. RNA and Protein Analysis

Total RNA was extracted from 4 mL peripheral blood lymphocytes of the patients and from
three normal controls using QIAzol reagent, according to the manufacturer’s instructions (Qiagen,
Hilden, Germany). cDNA was synthesized using 1 μg total RNA, 500 ng random hexamers,
and 1 μL SuperScript III reverse transcriptase (Invitrogen Life Technologies, Carlsbad, CA, USA),
in the presence of 4 μL 5× RT buffer, 1 μL dithiothreitol (0.1 M), and 1 mM deoxynucleotide
triphosphates (Invitrogen Life Technologies, Inc.). The reaction was run on a PCR thermocycler
for 50 min at 42 ◦C in a 20 μL reaction volume, heated to 70 ◦C for 15 min, and subsequently
chilled on ice. Quantitative RNA analysis was performed by RT-PCR on a CFX96 Real-Time
System (Bio-Rad-Laboratories, Inc., Hercules, CA, USA). Two forward and reverse primers for
MSH2 cDNA quantification were carried out by amplifying fragments spanning exons 4–5 and
13–14 (primer pair 4F-ACCGGTTGTTGAAAGGCAAA and 5R-TTGATTACCGCAGACAGTGATG;
13F-TGGTGACAGTCAATTGAAAGGA and 14R-CCCATGCTAACCCAAATCCA). A calibration curve
to assess the efficiency of the PCR reaction was performed on at least three serial dilutions (1:10) of
the reverse-transcriptase products. All primer sets had efficiencies of 100% ± 10%. Each RT-PCR was
performed in triplicate in a 20 μL reaction mix containing 12.5 μL of 2× SYBR Green I PCR Master
mix (Bio-Rad Laboratories, Inc.), 0.38 μL of a 20 μM primer mix, 2 μL of cDNA (5 ng/μL), and 7.12 μL
of nuclease-free water. The cycling conditions consisted of an initial denaturation step at 95 ◦C for
3 min, followed by 40 cycles (95 ◦C for 15 s, 62 ◦C for 30 s, and 82 ◦C for 20 s) and 80 cycles performed
according to the standard protocols for melting curve analysis. The CT values were determined by
automated threshold analysis and the data were analyzed with the CFX Manager software version 2.1
(Bio-Rad Laboratories, Inc.). The relative expression of the target transcript was calculated with the
comparative Ct method using a cDNA fragment from the glucuronidase (GUS) housekeeping gene as
a control. The specificity of qPCR products was evaluated by melting curve analysis [9].

Total protein extracts (nuclear and cytosolic proteins) were obtained from the same blood
sample used for the RNA isolation of affected patients, using QIAzol reagent (Qiagen) according
to the manufacturer’s instructions. The evaluation of protein concentration was performed by
spectrophotometer analysis at 595 nm according to the Bradford method using the Bio-Rad Protein Assay
Reagent (Bio-Rad Laboratories, Inc.). A total of 50μg of proteins were separated by SDS-polyacrylamide
gel electrophoresis and blots were prepared on an Amersham Hybond-ECL nitrocellulose membrane
(Amersham Pharmacia Biotech, Inc./GE Healthcare Bio-Sciences Corp., Piscataway, NJ, USA) [18].
Membranes were incubated overnight at 4 ◦C with primary antibody against MSH2 (1:100, mouse
monoclonal anti-human, clone GB12; Calbiochem, EMD Chemicals, Inc., Merck KGaA, Darmstadt,
Germany) and subsequently normalized with anti-actin antibody (1:1000, rabbit polyclonal anti-human;
clone sc-1615; Santa Cruz Biotechnology, Inc., USA). The antigen–antibody complexes were visualized
with the ECL-Immobilon chemiluminescence reagents (Millipore, Life Science of Merck KGaA,
Darmstadt, Germany) and subsequent autoradiography. Western blotting bands were quantified by
ImageJ software.
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2.5. Luciferase Constructs and Reporter Assay

The MSH2 3′ UTR of one of the three heterozygous carriers of the mutation, c.*226 A > G, was
amplified by PCR with a primer pair containing XhoI and NotI restriction sites. Oligonucleotide
sequences were as follows: XhoI-3′UTR MSH2 forward: ATACTCGAGAAAATCCCAGTAATGGAATG
and NotI-3′ UTR MSH2 reverse: ATAGCGGCCGCTTCAAATTCCACAAACTACA. The PCR
product was cloned into the PSICHECK2 vector (Promega, Madison, WI, USA) downstream
of the Renilla luciferase coding region (hRluc). The orientation of the wild type (WT)
and mutated (MUT) inserted products was established by digestion and confirmed by
sequencing. The PSICHECK2 constructs with additional mutations in the MSH2 3′ UTR
region were generated using the QuiKChange Mutagenesis kit (Agilent Technologies, Santa
Clara, CA, USA). Oligonucleotide sequences for site-directed mutagenesis were as follows:
3′UTR MSH2 MUT1 forward, GGACTGTTTGCAATTGACATAGGTACTgATAAGTGATGTGCTG
and reverse, CAGCACATCACTTATcAGTACCTATGTCAATTGCAAACAGTCC; 3′UTR MSH2
MUT2 forward, GGACTGTTTGCAATTGACATAGGTCCGgATAAGTGATGTGCTG, and reverse,
CAGCACATCACTTATcCGGACCTATGTCAATTGCAAACAGTCC (patient mutated base is in
lowercase, and additional mutated bases are in bold). Luciferase activity was measured at 48 h
after transfection using a dual luciferase reporter assay (Promega) according to the manufacturer’s
instructions and performed on a 20n/20n luminometer (Turner BioSystems, Sunnyvale, CA, USA).
Relative luciferase activity was calculated by normalizing the Renilla luminescence to the firefly
luminescence [19].

2.6. Statistical Analysis

Data from real-time quantitative PCR, Western blot analysis, and luciferase assays were analyzed
using GraphPad Prism 6.0 software (GraphPad Software, Inc.). The mean values (± S.D.) were
calculated. Statistical significance was determined using Student’s t test or one-way analysis of
variance (ANOVA). Data were considered statistically significant when p-values were ≤ 0.05

3. Results

3.1. Selected Patients

Three patients of a LS family were selected for this study. These patients were carriers of the
variant c*226A > G in the 3′ UTR of MSH2. All patients were negative for pathogenic point mutations
in the MMR genes (MSH2, MSH6, MLH1 and PMS2) and no large rearrangements in these genes
were identified.

The index case of the family was a man who had developed a sigma degenerated polyp with
severe dysplasia and in situ adenocarcinoma at the age of 38 years. The mother developed a nose
basal cell carcinoma at the age of 50 years, two colon mildly dysplastic tubular adenomas at the age of
69 years, and endometrial atrophy at the age of 72 years. The sister developed Hodgkin lymphoma at
the age of 21 years, as shown in Figure 1. The three control subjects were used in this experimental
study. The patients and the controls were of Caucasian origin and were from the Campania geographic
region (Southern Italy).

In our laboratory, this variant has also been identified in another patient who developed a grade 3
(G3) endometrial cancer at 49 years of age, and who also had a familial cancer history.

3.2. Microsatellite and Immunohistochemistry Analysis

The Microsatellite analysis (MSI) was performed on two patients, the index case and his mother,
respectively. The MSI-Low status was found, two dinucleotide repeats (D5S346 and D18S58) were
unstable in both patients, on the sigma tissue of the index case and on the endometrial tissue of his
mother. Moreover, the immunohistochemistry analysis (IHC) of the paraffin-embedded tissue stions of
the two above patients revealed a strong intensity of MSH2 staining, as shown in Figure 2.
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Figure 1. Pedigree with the segregation of the c.*226A > G variant. Symbols and abbreviations used
are denoted as fellow: arrows, analysed members of family; black symbol, colorectal cancer or cancer
associated with HNPCC; gray symbols, adenomas or cancer not associated with HNPCC. Numbers next
to symbols denote age at onset; the phenotype patients are reported next to pedigree. Agh, apparent
good health.

 
Figure 2. MSH2 immunohistochemistry (IHC) analysis. (A) MSH2 IHC results in index patient III-2.
(1) Moderate positive IHC in the colon tumor cells (filled arrow heads point) 100 μm and (2) 200 μm; (3)
strong positive IHC in the normal mucosa cells (filled arrow head point) of the patient 100 μm and (4)
200 μm, compared with IHC+ internal stromal cells (open arrow head point). (B) MSH2 IHC results
in patient II-6. (1) Strong positive staining in the endometrial atrophic polyp cells (filled arrow head
point) 100 μm and (2) 200 μm, compared with IHC+ internal stromal cells (open arrow head point).
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3.3. Overexpression of MSH2 Gene and Overexpression of MSH2 Protein

To explore the possibility of MSH2 overexpression, we performed an expression assay by RT-qPCR
analysis on mRNA extracted from the peripheral blood lymphocytes of these three patients. This
analysis showed an increased level of MSH2 mRNA expression in all three patients with the variant
c.*226A > G, as shown in Figure 3. Then, subsequently we performed the Western blot analysis of
proteins isolated from the lymphocytes of one (III-2 index-case) of these three patients. This analysis
showed an increased level of MSH2 in our patient compared with the negative control, in accordance
with the real-time data, as shown in Figure 4.

 

Figure 3. q-Real-Time PCR analysis of the MSH2 mRNA in the patients with the c.*226A > G variant.
Relative expression, calculated using the comparative Ct method, of MSH2 cDNA, including fragments
13–14 and 4–5, normalized to β-glucuronidase levels, in patients II-6, II-2, III-3 and in an average
of three normal controls (n.c.). The results represent the average of three independent experiments
± standard deviation. Patient numbering corresponds to that adopted in the pedigree, as shown in
Figure 1. ** Statistical significance was determined by one-way ANOVA (p-values were < 0.05).

Figure 4. Patient protein analysis. (A) Western blot assay of MSH2 performed on protein extracts from
peripheral blood cells of index-patient III-2 compared to two normal controls. Actin was used as internal
positive reference. (B) Histogram showing density of MSH2 protein normalized versus actin protein
and compared to the mean of two negative controls, controls 1 and 2 (n.c.). Density of the electrophoretic
bands was obtained with ImageJ software. Data represent three independent experiments (mean ± SD).
** Statistical significance was determined by one-way ANOVA (p-values were < 0.05).
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3.4. Functional Effect of the MSH2 3′ UTR Variant on Reporter Luciferase Expression

To confirm whether the variant c.*226A > G altered the expression of upstream coding sequences,
the wild type (WT) and 3′ UTR variant were cloned downstream of the Renilla luciferase reporter gene,
as shown in Figure 5A,B. To further investigate the correlation between MSH2 expression and the
variant region, additional substitutions in this target site were generated as reported in materials and
methods and shown in Figure 5A. The reporter gene constructs were transfected into SW480 cells, and
the cells were collected for luciferase assay and quantitative mRNA analysis 48 h later. The results
showed that the construct bearing the 3′ UTR variant consistently induced higher luciferase activity
than the construct with the WT 3′ UTR, as shown in Figure 5C, according to the patient data of MSH2
expression. Moreover, greater luciferase expression was observed in proportion to the number of
additional mutations, as shown in Figure 5C.

 
Figure 5. Luciferase MSH2 3’UTR constructs and reporter assay. (A) Sequences of wild type and
mutant in the 3’UTR of MSH2 of reporter constructs are shown. The mutated bases are underlined.
(B) Schematic diagram of the luciferase reporter gene constructs. The constructs were cloned into the
PSICHECK2 vector as indicated in Materials and Methods. (C) Luciferase activities of reporters carrying
the wild type (WT) and mutated (MUT, MUT1, MUT2) MSH2 3’UTR were measured in SW480 cells.
The data were normalized to the Firefly luciferase activity. Values are expressed in percentage as the
mean ±SD of five determinations for samples assayed in three independent experiments. ** Statistical
significance was determined by one-way ANOVA (p-value < 0.005).

4. Discussion

The study of a heterozygous single base substitution in the MSH2 3′ UTR, namely c*226A > G
identified in a LS family, allowed us to reach some interesting conclusions. This variant was identified
in three affected patients with LS-related cancer. Point variants in other MMR genes (MLH1, MSH6,
PMS2, MLH3, and MSH3) [8–10,20], and large rearrangements in these genes (MLH1, MSH2, MSH6,
and PMS2) [11,12,21] were not identified in these patients. MSI analysis revealed instability in two
dinucleotide repeats, D5S346 and D18S58 (of which only one repeat is of the Bethesda panel), and then
a MSI-Low status. This apparent low instability may be attributed to selected tissue stions in which the
tumor component was rather low. Therefore, the revealed instability may have been underestimated
by the limits of the technique, even more if we consider that endometrial tissue is not a tumoral tissue.
In addition, the MSI result is also compatible with the results of immunohistochemical analysis. In fact,
IHC analysis on these same tissues revealed a normal expression of the MSH2 protein or even a likely
MSH2 overexpression.
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Therefore, we speculated that this likely MSH2 overexpression may be present at the germline
level. To investigate this, we performed gene expression analysis on mRNA from peripheral blood by
RTqPCR and by Western blotting for proteins. Both experimental procedures showed increased MSH2
gene and protein levels. Finally, we confirmed these results by functional luciferase assays in vitro.

