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Abstract: Colorectal cancer (CRC) is the fourth most common cause of cancer-related death and
the third most common cancer in the world. Depending on the origin of the mutation, colorectal
carcinomas are classified as sporadic or hereditary. Cancers derived from mutations appearing during
life, affecting individual cells and their descendants, are called sporadic and account for almost 95%
of the CRCs. Less than 5% of CRC cases result from constitutional mutations conferring a very high
risk of developing cancer. Screening for hereditary-related cancers is offered to individuals at risk for
hereditary CRC, who have either not undergone genetic evaluation or have uncertain genetic test
results. In this review, we briefly summarize the main findings on the correlation between sporadic
CRC and the gut microbiota, and we specifically focus on the few evidences about the role that gut
microorganisms have on the development of CRC hereditary syndromes. The characterization of a
gut microbiota associated with an increased risk of developing CRC could have a profound impact for
prevention purposes. We also discuss the potential role of the gut microbiota as therapeutic treatment.

Keywords: gut microbiota; colorectal cancer; microbial biomarkers; Lynch syndrome; hereditary
colorectal cancer

1. Introduction

In 2018, the International Agency for Research on Cancer and the World Health Orga-
nization GLOBOCAN database rated colorectal cancer (CRC) as the third most common
cancer worldwide (1.8 million new cases), only preceded by lung (2.09 million new cases)
and breast cancers (2.08 million new cases) [1,2]. Indeed, approximately 10% of all annually
diagnosed cancers and cancer-related deaths belong to CRC worldwide [2].

Specifically, rates are substantially higher in males than in females. Furthermore, CRC
is the third most common type of cancer in men (1.03 million new cases/year), after lung
and prostate cancers, and the second most frequent malignancy in women (0.82 million new
cases/year) after breast cancer [1–4]. In women, incidence and mortality are approximately
25% lower than in men [1,4]. The incidence of CRC is predicted to reach 2.5 million new
cases in 2035 worldwide [1].

These rates also vary geographically, with the highest rates seen in the most developed
countries such as Australia and New Zealand, Europe, and North America, and the lowest
rates found in Africa and South-Central Asia [3]. These variations appear to be linked
to differences in dietary and environmental factors which, together with hereditary risk
factors, can increase the likelihood of developing CRC [4–6].

According to the International Agency for Research on Cancer, the risk of developing
CRC is mainly influenced by environmental causes, although 5–10% of CRCs are caused
by genetic factors, such as hereditary syndromes and familial history [1] (Table 1).
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Table 1. Leading risk factors of colorectal cancer.

Risk Factors References

Hereditary factors
Hereditary colorectal cancer syndromes [1], reviewed in [7,8]

Positive family history [1], reviewed in [7,8]

Contributing factors

Environmental factors

Pre-cancerous conditions reviewed in [6]

Elderly [3], reviewed in [6]

Male [3], reviewed in [6]

Smoking [9]

Large intake of red or processed meat [10]

Alcohol intake [11]

Microbial dysbiosis reviewed in [12]

Other risk factors

Body fat and obesity reviewed in [13]

Type 2 diabetes [14]

Inflammatory bowel disease reviewed in [15]

Preventing Factors

Physical activity reviewed in [16]

Whole grains reviewed in [17]

Dietary fiber reviewed in [17]

Fish intake reviewed in [17]

Vitamins (D, C, and others) [18]

Use of aspirin and other anti-inflammatory drugs reviewed in [6]

Although the majority of CRCs are sporadic, a low percentage of CRC patients are
affected by a hereditary CRC syndrome [19]. Hereditary CRC syndromes that are inherited
in an autosomal-dominant fashion can be divided in non-polyposis (e.g., Lynch syndrome
(LS)) and polyposis syndromes and are linked to a high risk of developing CRC [7,20].

Among hereditary CRC syndromes, LS accounts for approximately 3% of all cases and
is caused by a germline mutation in one allele of the DNA mismatch repair (MMR) genes,
such as MLH1, MSH2, MSH6, or PMS2. Microsatellite instability (MSI) is a hypermutable
phenotype linked to LS caused by the loss of DNA mismatch repair activity and it is
also present in 15% of sporadic CRCs [6,8,21–23]. LS patients are also at an increased
risk for endometrial cancer and other neoplasm formations (e.g., cancers of the small
bowel, stomach, ovaries, brain, renal pelvis and ureter, hepatobiliary system, breast and
prostate) [1,6,24].

The second most common hereditary syndrome is the familial adenomatous polyposis
(FAP) and its variants (Gardner syndrome, Turcot syndrome, and attenuated FAP), which
account for less than 1% of CRCs. FAP is caused by germline mutations in the adenomatous
polyposis coli (APC) gene which is located on chromosome 5. In typical FAP, numerous
colonic adenomas appear at an average age of approximately 16 years and CRC occurs by
age 45. Attenuated FAP carries a high CRC risk and it is characterized by fewer adenomas
and an older average age than FAP syndrome [25,26].