For a long time, it was known that the overexpression of MLH1 and MSH2 leads to potentially
adverse consequences: apoptosis was induced in a human cell line when these two genes were
upregulated in vitro under the control of the cytomegalovirus promoter. One possible explanation is
the capture, by MLH1 and MSH2, of proteins crucial for cell-cycle progression, such as proliferating
the cell nuclear antigen protein, which is involved in DNA synthesis [3]. Several reports suggest that
cellular levels of MMR proteins are likely to be subject to tight regulation to prevent these proteins
from sequestering other factors involved in controlling the mutation rate [3,5]. Moreover, a dangerous
excess of MMR proteins can also affect the homodimerization complex, as found in a study of yeast
cells by Shcherbakova et al. [5], who demonstrated that a MLH1–MLH1 homodimer replaced a
MLH1/PMS1/PMS2/MLH3 heterodimer, inactivating MutSα and MutSβ functions and thus resulting
in a non-functional MMR complex. This concept can also be partially extended to other minor MMR
genes. The overexpression of MSH3 in cultured mammalian cells selectively inactivates MutSα because
MSH2 is sequestered in the MSH2–MSH3 (MutSβ) complex, resulting in the reduced MutSα-dependent
repair of base–base mismatches and a strong base substitution mutator phenotype [22]. For this reason,
we plan to test the effect of this variant to alter the formation of the MutSα or MutSβ heterodimers, in
the near future. Finally, elevated levels of MSH2 and MSH6 have been detected in primary melanomas
with poor prognosis [23–25].

Therefore, MSH2 overexpression may determine a MMR system deficiency, with a functional loss
of the MSH2 protein.

Interestingly, this variant has also been identified in another our patients, as reported in the results
stion. MSI analysis for this patient showed a MSI-high status on endometrial cancer tissue (G3). This
reveals a MMR complex deficiency in this patient that could be due to this c.*226A > G variant in the
3’-UTR of the MSH2 gene. Unfortunately, we could not confirm this result by IHC analysis.

Many hypotheses about other causes that determine loss of function in the MMR system have
been postulated, such as miRNAs that can strongly influence the repair function of the MMR complex,
with consequent effects on disease progression [26–31]. Thus, this overexpression effect may be related
to a loss of MSH2 downregulation, caused by a loss of base pairing with this MSH2 3’-untranslated
region by transcription factors or miRNA. For example, the presence of single nucleotide substitutions
in miRNA target sites can create or abolish miRNA interactions with their molecular targets and,
therefore, determine variations in the expression of a gene [17,32]. In silico analysis of the 3’ UTR of
MSH2 reveals a putative binding site for hsa-miR-137 right in the region in which the variant c.*226A >
G falls.

In this regard, the greater luciferase expression observed in our study, even in proportion to
the number of additional mutations created in this region, allows us to speculate that this region, in
which the variant c.226A > G* falls, may prevent binding with regulatory factors, as well as with the
miRNA-137. A loss of regulation of the MSH2 transcript would explain the observed overexpression,
which does not enhance genomic stability but promotes hypermutability [33–35].

Author Contributions: Conceptualization, P.I. and F.D.; Data curation, F.D.; Formal analysis, R.L. and F.D.;
Funding acquisition, P.I. and F.D.; Investigation, F.D.; Methodology, R.L., A.N., M.L., C.D.R., and F.D.; Project
administration, P.I. and F.D.; Resources, F.D.; Software, R.L. and F.D.; Supervision, P.I. and F.D.; Validation, C.D.R.
and F.D.; Visualization, F.D.; Writing—original draft, F.D.; Writing— Review and editing, R.L., M.D.R., P. I., and
F.D. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by “Fondo Ateneo-Duraturo Federico II, 2018”.

Acknowledgments: CEINGE-Biotecnologie Avanzate SCarl, Naples, Italy.

Conflicts of Interest: The authors declare no conflict of interest.

228



Biomedicines 2020, 8, 167

References

1. Jiricny, J. The multifaceted mismatch-repair system. Nat. Rev. Mol. Cell Biol. 2006, 5, 335–346. [CrossRef]
[PubMed]

2. Schmidt, M.H.; Pearson, C.E. Disease-associated repeat instability and mismatch repair. DNA Repair 2016,
38, 117–126. [CrossRef] [PubMed]

3. Zhang, H.; Richards, B. Apoptosis induced by overexpression of hMSH2 or hMLH1. Cancer Res. 1999, 59,
3021–3027. [PubMed]

4. Frosina, G. Overexpression of enzymes that repair endogenous damage to DNA. Eur. J. Biochem. 2000, 267,
2135–2149. [CrossRef] [PubMed]

5. Shcherbakova, P.V.; Hall, M.C. Inactivation of DNA mismatch repair by increased expression of yeast MLH1.
Mol. Cell Biol. 2001, 21, 940–951. [CrossRef]

6. Boland, C.R.; Thibodeau, S.N. A National Cancer Institute Workshop on Microsatellite Instability for
cancer detection and familial predisposition: Development of international criteria for the determination of
microsatellite instability in colorectal cancer. Cancer Res. 1998, 58, 5248–5257.

7. Duraturo, F.; Liccardo, R. Genetics, diagnosis and treatment of Lynch syndrome: Old lessons and current
challenges. Oncol. Lett. 2019, 17, 3048–3054. [CrossRef]

8. Liccardo, R.; Ragione, D.C. Novel variants of unknown significance in the PMS2 gene identified in patients
with hereditary colon cancer. Cancer Manag. Res. 2019, 11, 6719–6725. [CrossRef]

9. Duraturo, F.; Liccardo, R. Multivariate analysis as a method for evaluating the pathogenicity of novel genetic
MLH1 variants in patients with colorectal cancer and microsatellite instability. Int. J. Mol. Med. 2015, 36,
511–517. [CrossRef]

10. Liccardo, R.; De Rosa, M. Incomplete Segregation of MSH6 Frameshift Variants with Phenotype of Lynch
Syndrome. Int. J. Mol. Sci. 2017, 18, 999. [CrossRef]

11. Duraturo, F.; Cavallo, A. Contribution of large genomic rearrangements in Italian Lynch syndrome patients:
Characterization of a novel alu-mediated deletion. Biomed. Res. Int. 2013, 2013, 219897. [CrossRef] [PubMed]

12. Liccardo, R.; De Rosa, M. Characterization of novel, large duplications in the MSH2 gene of three unrelated
Lynch syndrome patients. Cancer Genet. 2018, 221, 19–24. [CrossRef]

13. Kašubová, I.; Holubeková, V. Next Generation Sequencing in Molecular Diagnosis of Lynch Syndrome—A
Pilot Study Using New Stratification Criteria. Acta Medica (Hradec Kralove) 2018, 61, 98–102. [CrossRef]
[PubMed]

14. Xicola, R.M.; Clark, J.R. Implication of DNA repair genes in Lynch-like syndrome. Fam. Cancer. 2019, 18,
331–342. [CrossRef] [PubMed]

15. Liccardo, R.; De Rosa, M. Novel Implications in Molecular Diagnosis of Lynch Syndrome. Gastroenterol. Res.
Pract. 2017, 2017, 2595098.

16. Wong, S.; Hui, P. Frequent loss of mutation-specific mismatch repair protein expression in nonneoplastic
endometrium of Lynch syndrome patients. Mod. Pathol. 2020, 33, 1172–1181. [CrossRef]

17. Mao, G.; Pan, X. Evidence that a mutation in the MLH1 3′-untranslated region confers a mutator phenotype
and mismatch repair deficiency in patients with relapsed leukemia. J. Biol. Chem. 2008, 283, 3211–3216.
[CrossRef]

18. Caggiano, R.; Cattaneo, F. miR-128 Is Implicated in Stress Responses by Targeting MAFG in Skeletal Muscle
Cells. Oxidative Med. Cell. Longev. 2017. [CrossRef]

19. Turano, M.; Costabile, V. Characterisation of mesenchymal colon tumour-derived cells in tumourspheres as
a model for colorectal cancer progression. Int. J. Oncol. 2018, 53, 2379–2396. [CrossRef]

20. Duraturo, F.; Liccardo, R. Coexistence of MLH3 germline variants in colon cancer patients belonging to
families with Lynch syndrome-associated brain tumors. J. Neuro-Oncol. 2016, 129, 577–578. [CrossRef]

21. Lo Monte, A.I.; Cudia, B.; Liccardo, R.; Izzo, P.; Duraturo, F. Involvement of large rearrangements in MSH6
and PMS2 genes in southern Italian patients with Lynch syndrome. Eur. J. Oncol. 2018, 23, 47–51.

22. Marra, G.; Iaccarino, I. Mismatch repair deficiency associated with overexpression of the MSH3 gene. Proc.
Natl. Acad. Sci. USA 1998, 95, 8568–8573. [CrossRef] [PubMed]

23. Winnepenninckx, V.; Lazar, V. Melanoma Group of the European Organization for Research and Treatment
of Cancer. Gene expression profiling of primary cutaneous melanoma and clinical outcome. J. Natl. Cancer
Inst. 2006, 98, 472–482. [CrossRef] [PubMed]

229



Biomedicines 2020, 8, 167

24. Kauffmann, A.; Rosselli, F. High expression of DNA repair pathways is associated with metastasis in
melanoma patients. Oncogene 2008, 27, 565–573. [CrossRef]

25. Alvino, E.; Passarelli, F. High expression of the mismatch repair protein MSH6 is associated with poor patient
survival in melanoma. Am. J. Clin. Pathol. 2014, 142, 121–132. [CrossRef]

26. Cummins, J.M.; He, Y. The colorectal microRNAome. Proc. Natl. Acad. Sci. USA 2006, 103, 3687–3692.
[CrossRef]

27. Landau, D.A.; Frank, J.S. MicroRNAs in Mutagenesis, Genomic Instability and DNA Repair. Semin. Oncol.
2011, 38, 743–751. [CrossRef]

28. Bartel, D.P. MicroRNAs: Target recognition and regulatory functions. Cell 2009, 136, 215–233. [CrossRef]
29. Fabian, M.R.; Sonenberg, N. Regulation of mRNA translation and stability by microRNAs. Annu. Rev.

Biochem. 2010, 79, 351–379. [CrossRef]
30. Valeri, N.; Gasparini, P. MicroRNA-21 induces resistance to 5-fluorouracil by down-regulating human DNA

MutS homolog 2 (hMSH2). Proc. Natl. Acad. Sci. USA 2010, 107, 21098–21103. [CrossRef]
31. Svrcek, M.; El-Murr, N. Overexpression of microRNAs-155 and 21 targeting mismatch repair proteins in

inflammatory bowel diseases. Carcinogenesis 2013, 34, 828–834. [CrossRef] [PubMed]
32. Mao, G.; Lee, S. Modulation of microRNA processing by mismatch repair protein MutLα. Cell Res. 2012, 22,

973–985. [CrossRef] [PubMed]
33. Sarasin, A.; Kauffmann, A. Overexpression of DNA repair genes is associated with metastasis: A new

hypothesis. Mutat. Res. 2008, 659, 49–55. [CrossRef] [PubMed]
34. Wilczak, W.; Rashed, S. Up-regulation of mismatch repair genes MSH6, PMS2 and MLH1 parallels

development of genetic instability and is linked to tumor aggressiveness and early PSA recurrence in
prostate cancer. Carcinogenesis 2017, 38, 19–27. [CrossRef]

35. Chakraborty, U.; Dinh, T.A. Genomic Instability Promoted by Overexpression of Mismatch Repair Factors in
Yeast: A Model for Understanding Cancer Progression. Genetics 2018, 209, 439–456. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

230



biomedicines

Article

Establishment of a Patient-Derived Xenograft Model of
Colorectal Cancer in CIEA NOG Mice and Exploring Smartfish
Liquid Diet as a Source of Omega-3 Fatty Acids

Helle Samdal 1,2, Lene C Olsen 2,3, Knut S Grøn 2, Elin S Røyset 2,4, Therese S Høiem 2, Ingunn Nervik 2,

Pål Sætrom 1,2,3,5, Arne Wibe 2,6, Svanhild A Schønberg 2 and Caroline H H Pettersen 2,6,*

Citation: Samdal, H.; Olsen, L.C;

Grøn, K.S; Røyset, E.S; Høiem, T.S;

Nervik, I.; Sætrom, P.; Wibe, A.;

Schønberg, S.A; Pettersen, C.H.H.

Establishment of a Patient-Derived

Xenograft Model of Colorectal Cancer

in CIEA NOG Mice and Exploring

Smartfish Liquid Diet as a Source of

Omega-3 Fatty Acids. Biomedicines

2021, 9, 282. https://doi.org/

10.3390/biomedicines9030282

Academic Editors: Antonio Biondi

and Valeria Barresi

Received: 21 December 2020

Accepted: 7 March 2021

Published: 10 March 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Computer Science, Faculty of Information Technology and Electrical Engineering,
Norwegian University of Science and Technology (NTNU), 7491 Trondheim, Norway;
helle.samdal@ntnu.no (H.S.); pal.satrom@ntnu.no (P.S.)

2 Department of Clinical and Molecular Medicine, Faculty of Medicine and Health Sciences,
Norwegian University of Science and Technology (NTNU), 7491 Trondheim, Norway;
lene.c.olsen@ntnu.no (L.C.O.); knut.s.gron@ntnu.no (K.S.G.); elin.s.royset@ntnu.no (E.S.R.);
therese.s.hoiem@ntnu.no (T.S.H.); ingunn.nervik@ntnu.no (I.N.); arne.wibe@ntnu.no (A.W.);
svanhild.schonberg@ntnu.no (S.A.S.)

3 Bioinformatics Core Facility—BioCore, Norwegian University of Science and Technology (NTNU),
7491 Trondheim, Norway

4 Department of Pathology, St. Olav’s University Hospital, 7006 Trondheim, Norway
5 K.G. Jebsen Center for Genetic Epidemiology, Norwegian University of Science and Technology (NTNU),

7491 Trondheim, Norway
6 Department of Surgery, St. Olav’s University Hospital, 7006 Trondheim, Norway
* Correspondence: caroline.h.pettersen@ntnu.no

Abstract: Cancer patient-derived xenografts (PDXs) better preserve tumor characteristics and mi-
croenvironment than traditional cancer cell line derived xenografts and are becoming a valuable
model in translational cancer research and personalized medicine. We have established a PDX model
for colorectal cancer (CRC) in CIEA NOG mice with a 50% engraftment rate. Tumor fragments from
patients with CRC (n = 5) were engrafted in four mice per tumor (n = 20). Mice with established
PDXs received a liquid diet enriched with fish oil or placebo, and fatty acid profiling was performed
to measure fatty acid content in whole blood. Moreover, a biobank consisting of tissue and blood
samples from patients was established. Histology, immunohistochemistry and in situ hybridization
procedures were used for staining of tumor and xenograft tissue slides. Results demonstrate that key
histological characteristics of the patients’ tumors were retained in the established PDXs, and the
liquid diets were consumed as intended by the mice. Some of the older mice developed lymphomas
that originated from human Ki67+, CD45+, and EBV+ lymphoid cells. We present a detailed descrip-
tion of the process and methodology, as well as possible issues that may arise, to refine the method
and improve PDX engraftment rate for future studies. The established PDX model for CRC can be
used for exploring different cancer treatment regimes, and liquid diets enriched with fish oil may be
successfully delivered to the mice through the drinking flasks.

Keywords: PDX; patient-derived xenograft; CRC; colorectal cancer; omega-3 fatty acids

1. Introduction

In preclinical studies there has been a tradition for establishing cancer xenografts in
immunosuppressed mice using cancer-derived cell lines (CDX). However, the results from
CDX studies often do not correlate with the results from clinical studies, partly because
cancer cell lines fail to represent the true complexity and heterogeneity of tumors (reviewed
in [1–3]). This has led to a need for preclinical experimental models that better reflect
the clinical situation. Patient-derived xenograft (PDX) models were first described in the
1970s [4,5], and the models have been refined over the last few decades. PDX models reflect
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more of the heterogeneity and individual differences of tumors compared to traditional
preclinical CDX models (reviewed in [1–3,6]). However, the logistics related to the estab-
lishment of a PDX study are challenging, and there is a need for more literature guiding
the initiation of PDX models.

The successful establishment of PDXs depends on several factors. The choice of
animal model is important, and immunodeficient mice are found to have a higher engraft-
ment rate for xenografts from foreign tissue as their lack of functional immune system
would refrain from interfering with the foreign engrafted substance. Immunodeficient
NOD/SCID/IL2Rg null (NOG) mice lack functional natural killer cells as well as B and
T lymphocytes, and have defective macrophages, complement activity and dendritic
cells [7]. This makes the NOG mouse an appropriate host model for establishment of PDXs,
with improved tumor take rates compared to previous NOD, SCID and nude mice ([7],
reviewed in [6,8]). The disruption of the interleukin 2 receptor subunit gamma (IL2Rg) gene
reduces the chance of spontaneous lymphoma development in these animals, which was
a known problem in previous NOD/SCID models [9,10]. Other important factors affect-
ing the successful establishment of PDX models include the characteristics of the tumor
subtypes, the site of implantation, the viability of the tumor cells, metastatic potential,
preoperative patient treatment, contamination level in tumor specimens, time from tumor
removal to implantation, the surgical procedure technique (reviewed in [1]), as well as
tissue acquisition strategy [11].

In this study we aim at describing the procedure for the establishment of a PDX model
of colorectal cancer (CRC). The outcome of CRC has improved significantly over the past
few decades. However, CRC is still the second and third most common cancer type world-
wide among women and men, respectively [12], and the second most common cancer type
in Norway among both sexes [13]. Research related to improved treatment, and especially
personalized treatment, for CRC patients is therefore highly needed. PDX models are
currently the preferred model for preclinical studies in CRC, and studies have found the
successful PDX engraftment rate to be between 56–87.5% (reviewed in [1]). We have per-
formed a pilot study on the establishment of a PDX model for CRC in immunosuppressed
CIEA NOG mice with the aim to perform preclinical combination studies of components
with anticancer potential, such as cytostatic and designed diets with omega-3 polyunsat-
urated fatty acids (PUFAs). Combined with biobanking of healthy- and tumor tissue for
whole exome- and RNA sequencing, as well as protein analyses, blood samples, and ex-
tensive clinical data via patient journals and cancer registers (e.g., the Norwegian Cancer
Registry), the PDX model may be useful in the search for novel molecular biomarkers
predicting responses to different anticancer drugs. The focus of this paper is to report the
establishment of a PDX procedure and to test a delivery method for an omega-3 fatty acid
enriched diet in mice.

2. Experimental Section

2.1. Study Design

Figure 1 gives an overview of the study design for establishing PDXs for CRC in
immune suppressed mice. Surgically removed tumor fragments from 5 patients with CRC
were engrafted into 4 mice per tumor. When the PDX growth was established, mice were
provided with the intervention (omega-3 fatty acid (FA) or placebo enriched nutrition
drinks). Follow up of the mice included assessment of animal health and weight, as well
as tumor size. Mice were euthanized at humane endpoint defined by tumor volume,
max latency time, and pathology, or after eight weeks treatment. Tumor and blood samples
were collected for indicated analyses.

2.2. Patient Characteristics and Inclusion Criteria

Patients enrolled in the study were scheduled for cancer surgery at St. Olav’s Univer-
sity Hospital in Trondheim between April and September 2019. Medical records of patients
scheduled for consultation at the preoperative clinic at St. Olav’s University Hospital
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were assessed. Patients were included based on the following criteria; clinically verified
colon- or rectal cancer stage 1–4, tumor size exceeding 3 cm in diameter, and age > 40 years
with no preoperative treatment. After signing an informed consent form, data regarding
gender, age, diagnosis, tumor type, stage of disease, prior cancer treatment, use of lipid
modifying medicaments, and intake of fish, cod liver oil, and omega-3 supplements were
collected. Five patients who met the inclusion criteria following preoperative evaluation
were included in this study. The study was approved by the Regional ethics committee
for central Norway (REC ID 2017/2048, date: 10 October 2018). A Data Protection Impact
Assessment (DPIA) for the project was performed in cooperation with the Norwegian
Centre for Research Data (NSD) and was approved by both St. Olav’s University Hospital
and NTNU. Data were securely stored at the HEMIT net at St. Olav’s University Hospital,
locked by 2 step authorization by chip and password.

Figure 1. Study design for the establishment of patient-derived xenografts (PDXs) for colorectal cancer (CRC) in immune
suppressed CIEA NOG mice.

2.3. Patient Blood Sampling

Blood samples and related information were collected, processed and stored (tubes
preassigned cryptic barcode from the Biobyte® system (Biobank1®, Trondheim, Norway))
by Biobank1®. To minimize the blood sampling burden of the patients, blood samples for
the study was sampled together with the standard clinical blood tests. Blood plasma and
serum were frozen at −80 ◦C. Whole blood was stored at −80 ◦C for verification of germline
mutations that may be found in normal colon tissue of patients and requires follow up and
genetic counseling of these patients. Whole blood (2 × 50 μL) was spotted onto Whatman
903 protein saver cards (Whatman products (Cytiva), Little Chalfont, Buckinghamshire,
UK), dried for 2 h at room temperature, and frozen at −80 ◦C for later FA profiling.
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2.4. Collection of Colorectal Tumor and Healthy Tissue

Surgical personnel were informed about the request for tissue biopsies through a
message in the surgery clinic’s operation plan stating “Biobank Colcan”. Biopsies of tumor
and fresh surrounding tissue for biobanking were collected by the Biobank1® personnel.
A slide of tissue was frozen in liquid nitrogen using a special clamp (Figure 2a).

 

Figure 2. Tumor tissue sampling for: (a) biobanking and (b) PDX procedure.

Tissue samples of both tumor and healthy colorectal tissue were prepared for exome
and RNA sequencing, protein isolation and IHC. A fresh tumor tissue sample for PDX was
cut into equally sized fragments (Figure 3), placed in sterile tubes (Figure 2b) containing
cold Dulbecco′s modified Eagle′s medium (DMEM, #D6429, Sigma Aldrich, Saint-Louis,
MO, USA) supplemented with 10% fetal bovine serum (10270-098, Gibco, Thermo Fisher
Scientific, Waltham, MA, USA), 1% nonessential amino acids (M7145, Sigma-Aldrich, MO,
USA) and 1% gentamicin (15710049, Gibco). Location related to the tumor fragments
frozen for DNA extraction was noted (Figure 3). All samples and information such as
warm and cold ischemic time were registered deidentified in Biobank1®’s program Biobyte
(Biobank1®, Trondheim, Norway). The CRC tissue fragments for PDX were kept on ice
and transported from the clinic to the animal facility, where the mice were prepared for the
surgical procedure.

Figure 3. Tumor tissue fragmentation and naming for PDX procedure and exome sequencing.

2.5. PDX Procedure in Immunodeficient Mice

The mice were acclimatized for minimum 1 week after arrival, and four mice per
cage were housed at a switched 12-h light/dark cycle at the Comparative Medicine Core
Facility (CoMed), NTNU. Due to the compromised immune system of the CIEA NOG mice,
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all water, food, and cages were autoclaved before use. At the time of engraftment, the mice
were 11 weeks or older.

CRC tissue fragments were engrafted subcutaneously into female opportunist free
CIEA NOG® (NOG) mice (NOD.Cg-PrkdcscidII2rgtm1Sug/JicTac, Taconic Biosciences,
Rensselaer, NY, USA). The size of the tissue fragments from the two first patient tumors
were about 4 × 4 × 3 mm (~50 mm3), and for the last three tumors about 3 × 3 × 3 mm
(~30 mm3). Tissue fragments from each tumor were engrafted in four mice; in total twenty
mice (see Figure 4, and Supplementary file 1).

Figure 4. Experimental design of PDX of CRC in mice. C = control/placebo, ω-3 = omega-3, HEP = humane endpoint.
Part of the figure is modified from [14] with approval.

The surgical table and equipment were cleaned with ethanol and the surgical equip-
ment (scissors, forceps, cotton swabs) was autoclaved. The mice were weighed to estimate
correct dosing of medications and put into an anesthesia induction chamber provided with
2% isoflurane (ESDG9623C, Baxter, Deerfield, IL, USA, 0.6% N2 and 0.4% O2) gas using an
anesthetic vaporizer, until they were asleep. Eye gel (Viscotears, 597562, Dr. Gerhard Mann
chem.-pharm. Fabrik GmbH, Wülfrath, Germany) was applied, and the mice were placed
on a heating pad covered with a surgery tissue and kept anaesthetized using a nose cone
with 1.5% isoflurane. The anesthetic level was checked by foot pinch using forceps and
the mouse was marked by ear clip. The incision area was shaved and washed with Hibis-
crub (596023, Mölnlycke, Gøteborg, Sweeden) and chlorohexidine (007269, Fresenius Kabi,
Bad Homburg vor der Höhe, Germany). Metacam (025388, Boehringer IngelheimVetmed-
ica GmbH, Germany, 2–3 mg/kg) and Marcaine (169912, Aspen Pharma Traiding Limited,
Ireland, 0.04 mg/kg) were given subcutaneously for systemic and local pain relief, respec-
tively. The tumor fragments were placed in a sterile petri dish and washed briefly with
sterile physiological NaCl. A small cut (3–4 mm) was made in the skin in front of the
back curve, and the tissue fragment was placed in a small pocket under the skin using
forceps. The wound was closed by stitching using surgical sutures (Ethicon® VicrylTM 5-0,
Ethicon®, Somerville, NJ, USA), before the mice were placed on clean paper in a new cage.

A bullet point form was followed during surgery (Supplementary Figure S2-1). Details re-
garding surgery and anesthesia were registered in a log form (Supplementary Figure S2-2).
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The animal experiments were approved by the Norwegian Food Safety Authority (Mattilsynet,
FOTS ID 12823).

2.6. Postoperative Follow-Up

The mice were observed for two hours after surgery. If any stiches were opened by the
mice within two hours, the mice were anesthetized and restitched. Metacam was injected
subcutaneously 24 h postoperative for systemic pain relief. The mice were housed in single
cages for 1–2 weeks after surgery until the wounds had healed, before placing the mice
together in groups of four mice per cage. The “rat and mouse No. 1 Maintenance Auto-
clavable” (RMIA, Special Diets Service, Essex, UK) pellet food and water were autoclaved
before use. The pellet food was available to the mice at all time. Water was available until
the start of treatment regime; see details below. The mice were weighed 1–3 times per
week, and observations were noted in a score sheet for each animal (Supplementary file
1). Subcutaneous tumor size was measured 1–3 times per week as soon as the xenograft
was palpable using a digital caliper and registered in the score sheet. Tumor volume was
calculated using the following formula V = (length × width2)/2. In addition, tumor growth
was recorded regularly by imaging.

2.7. Mouse Blood Sampling

Blood samples were taken from vena saphena before treatment was initiated (Figure 5a).
The mice were restrained inside a 50 mL tube with an air opening in the tip and the sam-
pling area was shaved and washed with 70% ethanol. A scalpel was used to punctuate
the vein, and 50 μL blood was collected with a pipette and spotted on a Whatman card.
The card was dried for two hours at room temperature and stored at −80 ◦C until FA
profiling. An additional <150 μL blood was taken for blood plasma preparation and stored
at −80 ◦C.

 
Figure 5. Blood sampling by puncturing: (a) vena saphena and (b) the heart.

At the endpoint, the mice were anesthetized, and blood was collected from the main
vein/heart (Figure 5b) before euthanizing the mice by cutting the aorta. Whole blood was
spotted on Whatman cards (50 μL) for FA profiling. To prepare plasma, blood was drained
from the vein and transferred to Microvette CB 300 capillary tubes with EDTA (Sarstedt,
Nümbrecht, Germany). Samples were mixed, centrifuged (3000 rpm, 4 ◦C, 10 min) and
aliquoted. Whatman cards and plasma were stored at −80 ◦C.

2.8. Treatment with Liquid Diets

When growth of the xenograft was confirmed, mice were given either the nutrition
drink Smartfish Remune with fish oil (DHA and EPA (2000 mg/200 mL), Smartfish AS,
Oslo, Norway), or placebo containing an equal amount of rapeseed oil (Smartfish AS).
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The diets were isocaloric and isolipidic, differing only by the type of oil. The liquid
diets were aliquoted, frozen at −20 ◦C, thawed, and freshly provided. Mice were given
nutrition drinks five days a week for seven hours a day during their active time period;
otherwise fresh water was available. The drinking bottles containing the nutrition drink
were weighed before and after the seven-hour feeding period to estimate daily intake.
A human dose of 4 g omega-3 FAs/day is equivalent to ~1.6 mL Smartfish Remune daily.
Animal equivalent dose (AED) based on body surface area was calculated by the equation:
AED (mg/kg) = human dose (mg/kg) * (Human Km/Animal Km) = (4000 mg/60 kg) *
(37/3) = 822.22 [15]. Oral consumption volume (OCV) was calculated by the equation: OCV
(mL) = animal weight [kg] * animal dose (mg/kg)/(concentration mg/mL) = (0.020 kg *
822.22 mg/kg)/(10 mg/mL) = 1.6 mL.

2.9. Euthanasia, Necropsy and Tissue Sampling

At the humane endpoint, characterized by either a tumor volume of 1500 mm3,
reduced health/weight or a xenograft not growing after 6 months, blood sampling, and eu-
thanization were performed as described above and in Supplementary file 3. The tumor
area was shaved and washed with ethanol before a cut was made in the skin and the
xenograft was collected and picture was taken. The xenograft was divided in parts for
histology/IHC, RNA sequencing, and protein analysis. The remaining tumor was collected
in tubes and frozen in liquid N2 for protein- and RNA analysis. The samples were stored at
–80 ◦C. Tumor tissue (both PDX and any secondary tumors) for histology/IHC was collected
in neutral buffered formaldehyde (NBF, 9713.1000, BDH Chemicals, VWR, Radnor, PA,
USA, equal to 10% neutral buffered formalin, >10 times tumor volume). The mice bearing
xenografts from the last three patient tumors were necropsied. The abdomen was opened,
and the lungs, heart, liver, kidneys, stomach, colon, spleen, and thymus were localized,
inspected and collected in NBF for histology analysis. Gross findings were registered on an
autopsy card (modified from [16]) for each animal (Supplementary file 1).

2.10. Fatty Acid Profiling and Omega-3 Index in Blood

The profiling of FAs in human and mouse whole blood was performed using gas
chromatography with flame-ionization detection (GC-FID). Samples were analyzed by Vitas
AS, Oslo, Norway. Two punches of human whole blood from the Whatman cards were
diluted in sodium methylate (900 μL, 0.5 M). FA methyl esters (FAME) were formed by
methylation (20 min, 600 rpm, 50 ◦C) and extracted with distilled water (300 μL) and
hexane (500 μL) before thorough mixing (5 min) and centrifugation (5 min, 4000× g, 10 ◦C).
The sample (3 μL) was injected into the GC-FID with an HP 7890A Gas Chromatograph
System (Agilent Technologies, Palo Alto, CA, USA). FAs were separated on a Supelco
30 m × 250 μm × 0.2 μm column and the results for 11 different FAs were reported as
g FAME/100 g FAME. Omega-3 index was calculated by the formula: Omega-3 index =
(g DHA FAME + g EPA FAME)/total g FAME * 100.

2.11. Histology and Immunohistochemistry Analysis

To compare the histology and molecular characteristics of patient tumor tissue with
the corresponding mouse xenografts, tissue samples were taken for histology and immuno-
histochemistry (IHC) analyses. Tumor tissue and PDX fragments were collected in tubes
with 4% NBF. The Cellular and Molecular Imaging Core Facility (CMIC), Department of
Clinical and Molecular Medicine (IKOM), NTNU used a histological routine procedure
to process, paraffin embed (FFPE), section (4 μm) and dry (60◦) the samples. The slides
were stained with hematoxylin, erythrosin and saffron (HES) in the automatic slide stainer
Sakura Tissue-Tek © PrismaTM. The slides were dried further in the instrument’s heat
chamber, before being deparaffinized through several baths of Tissue Clear and rehydrated
through descending grades of ethanol to water. The slides were stained in Haematoxylin
followed by bluing in water, before being stained with Erythrosine and rinsed in water for
removal of excess dye. Slides were further dehydrated through ascending grades of ethanol
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and stained in saffron before being rinsed in several baths of absolute ethanol and cleared in
Tissue Clear before cover slipping in Sakura Tissue-Tek © GlasTM automatic coverslipper.
The sections were dried overnight in a well-ventilated place due to chemical evaporation.
Dyes used were: Heamatoxylin (CellPath/Chemi-Tecnic, RHD-1475-100, CI No 75290),
Erythrosine 239 (VWR, no 720-0179) and saffron (Chemi-Tecnic as, Chroma 5A-394, CI No
75100). Interpretation was performed by experienced pathologists using light microscopy.

For IHC analysis FFPE tissue sections (4 μm) were cut onto SuperFrost Plus slides,
dried overnight at 37 ◦C, and then baked for 2 h at 60 ◦C. The sections were dewaxed in
Tissue Clear and rehydrated through graded alcohols to water in an automatic slide stainer
(Sakura Tissue-Tek © Prisma™). Next, the sections were pretreated in Target Retrieval So-
lution, High or Low pH (Dako, Agilent, Santa Clara, CA, USA, K8004/5) in PT Link (Dako)
for 20 min at 97 ◦C to facilitate antigen retrieval. Further staining was performed on the
Dako Autostainer. Following soaking in wash buffer, endogenous peroxidase activity was
quenched by incubation in Peroxydase block (Dako S2023). Sections were washed in wash
buffer and incubated with primary antibody for 40 min. Further, the slides were washed
in wash buffer before incubating for 30 min in labelled polymer HRP anti-Mouse (Dako
K4001) and DAB (Dako K3468) to develop the stain. Tris-buffered saline (TBS) (Dako K8007)
was used throughout for the washing steps. In Sakura Tissue-Tek © Prisma™, the slides
were lightly counterstained with Hematoxylin, dehydrated through ascending grades of
ethanol, cleared in Tissue Clear, and coverslipped. For the tissue studied, appropriate
negative controls were performed by omitting the primary antibody. Antibodies used were
Ki67 (M7240, clone MIB-1, Dako), CD45 (M0701, clones 2B11 + PD7/26, Dako) and CD20
(M0755, clone L26, Dako). Interpretation was performed by experienced pathologists using
light microscopy.

2.12. In Situ Hybridization

To detect Epstein–Barr-Virus (EBV)-encoded RNA the Inform EBER (EBV early RNA)
probe (Ventana Medical Systems, Inc., Oro Valley, AZ, USA) was used for in situ hybridiza-
tion (ISH) of NBF fixated paraffin embedded patient tumor and lymphoma tissue sections.
The EBER ISH staining was routinely performed at the Unit of Immunohistochemistry,
Department of Pathology, St. Olav’s University Hospital. Paraffin embedded tissue sections
were cut at 3 μm onto Superfrost slides (Thermo Scientific, Waltham, MA, USA, Super-
frost plus, #J1800AMNZ). On the slides was also a known positive sample (as control).
Each sample was sectioned onto two slides, one for the EBER probe and one for a Negative
control probe (REF 800-2847). The section with the negative control probe was used for
identification of unspecific staining. The sections were dried at 60 ◦C for 1 h. The analysis
was performed on BenchMark Ultra instrument (Ventana, Roche, Basel, Switzerland) using
the Ventana ISH IView Blue Detection Kit (Ventana, Roche, #800-092), ISH protease 3
(Ventana, Roche, #780-4149), RED II counterstain (Ventana, Roche, #780-2218) and INFORM
EBER Probe (Ventana, Roche, #800-2842). After the ISH process the slides were dehydrated
through ascending grades of ethanol and xylene before cover slipping in Microm Cover-
Tech CTM6 (Thermo Scientific) automatic coverslipper. Interpretation was performed by
experienced pathologists using light microscopy.

2.13. Data Analysis

All data analyses were performed in R. For the FA profiling, a hierarchical mixed
linear model accounting for multiple measurements from the same mice were fitted using
the lme() function from the nmle package. Overall effects of each FA was assessed using the
Anova() function, and pairwise differences using the ghlt() function to perform post hoc
Tukey tests. In addition to the internal adjustments of p-values for multiple testing within
each model as calculated by the ghlt() function, p-values were further adjusted based on
the number of FAs measured using the Bonferroni correction.
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3. Results

3.1. Patient and Tumor Characteristics

All invited patients attended the preoperative information meeting and accepted
enrollment of the study by signing an informed consent form. Table 1 shows the patient
and tumor characteristics along with information regarding the patient’s intake of fish,
cod liver oil, omega-3 supplements, and lipid modifying medications recorded from the
questionnaires. The included patients consisted of four males and one female (average
age 67.6 years). Three tumors were surgically removed from the colon and two from
the rectum. One tumor was described as ulcerating, two tumors were exophytic and
ulcerating, and two stricturated the colon. All tumors were adenocarcinomas, differed in
morphology (Figure 6), and the tumor sizes were between 3.7–5 cm across the largest
diameter. Three tumors were staged T3 and two tumors T4. Lymph nodes close to the
tumor were affected in two patients; meanwhile, no other metastases were found in
any of the patients. All patients reported an intake of omega-3 supplements 0–3 times
monthly, two patients had a daily intake of cod liver oil, and all patients had intake of fish
1–3 times weekly.

3.2. Establishment of Patient-Derived Xenografts of Colorectal Cancer

Fresh tissue fragments from five primary CRC tumors were engrafted in four immun-
odeficient CIEA NOG mice per tumor (total n = 20, Figure 4). Animal and engraftment
details are given in Table 2. The age of the mice varied from 11 to 33 weeks. Tissue frag-
ments were placed in DMEM on ice within ~20 min and implanted subcutaneously in the
mice within 60 min after the tissue was collected (Table 2 and Figure 7).

Table 1. Patient and tumor characteristics (n = 5), and questionnaire answers.

Patient 3 Patient 11 Patient 17 Patient 18 Patient 19

Gender
(Male/Female) M F M M M

Age 69 65 77 62 65
Tumor site Colon Colon Colon Rectum Rectum

Tumor anatomy Exophytic Stenosing,
ulcerating

Stricturating,
ulcerating Ulcerating Exophytic,

ulcerating

Tumor type Adenocarcinoma Signet cell
carcinoma

Adenocarcinoma
with mucus Adenocarcinoma Adenocarcinoma

Tumor stage
(TMN) T3N0M0 T3N2M0 T4N0M0 T4aN1M0 T3N0M0

Tumor
differentiation

grade
Medium Medium Medium Medium

Tumor size (cm) 4 5 4 4 3.7
Tumor MSI status MSI-high MSS MSS MSS

Mutations BRAF BRAF KRAS
Pre-operative

cancer treatment No No No No No

Previous cancer
diagnoses Yes No

Intake of omega-3
supplements 0–3/month 0–3/month 0–3/month 0–3/month 0–3/month

Intake of cod
liver oil 0–3/month 0–3/month Daily 0–3/month Daily 1

Intake of fish 1–3/week 1–3/week 1–3/week 1–3/week 1–3/week
Use of lipid

reducing
medication

No No No Yes No

1 Daily intake of cod liver oil only in the wintertime (September to April). The blood sample was taken in August.
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Figure 6. Pathology of CRC tumors from patients (p) 3, 11, 17, 18 and 19.

Table 2. Animal and engraftment details.

Patient
ID

Patient 3 Patient 11 Patient 17 Patient 18 Patient 19

Mouse ID 12 15 16 17 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 18

Tumor
fragment

ID
1a 1b 2a 2b 1a 1b 2a 2b 1a 1b 2a 2b 1a 1b 2a 2b 1a 1b 2a 2b

Ear clip 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4

Age at en-
graftment

(week)
11 11 11 11 17 17 17 17 31 31 31 31 31 31 31 31 33 33 33 33

Tumor
fragment

size
(mm3)

50 50 50 50 50 50 50 50 30 30 30 30 30 30 30 30 30 30 30 30

Days to es-
tablished
growth

- 64 64 99 70 34 91 34 185 - 174 52 - - - - - - - -

Of the twenty mice engrafted with tumor tissue fragments, ten mice established
tumor growth (Figure 8), giving a total engraftment rate of 50%. The average number of
days to established xenograft growth was 87 (±51) days (Table 2). The engraftment rate
and average number of days until established xenograft growth using 50 mm3 fragments
were 88% and 65 (±23) days, respectively (Table 2). When engrafting 30 mm3 tumor
fragments, only the tumor from patient 17 established growth of three xenografts after
an average of 137 (±60) days. Only four PDXs exceeded humane endpoint of 1500 mm3

before euthanization. Of these, two originated from patient tumor 3 and two from patient
tumor 11 (engrafted with 50 mm3 fragments).

Images and score sheets including animal weight and PDX size are presented in
Supplementary file 1. As an example, pictures of PDX growth for mouse #26 are shown
in Figure 9, which also illustrates the growth of a secondary tumor. Images of 9 of the
10 established PDXs are presented in Figure 10.

The weight for most mice was stable throughout the study (Supplementary Figure S4-1,
Table 3). However, some mice were euthanized due to reduced weight and their general
health condition (Table 3). Both mice #19 and #21 had a weight reduction of about 10–15%
at the day of euthanization.

240



Biomedicines 2021, 9, 282

 

Figure 7. Implantation of a tumor fragment into immune suppressed CIEA NOG mouse #31.

3.3. Development of Secondary Tumors and Abscesses

Some mice developed growth of secondary tumors or abscesses. Mouse #23 developed
a dark colored secondary tumor behind the right foreleg. At necropsy the tumor was found
to contain a dark dense liquid, probably due to blood accumulation (Figure 11).

Four mice (#25, 26, 32 and 33) developed spontaneous rapidly growing secondary
tumors located on the front shoulders (Figure 11). Necropsy of mouse #32 indicated red
swollen legs and shoulders with bleeding areas in addition to the secondary tumor.

Three of the four mice engrafted with tumor fragments from patient 18 developed
abscesses in the surgery area after tissue implantation and were euthanized. However,
treatment was initialized before the “tumors” were recognized as abscesses (Figure 11 and
Supplementary Figures S1-27-2, S1-28-2 and S1-29-2). For mouse #28 the abscess was intact
when removed at euthanization (Figure 11).

3.4. Histological Similarity between Patient Tumors and Patient-Derived Xenografts

The histological architecture of the growing PDXs demonstrated high correlation to
the primary tumors as shown by hematoxylin, erythrosine and saffron (HES) staining of
tumor tissue slides (Figure 12). All five patient tumors were confirmed by pathologists to
be colorectal adenocarcinomas. The histomorphology of the growing PDXs was similar to
the histomorphology of the primary tumors, reflecting the heterogeneity of the primary
tumors. We did not observe any direct changes in morphology between fish oil and placebo
treated PDXs.
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Figure 8. PDX growth curves for: (a) all mice; (b) mouse #12, 15, 16 and 17 (tumor fragments from patient 3); (c) mouse #19,
20, 21 and 22 (tumor fragments from patient 11) and; (d) mouse #23, 24, 25 and 26 (tumor fragments from patient 17).
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Figure 9. Images of PDX growth (red ring) for mouse #26 (patient 17). Secondary tumor from week 10 (blue ring). Numbers
are millimeter (mm) length of the tumor in two dimensions. W = week, d = days.

 

Figure 10. Images of 9 of 10 established PDXs, taken at the day of euthanization. Mouse #17 died during the anesthetic
procedure (isoflurane) when assessing tumor size and the tumor was not sampled.
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Table 3. Characteristics of all mice at the time of euthanization.

Mouse #
Clinical Symptoms &

Comments
Necropsy Findings Body Weight PDX Size (mm)

Second Tumor
Size (mm)

12 PDX not growing after
6 months.

Only a spot at
engraftment side. Dark
cystic structure close to

pancreas.

Stable - -

15 Placebo treatment until
PDX max size. Large solid tumor. Stable 10 × 15.5 -

16
Smartfish Remune

treatment until PDX
max size.

Large tumor, partly with
liquid. Visible blood

veins to tumor.
Stable 11.5 × 13 -

17
Smartfish Remune

treatment until it died
during anesthesia.

No samples taken. Stable 7.5 × 7.5 -

19
Ulcerating xenograft.

Smartfish Remune
treatment.

Large solid tumor with
blood traces. Slightly reduced 11.3 × 12 -

20 Placebo treatment until
PDX reached max size. Large solid tumor. −10–20% 11.5 × 17 -

21
Reduced general health

and reduced weight.
Large PDX.

Solid tumor. Low blood
volume. No samples

taken.
−10–15% 7 × 9 -

22
Smartfish Remune

treatment until PDX max
size.

Large solid tumor
w/visible blood veins. Stable 11 × 17 -

23

Reduced weight.
Placebo treatment
(8 weeks). Possibly

rectal prolapse.

Small spleen. Second
tumor with dark liquid
inside. Clog of fur and

food in stomach.

−10–20% 5.8 × 5.9 7 × 9

24

Did not reach
“established growth”

3 months after animals
without growing
xenografts were

euthanized.

Small slowly growing
PDX. Whitish lungs.

Normal organs.
Stable 3.9 × 4 -

25 Reduced general health.
Large second tumor

Established growth of
PDX. Whitish lungs.

Large second tumor left
shoulder.

Stable 5 × 5 8 × 10

26

Ulcerating xenograft.
Smartfish Remune
treatment. Large

second tumor.

Enlarged spleen
w/white fields. Whitish

lungs. Two second
tumors; left and right

shoulder.

−10% 8 × 8 9 × 11 (left)

27

Abscess mistaken for
PDX until it burst.
Smartfish Remune

treatment.

Wound at the abscess
site. Small xenograft

under the skin.
Stable - -

28
Abscess mistaken as

PDX in the beginning.
Placebo treatment

Intact abscess 9.5 × 10
mm containing green
liquid. Only a spot at

engraftment site

Stable - -
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Table 3. Cont.

Mouse #
Clinical Symptoms &

Comments
Necropsy Findings Body Weight PDX Size (mm)

Second Tumor
Size (mm)

29

Abscess mistaken as
PDX until it burst.
Smartfish Remune

treatment

Wound where abscess
has burst.

Small xenograft under
the skin

Stable - -

30
Did not reach

“established growth”
after 6 months.

Normal organs. A small
bump in the liver. Trace
of PDX under the skin

Stable - -

31
Did not reach

“established growth”
after 6 months.

Small xenograft under
the skin. Normal organs. Stable - -

32

Reduced general health.
Second tumor. Did not

reach “established
growth”. Liquid in

the eye.

Thick wounded skin at
the neck. Whitish lungs.
Enlarged spleen >2 cm.

Red/swollen legs,
shoulders and spine
second tumor over

the ribs.

Stable - -

33
Did not reach

“established growth”.
Large second tumor.

Large second tumor. No
visible xenograft.
Enlarged spleen.

Stable - 9 × 14

18
Did not reach

“established growth”.
Rectal prolapse.

Swollen, bloody anal
opening. Whitish part of

one lung. Traces of
xenograft under skin.

Enlarged spleen ca
2.5 cm

−10% - -

 

Figure 11. Pictures of mice developing secondary tumors (mouse #23, 25, 26, 32 and 33) or abscesses
(mouse #27, 28 and 29). Numbers represent tumor size in mm.
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Figure 12. Histopathological comparison of: (a) the five patient CRC tumors and (b) three patient tumors and matched PDX
tissue sections. The tissue sections are stained with HES. p = patient, T = tumor, M = mouse, X = xenograft.
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The tumor from patient 3 was described as a typical colorectal adenocarcinoma.
The glandular forms found in the HES stained section were also observed in the corre-
sponding xenografts in mouse #15 and 16. Mouse #17 had a growing xenograft, but died
due to technical problems during anesthesia and the xenograft was not sampled. Mouse #12
did not establish growth of the xenograft.

HES staining of the histology slide from patient 11 showed that the tumor was compact
and mainly consisted of signet ring cells. These cells are rare CRC cells with the nucleus
placed at one side and a large mucus droplet filling most of the cell. Growth was established
for all four PDXs from patient tumor 11. However, mouse #21 was euthanized due to
acutely reduced health and the xenograft was not sampled. HES staining confirmed that
the corresponding PDXs had a high degree of histopathological similarity to the patient
tumor (Figure 12).

The tumor from patient 17 had classical CRC histology with glandular forming and
mucus producing cells (Figure 12). Growth was established for three out of four PDXs;
mouse #23, 25 and 26. The corresponding PDXs of mice #23, 24 and 25 were adenocarci-
nomas with varying degree of mucus production (Figure 12). Mouse #23 was euthanized
before reaching maximal tumor size due to reduced weight. Mouse #24 had a growing
xenograft, but did not pass as “established PDX” due to a diameter less than 5 mm. PDXs
from both mouse #23 and 24 had tumor glandules with necrotic debris in the lumen (typical
for CRC tumors), as well as a necrotic core (Figure 12, Supplementary Figures S1-23-9
and S1-24-6). The PDX of mouse #25 contained glandular forming cells surrounded by a
dense infiltrate of lymphoid cells (Figure 12). The outer part of the xenograft had cells with
irregular nuclear membranes indicating stressed cells. The xenograft from mouse #26 had
a large pale necrotic core surrounded by a dense lymphoid filtrate (Figures 12 and 13).

The tumors from patients 18 and 19 were both confirmed to be typical colorectal
adenocarcinoma (Figure 12). However, none of the xenografts established growth in the
host mice. The tumor from patient 18 grew in small glands and strands through the muscle
layer of the bowel wall. However, as mentioned, three out of four mice engrafted with
tumor fragments from patient 18 were euthanized due to rapidly developing abscesses
before the xenografts were established, hence there are no histology results for these.

3.5. Histology of Secondary Tumors and Affected Organs

After euthanasia, the mice engrafted with tumor tissue from the three last patient
tumors were necropsied. To study the histology by HES staining, lungs, heart, spleen,
liver and any secondary tumors were sampled.

HES stained histology slides of the secondary tumors from mouse #25, 26, 32 and
33 contained malignant looking lymphoid cells (lymphoma). The secondary tumor of
mouse #25 was a massive tumor consisting of lymphoid cells, while the spleen, pancreas
and lungs appeared healthy (Supplementary Figure S1-25-3). Mouse #26 developed lym-
phoid tumors on both axes, and tumor areas with lymphoid cells were observed in the
spleen, pancreas and lungs. Moreover, the lungs, spleen and pancreas had fields with pale
necrotic tissue areas, and the spleen was enlarged (2.2 cm, Figure 13a,b, Supplementary
Figure S1-26-4) compared to normal spleen from mouse #12 (1.3 cm, Figure 13a).

Mouse #32 developed lymphoma and was euthanized before growth of the xenograft
was established. Lymphoid cancer cells were also found in the lungs and red swollen leg
and shoulders of mouse #32. The spleen was enlarged (>2 cm) and contained lymphoid
tumor cells (Supplementary Figures S1-32-3 and S1-32-6). Mouse #33 had lymphoid cancer
cells present in the secondary tumor, lymph node from the neck and in the enlarged spleen,
where we also observed pale necrotic areas (Supplementary Figure S1-33-6).

Mouse #23 developed a secondary tumor behind the right foreleg (Figure 11).
At necroscopy the tumor consisted of a bladder containing dark liquid. The liquid was
washed away using sterile NaCl and the rest was stored in 4% neutral buffered formalde-
hyde (NBF). HES staining did not indicate any lymphoid cells. The tumor appeared more

247



Biomedicines 2021, 9, 282

like a cyst with liquid filled structures lined with benign looking epithelium (Supplemen-
tary Figure S1-23-9).

 

Figure 13. (a) Tissue collected at necroscopy from mouse #26 and spleen from mouse #12 and (b) HES staining of PDX,
spleen, second tumor left shoulder, and lung from mouse #26. Xenograft; necrotic tissue surrounded by lymphoid cancer
cells. Spleen/pancreas; lymphoid cancer cells and pale necrotic tissue areas in the spleen. Lung; dense areas with lymphoid
cancer cells. Secondary tumor left shoulder; compact tumor with lymphoid cancer cells.

3.6. Origin of Cells Found in Lymphomas and Presence of Epstein–Barr Virus

All four lymphoma cases (mouse #25, 26, 32 and 33) were composed of actively pro-
liferating neoplastic lymphoid cells including a high number of mitotic cells (Figure 14).
To distinguish between human and murine cells and confirm lymphoid cell origin, lym-
phoma slides were IHC stained with anti Ki67 and leukocyte common antigen (LCA/CD45)
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specific for human cells (Figure 14). Three of the lymphomas were positive for human
specific Ki67 (MIB1, Dako) indicating human cell origin, whereas the fourth was negative
for the MIB1 antibody. The three MIB1 positive lymphomas were also CD45 positive
(mouse #25, 26 and 33, Figure 14), while mouse #32 was negative for CD45, human specific
Ki67 (Figure 11) and CD20 (Supplementary Figure S1-32-7). Hence, the lymphoma of
mouse #32 is likely to have a murine origin. Other studies have reported that formation
of human lymphomas in PDX models can be a result of outgrowth of Epstein–Barr-Virus
(EBV) transformed lymphoid cells from the original tumor [10,17]. To address this, we
tested whether the four lymphomas and the two respective patient CRC tumors were
positive for EBV. The results demonstrate that three Ki67+ and CD45+ lymphomas were
positive for EBV-coded RNA in the nuclei (Figure 14), indicating that EBV was latent in the
tumors of patients 17 and 19 from which the lymphomas originated. However, the patient
tumors (results not shown) and the lymphoma from mouse #32 (Figure 14) were negative
for EBV RNA. The method controls for IHC and ISH were negative (results not shown).

3.7. Intake of Liquid Diet

When PDXs reached “established growth”, mice were given liquid diets; Smartfish
Remune Peach supplemented with either omega-3 FAs (fish oil) or rapeseed oil (placebo).
The mice were observed to drink from the bottles (Supplementary Figure S1-23-4), and the
nutrition drink was observed in the stomach of some of the animals at necroscopy. The daily
intake (mL) per animal was estimated by weighing the drinking bottles before and after
they were provided to the mice (density 1.047 g/mL). However, there was a considerable
amount of spillage/leakage from the bottles, hence the estimated intake was inaccurate.
Only mouse #23 was given the drink for the scheduled 8 weeks.

3.8. Fatty acid Profiling of Patient and Mouse Whole Blood

Whole blood from both patients and mice were spotted on Whatman filter cards to
analyze FA content in blood by FA profiling. The results presented in Supplementary
Table S5-1 and Figure 15 show that the FA content and Omega-3 index in whole blood
varied between patients. The content of the omega-3 FAs eicosapentaenoic acid (EPA),
docosapentaenoic acid (DPA) and docosahexaenoic acid (DHA), as well as the Omega-3
index, were highest in patient 17 who reported a daily intake of cod liver oil. Patient 19 had
the lowest content of EPA and DHA, and Omega-3 index. This patient reported a daily
intake of cod liver oil; however, only during wintertime (blood sample taken in August,
Norwegian wintertime September to April).

Mouse blood samples were obtained before and after treatment to detect changes in
blood FA content during treatment. In mice, the levels of EPA, DHA, and DPA significantly
correlated with each other and the Omega-3 index as indicated in Supplementary Figure
S5-1. An analysis of variance (ANOVA) on a hierarchical mixed model fitted to each FA
and accounting for the measurements before and after treatment in the same mouse model,
showed significant effects for oleic acid (OA), digamma linoleic acid (DGLA), arachidonic
acid (AA), DPA, DHA, and the Omega-3 index (Figure 16). As expected, the average
content of DHA as well as the Omega-3 index were higher in whole blood from the mice
receiving fish oil compared to untreated mice (included blood samples from mice before
treatment) as shown by a post hoc Tukey test. However, a rise in DHA content was not
found in all mice within the fish oil group (mouse #22 and 27). Moreover, we also observed
a trend of increased levels of DPA, DHA, and Omega-3 index for mice in the placebo group,
although this was not statistically significant. The intake of long chain omega-3 FAs is
known to reduce the content of long chain omega-6 FAs since they compete for the same
enzymes during FA synthesis (reviewed in [18]). Mice from both treatment groups had
reduced AA content in the blood compared to untreated mice; however, the level was
lowest in the fish oil group.

249



Biomedicines 2021, 9, 282

 

Figure 14. Characterization of lymphomas from mouse #25, 26, 32 and 33. HES, Ki67, CD45 and EBV
RNA (EBER; see methods) staining.

Figure 15. Patient whole blood omega-3 fatty acid (FA) profiling and Omega-3 index.
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Figure 16. Mouse whole blood FA profiling and Omega-3 index. Stars indicate significant Tukey post hoc test. p-values
indicate significance in the ANOVA model.
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4. Discussion

The aim of this study was to establish a preclinical PDX model of CRC in immunodefi-
cient mice and give a thorough presentation of the procedure. In addition, we wanted to
evaluate administration of omega-3 FAs enriched in a liquid diet in this model.

PDXs preserve the biological characteristics of tumors better than CDX models,
and therefore serve as a better research model for personalized cancer treatment. PDXs with
established growth may be considered first generation xenografts, while several studies
have made PDX lines (third generation PDX) stored in a PDX line biobank for future
studies [19]. By using first generation xenografts there is a risk of failure to establish
growth, while growth has already been confirmed with second or third generation PDX
lines. However, in order to include more patients and use fewer mice, we decided to use
first generation xenografts in this study. The study design and group sizes were based on
the assumption that data obtained in animal studies typically have a standard deviation of
35%. Power calculations suggested that a sample size of n > 10 would allow detection of a
30% change with a significant level of 0.05 and a power of 0.08. However, we experienced
that patient tumors had a high degree of heterogeneity and different tumorigenic levels.
Not all tumors gave established PDXs, and if growth was established, the latency time
was highly variable. Some mice developed abscesses or secondary tumors that reduced
animal health and hence the PDX development time. These are important issues that we
will address in future PDX studies to estimate required group sizes.

Successful PDX establishment relies on several factors, one of them being the animal
host. The CIEA NOG mouse has been shown to be a good host for establishment of
PDX models due to its severe immunodeficiency [7]. Tissue acquisition strategy is an
important factor, and Katsiampoura et al. found that surgical tissue samples doubled
the engraftment rate for PDXs compared to biopsies [11]. Based on this, we chose to use
surgically removed tissue samples instead of tissue biopsies in our study. Katsiampoura
et al. also found that previous cancer therapy reduced PDX engraftment rate due to the
potential growth reduction effect on the tumor and reduction in viable cancer cells [11].
We therefore included treatment naïve patients that did not receive any preoperative
treatment. In our study, time from tissue sampling from the tumor to engraftment in mice
was up to 1 h. Others have found that implantation of tumor tissue after 12–24 h was
equally effective as 2 h, which gives researchers a wider time frame to engraft the tissue
samples [11]. For engraftment of tissue from the first two patient tumors, we used tumor
fragments sized 50 mm3, in line with the study by Katsiampoura et al. [11]. However,
for the three last patient tumors, we reduced the size of tumor fragments to 30 mm3 to
reduce the size of the wound and possibly the distress to the mice. Other studies have
used CRC tumor fragments as small as 1–2 mm3 [20]. The engraftment site for the PDXs
is also important to consider. During CDX studies, cancer cells are usually injected at
the flank of the mouse. However, the CIEA NOG mice are very active and during initial
tests, the mice opened the stiches and the wound within the first two hours after surgery.
We therefore engrafted the tissue in front of the back curve of the mouse so that it would be
less accessible. A possible drawback for studying CRC may be that this PDX model uses
heterotopic subcutaneous engraftment of the CRC tissue, instead of using an orthotopic
model where tissue is implanted into the original source organ in the animal. However,
subcutaneous PDX models for CRC are readily used as they are easy to detect, monitor,
and characterize (reviewed in [1]).

The first mice (n = 8) engrafted with tumor fragments were 11–13 weeks old compared
to over 6 months old for the last mice (n = 12). The PDXs engrafted in mice at a younger age
had a higher engraftment rate compared to the older mice. However, the engraftment rate
may also be affected by the size of the tumor fragments, and younger mice were engrafted
with larger tumor fragments compared with the older mice. In future PDX studies we will
strive to use mice aged 8–12 weeks and use 3.5 × 3.5 mm tumor fragments to increase
the PDX engraftment rate. When size of the tumor fragments is reduced, the amount of
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cancer cells implanted is also reduced, which may affect the growth of the xenografts.
Larger fragments will likely represent the heterogeneity of the tumors to a larger extent.

The establishment of PDXs from gastrointestinal tumors has a higher engraftment rate
compared to several other cancer types (reviewed in [6]). In this study the total successful
engraftment rate was 50%, which is comparable to the engraftment rates reported in the
studies by Chijiwa et al. (58% for gastrointestinal tumors) [21] and Katsiampoura et al.
(56% for CRC) [11]. However, when using surgically removed CRC tumors for engraftment,
Katsiampoura et al. found an engraftment rate of 72% [11], which is comparable to the
study by Cho et al. and Wimsatt et al. that reported an engraftment rate of 67% and
64%, respectively [20,22]. When engrafting different types of cancer tissue in CIEA NOG
mice, Fujii et al. found that CRC tissue had the highest engraftment rate at approximately
32% [23]. The engraftment rate will be affected by the latency time; that is, the time allowed
for growth of the PDX to establish in the animal. In this pilot study, we chose to wait up
to six months for growth to establish. However, studies have reported a latency time for
CRC PDXs for up to 12 months ([11], reviewed in [24]). Hence, a longer latency time may
increase the engraftment rate. In line with our findings, a recent study by Abdirahman et al.
also reported an allowed six month latency period until established CRC PDX growth [19],
and Chijiwa et al. stated that animals were sacrificed as “failed” if mice did not develop
PDX growth over six months from engraftment [21].

The most common CRC tumor type is adenocarcinoma, representing over 90% of all
colorectal carcinomas (reviewed in [25]). All five patient tumors in this study were adeno-
carcinomas, and most PDXs had similar differentiation as the original tumor. However,
HES staining of the tumor from patient 11 showed that the tumor consisted mainly of
signet ring cells. This is a rare type of CRC which is found in <1% of CRC cases (reviewed
in [25]). The fact that the corresponding xenografts showed the same histology and signet
ring cell type illustrates the correlation between histology of the original patient tumor and
the corresponding PDXs. Signet ring cell carcinomas are often poorly differentiated (high
grade) and may give a worse outcome compared to other adenocarcinomas. However,
as shown in Table 1, the tumor from patient 11 was microsatellite instability high (MSI-H)
and BRAF mutated, which gives an intermediate prognosis (reviewed in [25]). Whether
this could affect the engraftment rate and latency time remains to be investigated.

When establishing PDX models, there is a risk of spontaneously developing mouse
tumors. In our study, the secondary tumors were first detected close to the location of the
xenograft. Hence, inspection and comparison of the histology and molecular markers from
the primary tumors and the corresponding xenografts are necessary to be able to distinguish
spontaneously growing tumors from xenografts, and to ensure that key characteristics of
the original tumors are maintained in the PDXs.

The secondary tumors of mice #25, 26, 32 and 33 were recognized by pathology experts
as lymphomas. However, the CIEA NOG mice are reported to have a very low incidence
of developing spontaneous lymphomas [9,10]. Yasuda et al. reported spontaneously
developing tumors in only 1.31% of the mice, and of these only 0.60% developed thymic
lymphoma [10]. In our study, mice developing lymphoma had enlarged spleens with
the presence of lymphoid cancer cells. The same was also reported by Yasuda et al. and
Fujii et al. [10,17], indicating that the lymphoid cancer cells were distributed systemically.
The low incidence of spontaneous lymphomas in CIEA NOG mice is due to the knockout
of the IL2Rg gene [8]. Fujii et al. found that in 30% of the CRC PDX cases, lymphoma cells
replaced the original tumor cells and that the morphology of these tumors was similar
to EBV-transformed B cells in SCID mouse [23], which were reported in thirteen of fifty
cases in a study by Itoh et al. [26]. Fujii et al. related the findings to the amount of B cells
in the original specimen, which is known to be high in colorectal tissue, even though the
tumors had nonlymphoid origin [23]. They reasoned that the severe immunodeficiency
of the CIEA NOG mouse enhanced the effect of EBV [23]. Some studies have also shown
the ability of EBV-transformed human B cells to form a lymphoid tumor as a result of
outgrowth from the xenograft [27–31]. Both Choi et al. and Butler et al. found lymphomas
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with human origin only after the engraftment of the tumor tissue into NOG/NSG mice,
but not nude mice [28,29]. They explained these findings by the loss of immune (NK) cells
in the NOG/NSG mice compared to nude mice, which makes the NOG/NSG mice more
vulnerable to the activation of EBV infected B cells compared to nude mice, which have
active NK cells. Butler et al. found that the lymphoma incidence of human B cell origin
could be reduced by giving the animals a single dose of the CD20 antibody rituximab at
the engraftment time [28]. In our study, we found that three of four lymphomas consisted
of human Ki67+ and CD45+ EBV transformed lymphoid cells. Hence the EBV was likely
latent in lymphoid cells in the tumor, but at a very low level since it was not detected by
EBER ISH in the patient samples. EBV is known as an oncovirus and is found latent in
more than 90% of humans (reviewed in [32]). These rapidly growing lymphomas resulted
in reduced time for the xenografts to establish due to increased tumor burden and/or
reduced general health of the affected animals, as found in the study by Chjiwa et al. [21].
The lymphoma in mouse #32 was somewhat different from the three other lymphoma
cases; the same lymphoid cancer cell type was found in the lungs, spleen, both shoulders
and one hind leg, as well as in what was believed to be the remainder of the xenograft
(Supplementary Figure S1-32-7). The lymphoma of mouse #32 was negative for human
specific Ki67, CD20, CD45 and EBV, giving an indication that this lymphoma may be of
murine origin. Despite the low rate of formation of spontaneous lymphomas in CIEA NOG
mice, Yasuda et al. found thymic lymphoma to be the most common spontaneous tumors
in NOG mice with a total incidence of 0.6% [10]. The NOD scid gamma (NSG) mice are also
expected to have low incidence of spontaneous lymphomas. However, Moyer et al. found
murine lymphomas in a PDX model in NSG mice and separated them from human-derived
lymphomas using the same Ki67 MIB1 antibody as used in our study [33].

Three mice developed rapidly growing abscesses within one week after surgery.
This may indicate that the tumor fragments were contaminated during the procedure or
that the tumor tissue contained intracellular bacteria. For future studies we will provide
the mice with antibiotics in the drinking water for 1 week after engraftment to reduce the
risk of infection and the formation of abscesses.

Omega-3 PUFAs from fish oil have previously been shown to have a growth inhibitory
effect on CRC cells both in vitro ([34,35], reviewed in [36]) and in vivo [37,38]. In addition,
some studies have found omega-3 PUFAs to act as adjuvants to anticancer therapies [18].
Most studies that are testing treatment strategies involving omega-3 FA supplemented diets
in animal studies have used omega-3 FA enriched pellet diets ([37,38], reviewed in [18]).
However, Busquets et al. used oral administration of Smartfish Remune drink with omega-
3 FAs as juice blocks to mice for 18 days in a CDX model, where significantly reduced
primary tumor growth was observed [39]. We administered Smartfish Remune with fish oil
or placebo to mice with established PDXs for 8 weeks. However, only mouse #23 completed
the 8-week treatment period (placebo). The other mice were euthanized earlier (Table 3).
We estimated that each mouse should drink 1.6 mL nutrition drink to achieve an adequate
daily intake of DHA and EPA. Spillage was observed in cages of all mice receiving nutrition
drink, meaning that the daily estimated intake was probably higher than the actual intake
for all mice receiving treatment. Meanwhile, observations of mice drinking directly from
the bottles, detection of nutrition drink in the stomach and results from the whole blood
FA profiling, confirmed intake of the nutrition drink.

We performed FA quantification/profiling to investigate whether the patients’ re-
ported intake of fish and omega-3 supplements correlated with their FA profile. Patient
17 stated a daily intake of cod liver oil and had the highest whole blood levels of EPA,
DPA and DHA, as well as the Omega-3 index. Patient 17 also had the lowest whole blood
level of AA, an omega-6 PUFA known to be partially reduced in membrane phospholipids
when omega-3 PUFA intake increases (reviewed in [18,40]). Patient 19 also stated to have
a daily intake of cod liver oil but had the lowest Omega-3 index. However, this patient
had a daily intake of cod liver oil at wintertime (Table 1), and the blood sample was taken
in August. This probably influenced the EPA and DHA levels (which are included in
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the Omega-3 index) due to an assumed washout period for omega-3 PUFAs of about
12 weeks [41]. Although in vitro cell lines and in vivo animal studies show promising
effects of omega-3 PUFAs on cancer growth, there have been few clinical trials exploring
and providing evidence of a potential clinical anticancer effect of these PUFAs. How-
ever, there are studies reporting significant advantages of combining conventional cancer
treatment with omega-3 PUFAs for some cancer types, and that a higher intake of marine
omega-3 PUFAs after CRC diagnosis was associated with lower cancer-associated death
and longer disease-free survival (reviewed in [18]).

FA profiling showed that the average content of the omega-3 PUFAs EPA, DPA,
and DHA increased in both mice given fish oil and placebo compared to untreated animals,
but the levels were highest and only significant in the mice provided with fish oil. Changes
in the Omega-3 index and the DPA, as well as OA, DGLA, and AA content were statistically
significant in the ANOVA analysis. Rapeseed oil is known to be rich in OA (over 50%) [42],
and as expected, whole blood from mice given the placebo drink had the highest OA
content. However, rapeseed oil does not contain EPA, DPA, or DHA, but it does contain
around 8% ALA [42], which is the precursor for synthesis of EPA, DPA, and DHA in
mammals. Several experimental animal studies using omega-3 enriched fish oil diets
have used corn oil as control oil [18]; however, rapeseed oil was chosen due to lower
concentration of omega-6 PUFAs. The reduction in the whole blood content of AA in both
fish oil- and placebo treated mice may be considered positive, as AA is a precursor for
omega-6 FA derived pro-inflammatory eicosanoids, while eicosanoids from the omega-3
FA EPA are considered anti-inflammatory (reviewed in [43]).

Regarding estimation of FA levels, whole blood reflects the content of both plasma and
blood cells and is a more easily obtainable approach compared to using blood plasma [44].
Whole blood is readily sampled as dried blood spots (DBS) which is considered an adequate
approach to analyze the content of FAs and long chain omega-3 PUFAs if FA oxidation is
prevented [45,46]. Since the average levels of marine omega-3 PUFAs were highest in the
mice receiving nutrition drink with fish oil, we consider the DBS analysis method for FA
profiling as suitable for our study. This method also applies for analyses of cytokines and
vitamin D levels.

5. Conclusions

In this study we established a method for the engraftment of CRC PDXs in CIEA NOG
mice with an engraftment rate of 50%. The highest engraftment rate was obtained when
engrafting larger tumor fragments in young mice. Max latency time was set to six months;
however, this time frame should be extended in future PDX setups in order to increase
the engraftment rate. The optimal engraftment site was in front of the back curve of the
mice to prevent the mice from opening the wounds. Histological staining confirmed that
the established PDXs originated from human CRC adenocarcinoma. Some of the older
mice developed abscesses or secondary tumors which originated from human Ki67, CD45,
and EBV positive lymphoid cells. These are important findings that researchers should be
aware of when planning and performing PDX studies. We have presented a strategy to
successfully provide mice with fish oil and placebo by liquid diets. The intake of omega-3
FAs was confirmed by the increased omega-3 ratio in blood. The PDX model described
represents a valuable research tool for the assessment of different anticancer treatment
strategies. Furthermore, the establishment of a biobank with tissue and blood samples
from CRC patients will provide a unique platform for future translational research.

Supplementary Materials: The following are available online at https://www.mdpi.com/2227-9
059/9/3/282/s1-s5: Supplementary file 1: Animal details; Supplementary file 2: Bullet point form
for surgery and anesthesia log; Supplementary file 3: Bullet point form for euthanization, blood and
tissue sampling; Supplementary file 4: Mice weight curves; Supplementary file 5: Fatty acid profiling.
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Abstract: Colorectal cancer (CRC) is one of the leading causes of mortality and morbidity in
the world. Being a heterogeneous disease, cancer therapy and prognosis represent a significant
challenge to medical care. The molecular information improves the accuracy with which patients
are classified and treated since similar pathologies may show different clinical outcomes and
other responses to treatment. However, the high dimensionality of gene expression data makes
the selection of novel genes a problematic task. We propose TCox, a novel penalization function
for Cox models, which promotes the selection of genes that have distinct correlation patterns in
normal vs. tumor tissues. We compare TCox to other regularized survival models, Elastic Net,
HubCox, and OrphanCox. Gene expression and clinical data of CRC and normal (TCGA) patients
are used for model evaluation. Each model is tested 100 times. Within a specific run, eighteen
of the features selected by TCox are also selected by the other survival regression models tested,
therefore undoubtedly being crucial players in the survival of colorectal cancer patients. Moreover,
the TCox model exclusively selects genes able to categorize patients into significant risk groups.
Our work demonstrates the ability of the proposed weighted regularizer TCox to disclose novel
molecular drivers in CRC survival by accounting for correlation-based network information from
both tumor and normal tissue. The results presented support the relevance of network information
for biomarker identification in high-dimensional gene expression data and foster new directions for
the development of network-based feature selection methods in precision oncology.

Keywords: regularized optimization; Cox regression; survival analysis; TCGA data; RNA-seq data

1. Introduction

Colorectal cancer (CRC) is one of the leading causes of mortality and morbidity in the world.
It is the third most commonly occurring cancer in men and the second in women, accounting for
approximately 1.8 million new cases in 2018 and 880,792 deaths worldwide [1].

The pathogenesis of CRC results from the accumulation of genetic and epigenetic alterations
that lead to the transformation of normal glandular epithelial cells into invasive adenocarcinomas.
The majorities of CRCs (75%) are sporadic in origin and occur in people without genetic predisposition
or family history of CRC. The other cases are familial or related to inflammatory bowel diseases [2].

Several types of genomic instability have been described in CRCs and may facilitate the acquisition
of multiple tumor-associated mutations such as chromosomal instability, which generates gene
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deletions and duplications and occurs in 70–85% of CRCs, and microsatellite instability, characterized
by mutations at nucleotide repeat sequences and accounting for 15% of sporadic CRCs [3,4].
This genomic instability may lead to a higher inter-patient and intra-tumor heterogeneity, being a great
challenge for both diagnosis and cancer therapy [5,6]. Thus, it is essential to understand the molecular
basis of individual susceptibility to colorectal cancer and to determine factors that initiate tumor
development, drive its progression, and determine its responsiveness or resistance to antitumor agents.

During the past few years, high-throughput functional genomics has made notable progress.
The development of novel high-throughput sequencing techniques such as RNA sequencing (RNA-seq)
provided new methods for mapping and quantifying transcriptomes [7]. Furthermore, RNA-seq
allows the study of the gene expression profile of thousands of genes simultaneously, providing a
better view of the genetic pathways, showing genes that may be highly correlated or redundant [8].
Moreover, this rising of genome sequencing technologies contributes to more precise medicine,
where the molecular information improves the accuracy with which patients are classified and
treated [9]. Indeed, molecular data are particularly important in cancer studies, where patients with
similar pathologies may show different clinical outcomes and different responses to treatment [10].

However, the high dimensionality of gene expression data makes the selection of novel biomarkers
a difficult task, since the number of individuals (N) is typically much smaller than the number of
genes (p covariates). In fact, N 
 p leads to a high-dimensional problem that may cause instability
in the selected genes [11]. Thus, to lower the dimensionality of the data, feature selection via model
regularization has been applied in classification and also Cox survival models in the context of precision
oncology [10,12,13]. For instance, in Cox regression, this corresponds to adding a penalty term to the
partial log-likelihood of the Cox model, which sets some variables’ coefficients to zero. The Elastic
Net (EN) penalty [14] and its particular case of the Least absolute shrinkage and selection operator
(Lasso) [15] are state-of-the-art strategies for regularization-based feature selection.

Extensions to the above penalties to account for network-based information have been proposed
in the context of cancer genomics. Penalty terms based on centrality measures of the nodes (genes) in
the network have been suggested, such as the degree, therefore penalizing the variables based on their
role in the overall network [12,16], and also by promoting the smoothness of the parameters across
adjacent nodes in the network [17]. Network-based regularizers built on the correlation between the
variables in different groups have also been proposed [13,18]. The central premise is that biomolecular
networks in different cancer or cell types exhibit distinct network-based correlation patterns that might
be regarded as biomarkers for disease/cell typing, but also similarities whose relevance might be
investigated in the definition of common therapies for distinct disease conditions. Correlation has
long been used for feature selection in classification and regression problems [19], in high-dimensional
benchmark datasets [20], for early diagnosis and cancer progression based on cancer and normal
biomolecular networks [21], for multivariate differential coexpression analysis between two conditions
based on the complete correlation structure between genes [22], and for weighted gene co-expression
network analysis for the discovery of the relationship between networks/genes and phenotypes in
cancer, e.g., disease stage and overall survival [23,24].

In this work, we propose TCox, a correlation-based regularizer for feature selection in Cox
regression models applied to transcriptomic data. This regularizer considers the differences in
correlation between genes’ networks in healthy and in cancer tissues, promoting the selection of genes
with different correlation patterns in the two conditions. The key underlying hypothesis of TCoxis that
a gene with distinct interactions in the normal and tumor groups, given by its correlation with the
other genes in the network, might have a potential association with patient survival. This regularizer
was applied to colorectal cancer RNA-seq data to identify key genes in the survival outcomes and
putative therapy targets of cancer patients.
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2. Materials and Methods

To disclose transcriptomic signatures in CRC, the model performances of survival models based
on regularized Cox regression were evaluated over a range of different model parameters and data
partitions. The analysis pipeline of this study is described in Figure 1.

Figure 1. Methodological procedure for the identification of gene signatures in colorectal cancer data.

2.1. Datasets

Transcriptomic and clinical data of colorectal cancer patients were obtained from The Cancer
Genome Atlas (TCGA) through the Genomic Data Commons (GDC) data portal [25].
Colon Adenocarcinoma (COAD) and Rectum Adenocarcinoma (READ) RNA-seq Fragments Per
Kilobase per Million (FPKM) data were imported using the RTCGAtoolbox R package [26]. The COAD
transcriptomic dataset is comprised of 20,501 variables (genes) for a total of 328 samples (patients),
282 corresponding to primary solid tumor and 46 to normal tissue samples; the READ dataset
has 20,501 variables for a total of 105 samples, 91 corresponding to primary solid tumor and 14
to normal tissue samples. Both datasets were merged and used for further analysis. Regarding clinical
data, the colorectal cancer patient status (dead or alive) and days to death variables were selected for
595 samples. A total of 357 samples with both clinical and RNA-seq data were used for further analysis.

2.2. Survival Analysis

The analysis of the course of a disease in time is a crucial feature for cancer characterization,
including prognosis and optimal therapies’ definition [27]. Survival analysis studies the time until an
event of interest occurs (such as death) [28]. An inherent feature of survival times is that sometimes,
the event of interest is not observed, either because the patient dropped out of the study or the
study finished and the event did not occur during that time-frame, thus leading to censored survival
times [27]. The Kaplan–Meier method allows the estimation of the population’s proportion that
would survive given a particular length of time, under the same circumstances, using both complete
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and censored survival times [28]. The comparison of the survival curves of two groups is often
performed using a formal non-parametric statistical test called the log-rank test [29]. To adjust for
multiple variables or factors, the proportional hazards regression model was proposed [30] and is
briefly described below.

2.2.1. Cox Regression

The Cox regression model is a multiple regression model for the analysis of censored survival
data. It is used to study the association between the features and the hazard function through [27].
The hazard function gives the instantaneous potential (per unit time) for the event of interest to occur,
given that the individual has survived up to that time [31].

hi(t) = h0(t) exp(xT
i β), (1)

where hi(t) represents the hazard function of individual i = 1, . . . , n, h0(t) represents the baseline
hazard, xi = (xi1, xi2, . . . , xip)

T are the measured covariates, and β = (β1, β2, . . . , βp) are the
regression coefficients.

The inference is made by maximizing the partial log-likelihood, given by:

l(β) =
n

∑
i=1

δi

(
xT

i β − log ∑
j∈Ri

exp(xT
j β)

)
, (2)

where Ri = R(ti) = {j : tj ≥ ti} denotes the set of all individuals that are at risk at ti, i.e., with a
follow-up time greater than or equal to ti, and δi indicates if the event was observed (δi = 1) or not
(δi = 0) for patient i.

Model regularizers have been proposed to cope with the high-dimensional nature of modern
datasets, such as gene expression data, comprising thousands of highly-correlated features. In Cox
regression, a penalty term F(β) is added to the partial log-likelihood l(β) of the Cox model.
In particular, the Elastic Net (EN) penalty, given by:

F(β) = λ
{

α‖β‖1 + (1 − α)‖β‖2
2

}
, (3)

combines two different regularizers, the ridge penalty (�2-norm regularization), which shrinks the
coefficients and helps to reduce the model complexity, and the Lasso (�1-norm regularization),
which can lead the coefficients to zero, therefore performing feature selection [14]. The penalty
is controlled by α and bridges the gap between Lasso (α = 1) and ridge (α = 0).

Network-based regularizers have also been proposed in the context of cancer genomics.
The glmSparseNet package generalizes sparse regression models including a network-based
regularizer when genes show a graph structure [12]. The models are built based on the glmnet [32]
family of models, by including centrality measures of the network as penalty weights in the
regularization term. The resulting network-based penalty is related to the weights attributed
to each gene or node, either promoting highly connected genes (hub genes) or isolated genes
(orphan genes) [12].

2.2.2. TCox

To identify features (genes) that have distinct roles in cancer and normal tissue, we propose TCox.
This new weighted regularizer promotes the selection of genes with distinct correlation patterns across
tumor and normal tissue through Cox regression. TCox departs from a recently proposed method that
also uses a correlation-based regularizer and exhibits promising results in identifying biomarkers [13].
The twiner is based on sparse logistic regression and enables the selection of gene signatures shared
by two diseases in breast and prostate cancer. The correlation structure was also relevant to identify
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heterogeneity factors in glioblastoma [18]. Instead of trying to retrieve similar correlation patterns,
TCox promotes genes that exhibit distinct relationships between two groups, thus highlighting potential
differences in the corresponding sub-networks.

Given the tumor and normal datasets, TCox builds the correlation matrices, ∑T = [σT
1 , σT

2 , ..., σT
p ],

and ∑N = [σN
1 , σN

2 , ..., σN
p ], respectively. Each column σ j corresponds to the correlation of gene j with

the remaining ones. The dissimilarity measure of gene j between the two datasets can be defined as:

dj(T, N) = arccos
< σT

j , σN
j >

‖σT
j ‖ · ‖σN

j ‖
, j = 1, . . . , p. (4)

Two patterns are considered identical if the angle between the corresponding vectors is zero.
In the context of this work, since we were looking for dissimilarities (tumor vs. normal), angles equal
to zero were discarded. The goal is not to select genes that exhibit the same correlation pattern between
tumor and normal tissues, but rather identify those that behave very differently in the two tissue types,
i.e., being correlated in distinct ways.

The dissimilarity term is then normalized by their maximum value, as follows:

wj =
dj(T, N)

maxk dk(T, N)
, j, k = 1, . . . , p. (5)

The resulting w vector is then used as a weight factor in the EN regularizer, controlling how much
the parameter λ affects each coefficient, as follows:

F(β) = λ
{

α‖w ◦ β‖1 + (1 − α)‖w ◦ β‖2
2

}
. (6)

where ◦ represents the Hadamard or entry-wise vector product, i.e., w ◦ β = w1β1 + . . . + wpβp.
Genes with a larger dissimilarity between the two correlation matrices are less penalized in TCox,

which does not hold in the present form of w. With the goal of favoring the selection of the most
dissimilar genes across tumor and normal correlation data matrices, several transformations of w were
considered and tested, namely 1 − w, 1 − w3, (1 − w)3, 1

w , exp(−w3), and exp((1 − w)3).
Among the transformations tested using colorectal RNA-seq data, the 1

w transformation was
chosen, since it yielded the lowest p-values in the separation of high- and low-risk survival curves,
over the values of α evaluated (Figure 2). In the resulting penalty factor, for a certain gene in the
network, the more different the correlation pattern across datasets is, the less penalized it will be in the
regularization term of the Cox regression.

To evaluate the accuracy of TCox, we compared this approach with the above-mentioned survival
methods, namely Cox regression based on the EN penalty, herein called EN, and HubCoxand
OrphanCox models. TCox and Cox regression based on EN were built using the glmnet R package
and the HubCox and OrphanCox models using the glmSparseNet package.

2.3. Model Evaluation and Comparison

Samples were randomly divided into a training set for model construction and a test set for model
evaluation, comprising 70% and 30% of the data, respectively. Both subsets had the same proportion
of censored samples.

The survival analysis was performed using four models: EN, HubCox, OrphanCox, and TCox.
All models were estimated from 100 randomly generated runs with α = 0.1 for both the training and
the test sets. Among the 100 runs tested, only a few were statistically significant (Table 1), and none
yielded significant results for the four methods simultaneously in the test set. The results presented
hereafter were obtained using the run that showed statistically significant results for the test set in
three models: TCox, HubCox, and EN. Afterwards, to analyze the level of sparsity of the models
using the same partition obtained earlier, the α parameter was set between α = 0.3 and α = 0.05,
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which provides a feasible number of features to be further analyzed. To evaluate the performance of the
models, the observations were split into two groups defined by the median of the fitted relative risks.
This procedure allows performing the log-rank test via the Kaplan–Meier estimator and assessing
if the two groups’ mortality is the same by evaluating the corresponding p-values. The selected
variables using α = 0.1 were compared between models and queried in the CHAT (Cancer Hallmarks
Analytics Tool [33]) to assess the association between the selected genes and cancer hallmarks based
on previous studies.

Figure 2. p-values obtained in the separation of high- and low-risk survival curves based on the
genes selected by TCox models generated with transformations of w using colorectal RNA-seq data,
tested over different α values.

Table 1. Results from 100 runs of training and test sets in all survival models analyzed using α = 0.1.
S—statistically significant runs (p-value < 0.05); NS—non-statistically significant runs; #—number
of runs.

Models TCox EN HubCox OrphanCox

Runs
Test set

NA S NS NA S NS NA S NS NA S NS

# 33 7 60 31 4 65 43 3 54 32 2 66

Mean
p-value

– 0.0164 0.4985 – 0.0251 0.5354 – 0.0137 0.5168 – 0.0160 0.4997

2.4. Availability of Data

All the implementations and R code described are freely available at https://github.com/
sysbiomed/TCox, thus ensuring full reproducibility of the presented results. To perform all the analysis,
we used the following R packages: to download TCGA data, we used RTCGAToolbox; regarding
general preprocessing and visualization, we used dplyr [34], ggplot2 [35], and survminer [36];
for differential gene expression analysis, we used edgeR [37]; and for survival analysis and
regularization, we used survival [38], glmnet [32], glmSparseNet [12], and biospear [39].
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3. Results and Discussion

TCox regression models were built based on the TCGA colorectal RNA-seq data from tumor and
normal tissue samples to find a molecular signature comprising genes with a distinct correlation pattern
in tumor and normal tissue networks. For biomarker and model evaluation, three different α were
considered (0.3, 0.2, and 0.1) for the run chosen, thus selecting a different number of variables (Table 2).
Most α values enabled the selection of a set of variables yielding significance (given by a p-value
lower than 0.05) in the separation of the survival curves of high- and low-risk patients for the test set.
Figure 3 illustrates a representative survival curve based on the variables selected by the TCox model
in the training and test datasets, highlighting the significance of the selected gene set in the separation
of the two risk groups.

Table 2. Summary of TCox, EN, HubCox, and OrphanCox model results showing the number of
selected variables and the p-values obtained for the training and test sets.

Survival Models α Selected Variables
p-Value

Train Test

TCox ( 1
w )

0.3 10 0.002401583 0.0757

0.2 11 0.000588251 0.0665

0.1 53 2.664 44 × 10−9 0.0194

EN
0.3 18 8.387 03 × 10−7 0.0088

0.2 47 2.474 28 × 10−8 0.0717

0.1 88 5.287 87 × 10−9 0.0492

HubCox
0.3 26 1.788 04 × 10−8 0.0138

0.2 47 1.182 24 × 10−8 0.0129

0.1 90 2.741 04 × 10−9 0.0418

OrphanCox
0.3 8 2.489 65 × 10−5 0.1519

0.2 44 1.204 94 × 10−7 0.0327

0.1 67 6.802 48 × 10−9 0.0632

Figure 3. Kaplan–Meier curves obtained from the (a) training and (b) test sets, based on the variables
selected by the TCox model with α = 0.1.

The accuracy of the TCox survival model was compared against a Cox model with the EN
penalty, HubCox, and OrphanCox survival models. Overall, in most runs, models were not able to
significantly separate high- vs. low-risk groups (Table 1). Within the 100 runs tested using α = 0.1,
only a few runs were statistically significant in terms of the log-rank test using the estimated Cox
parameters and median risks. The percentage of data partitions for which the models could not
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be estimated was 33% (TCox), 31% (EN), 43% (HubCox), and 32% (OrphanCox). Concerning the
significant runs (p-value < 0.05), the 4%, 3%, and 2% significant runs were obtained with EN, HubCox,
and OrphanCox models, respectively, whereas TCox yielded 7% significant runs. These results may be
an indication that the model performance is highly dependent on the data partition and might foster
further research directions to cope with this limitation [40]. Besides these techniques, we also tested
adaptive Lasso to evaluate other methods that are also based on sparsity and weighted regularization.
However, the results were not statistically significant and, therefore, were not included.

Regarding the variables selected by the models, genes that were selected for at least 50% or 75%
of the runs are listed in Table 3. One of the genes, ELFN1, was selected in at least 50% of the runs by
the EN, HubCox, and TCox models. Interestingly, it was demonstrated that this gene enhanced both
cell proliferation and migration in CRC [41].

Table 3. List of genes selected for at least 50% or 75% of the runs by all methods tested.

Runs TCox EN HubCox OrphanCox

75%
# 3 2 2 1

genes GABRD, NKAIN4, ZIC3 ELFN1, LOC646498 ELFN1, LOC646498 LOC646498

50%

# 16 16 16 1

genes

ASB10, ASPHD1, CST2,
CT45A3, CYP19A1, DAD1L,

ELFN1, FOXS1, GABRD, GH2,
HIST1H2BG, HIST1H4H, NKAIN4,

RHOXF2B, ZIC3, ZNF676

CLEC18C, EEPD1, ELFN1,
HIST2H2BA, HIST2H2BE, KCNMB3,

LOC100270710, LOC220930, LOC646498,
NELF, ONECUT1, PRRX2,

PRSSL1, RFPL4B, SIX2, TAS2R20

EEPD1, ELFN1, HIST1H2AE,
HIST2H2BA, HIST2H2BE, KCNMB3,

LOC100270710, LOC220930, LOC338758,
LOC646498, NELF, ONECUT1,

PRRX2, PRSSL1, TAS2R20, ZNF676

LOC646498

Considering the results obtained for the representative run selected, TCox showed the lowest
p-value for α = 0.1 in the test set (Figure 4). When comparing the genes selected by the models tested
using α = 0.1 (an α-value that selected a reasonable number of genes to be further evaluated), some of
the genes found, i.e., 18 genes, were selected by all four models (Figure 5).

Differential gene expression analysis using the edgeR package was performed to assess which
genes were found to be up- or down-regulated in tumor tissue (Table 4).

Table 4. Genes selected by all models evaluated and selected exclusively by EN, HubCox,
OrphanCox, and TCox. Arrows indicate if genes were found to be up- (↑) or down-regulated (↓)
in tumoral tissue (differential gene expression analysis was performed using the edgeR R package).

CYP7A1 (↓), FAM159A (↓), ZNF883, CLDN9 (↑), LBX2 (↑), MEIG1, PAX5 (↓),
All models NKAIN4 (↓), ZDHHC19 (↓), GRAPL, PCDHB12 (↓), EEPD1 (↑), HPCAL1,

PGAM2 (↓), LOC732275, FAM138B (↓), LOC646498, PRCD (↓)

EN HOTAIR (↑), GJA3 (↑), LOC283663 (↓), DNAI2 (↓), NELF (↑), GUCA1B

HubCox CYGB (↓), UNC13B, LIPT2 (↑), RFT1 (↑), BEND4 (↓), FAM24B (↑), SLFN11, RASGRP2 (↓)

TCox

ANKRD26P1 (↑), CARKD, IGLON5, OSTN (↓), RAB20, TXNL4B (↑), AOX2P,
DCLK3 (↑), FCRL2 (↓), SEPT7P2 (↑), ASPHD1 (↑), COL19A1 (↓), DCP1A,
FLJ16779 (↑), LOC100303728 (↓), PCDHA7, SNTG1, COX4I2, NXF2B (↑),
TAC3 (↓), C20orf106, LOC285780 (↓), OR2T5, TERF2IP, CAPN7, OSBPL3 (↑), TRIM67 (↓)

Among those, eight genes were found to be associated with the hallmarks of cancer (Figure 6).
Specifically, the models identified genes involved in metabolism (CYP7A1 and PGAM2), tight junction
formation (CLDN9), photoreceptor stability and transduction (PRCD and HPCAL1, respectively),
genomic integrity (MEIG), and transcription regulation (LBX2 and PAX5). Furthermore, besides some
genes previously uncharacterized (such as FAM159A, ZNF883, and LOC646498), the models also
selected non-coding RNA sequences (LOC732275 and FAM138B) and protein-coding genes involved in
cellular adhesion (PCDHB12) and DNA double-strand break repair (EEPD1), processes highly relevant
in the context of cancer.
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Figure 4. p-values obtained for survival models applied to the test sets, using different α-values.

Figure 5. Venn diagram representing the number of genes selected by EN (yellow), HubCox (green),
OrphanCox (red), and TCox (blue) using α = 0.1.

Nevertheless, specific genes were selected only by HubCox (8 genes), EN (6 genes), and TCox

(27 genes), most of them with associations with the cancer hallmarks (Figures 7 and 8). TCox was
the model that identified the highest number of genes (Table 4); among them, eleven genes were
associated with the hallmarks of cancer. In particular, the RAB20, FCRL2, COL12A1, DCP1A,
and OSBPL3 genes were previously shown to have prognostic value in cancer. In addition, pseudogenes
(such as ANKRD26P1, AOX2P, and SEPTIN7P2) and genes involved in the integrity of the extracellular
matrix (COL19A1), cellular adhesion (IGLON5, PCDHA7), the mitochondrial respiratory chain
(COX4I2), telomere function (TERF2IP), E3 ubiquitination (TRIM67), and the export of nuclear
RNA (NXF2B) suggested important roles in CRC development that should be further investigated.
After analyzing each gene independently, we observed that most of the genes were not significantly
associated with survival (Figure 9).
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Figure 6. Genes selected by all models tested associated with the hallmarks of cancer, given by the
CHAT. Value corresponds to the number of hits found in the literature, where light and dark blue
correspond to a low and high number of hits, respectively.

Finally, it is noteworthy that all the novel regularizers—either those favoring or penalizing the
selection of hubs (HubCox and OrphanCox) or promoting the genes with distinct correlation patterns
in tumor and normal tissue samples (TCox)—added valuable information to the results obtained by the
Elastic Net only. Indeed, by significantly expanding the resulting gene sets, TCox generated hypotheses
regarding putative targets that may be further tested and experimentally analyzed.

In the present study, we exclusively used RNA-seq data from TCGA. The inclusion of other
clinical parameters is expected to improve the performance of the models. For example, the recent
classification of CRC tumor subtypes (Consensus Molecular Subtypes (CMS1-4)) [42] may in the future
contribute to a better set of biomarkers with higher prognostic value.
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Figure 8. Genes selected by the TCox method associated with the hallmarks of cancer, given by the
CHAT. The value corresponds to the number of hits found in the literature, where light and dark blue
correspond to a low and high number of hits, respectively.
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Figure 9. Survival curves obtained for the genes exclusively selected by the TCox method,
when analyzed individually.

4. Conclusions

We propose TCox, a new weighted regularizer for Cox regression that penalizes the similarity of
gene correlations across tumor and normal tissue samples in the selection of gene signatures associated
with the survival outcome of colorectal cancer patients. Comparable model performance was obtained
for TCox with respect to previously described methods in the literature, namely Elastic Net (EN),
HubCox, and OrphanCox. Besides a consensus list of genes selected by all the regression models
tested, with many of them already described to be involved in cancer formation and progression,
TCox exclusively selected genes with an established role in colorectal cancer (CRC) and carcinogenesis,
being able to categorize patients into significant risk groups. Regularized regression and, in particular,
correlation-based Cox models are promising strategies to cope with high-dimensional data derived
from multi-omics patient studies and can be useful to identify novel biomarkers in cancer.
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