MUTYH-associated polyposis is an autosomal-recessive syndrome due to biallelic
germline mutations in the base excision repair gene MUTYH. This syndrome presents a
polyposis phenotype with fewer than 500 adenomas [26–28].

Recently, new adenomatous polyposis predisposing genes (POLE and POLD1, MSH3,
and NTHL-associated polyposis) have been considered as part of next-generation panels
under investigation [29].
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Sporadic CRC accounts for the majority of CRC cases (about 95%) [1]. As already de-
scribed, most sporadic CRCs develop through the so-called adenoma–carcinoma sequence,
where polypoid adenomas progress into high-grade dysplastic adenoma, eventually lead-
ing to the formation of malignant forms [30]. This process is a slow multistep mechanism
that involves specific mutations occurring at specific times [31]. Therefore, early CRC
detection remains a priority for CRC control.

It is noteworthy that the development of sporadic CRCs can occur through three
main genetic/epigenetic pathways, namely the CIN, MSI and CIMP pathways [1–4]. The
chromosomal instability (CIN) pathway accounts for 65–75% of sporadic CRCs [32] and
is characterized by an alteration in chromosome number or structure, loss of heterozy-
gosity and aneuploidy, and mutations in the APC/β-catenin-dependent Wnt signaling
pathway [33]. The CpG island methylator phenotype (CIMP) pathway accounts for 20–30%
of sporadic CRC cases and it is associated with the serrated neoplasia CRC pathway [34,35],
which includes sessile serrated polyps as precursors. Typically, sporadic CRCs arise from
traditional adenomas in the adenoma-carcinoma sequence (CIN) and from sessile serrated
polyps in the serrated neoplasia pathway (CIMP). In particular, an aberrant colonic crypt
evolves into a neoplastic precursor lesion (a polyp or an adenoma), and eventual progresses
to CRC over an estimated 10–15-year period. For the majority of CRCs, the cell of origin,
residing in the base of the colonic crypt, is the CRC precursor and corresponds to the
result of the progressive accumulation of genetic and epigenetic alterations that inactivate
tumor-suppressor genes and activate oncogenes [6].

Finally, the microsatellite instability (MSI) pathway occurs in 10–15% of sporadic CRC
cases, usually as a result of hypermethylation of the MLH1 MMR gene. Sporadic MSI
tumors are more common in the right colon and in female patients [6].

Among the environmental factors having a role in CRCs, the microorganisms living
in our gut (gut microbiota) have recently been recognized as being potentially involved
in CRC development [12,36]. In recent years, the human gut microbiota got a foothold in
the list of the risk factors responsible for the onset and evolution of both forms of CRC
(hereditary and sporadic) (Table 1).

The gut microbiota includes bacteria, archaea, phages, viruses and fungi, residing in
our intestine. The microbiome refers to the microbiota’s genetic information [37].

The gut microbiota includes many microorganisms, comprising commensals and
pathogens that interact closely with host intestinal cells, by contributing to physiology and
pathology of the gut [12,38]. Among gut microorganisms, it is possible to find commensals
that may cause a disease under certain conditions as well as some symbionts that could
vary from mutualism and commensalism to parasitism [38]. The colorectum interacts
with about 3 × 1013 bacteria that are important for several physiological functions, such
as energy harvest and immune maturation, and the alteration of the bacterial relative
abundance, and consequently of physiological function equilibrium, could contribute to
cause intestinal and extraintestinal diseases [6].

The alteration of the homeostasis of the gut microbiota, also called dysbiosis, is consid-
ered a potential cause and signature of risk of disease [6]. To this purpose, Hippocrates had
already stated that “all disease begins in the gut.” Recently, gut microbial dysbiosis has been
linked to several clinical conditions including cardiovascular diseases, metabolic diseases,
neuropsychiatric diseases, inflammatory bowel disease, Clostridium difficile infections, and
some cancers in the colorectum, liver, biliary tract and breast [38–44].

Comprehensive metagenomic and metabolomic analyses might therefore provide a
valid approach for the understanding of CRC development through associated changes in
the gut microbial environment, opening new horizons for the development of non-invasive
strategies for CRC screening [45,46].

Although several studies have investigated microbiota components associated with
sporadic CRC [47], little is known about the role of the gut microbiota in hereditary
CRC conditions.
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With this review, we are going to provide insights into the latest data available about
the potential of the human gut microbiota as a CRC diagnostic tool, with a particular
emphasis on the few available studies that have linked hereditary CRC syndromes with
the microbiota.

2. Hereditary and Sporadic Colorectal Cancer and Their Link to the Human
Gut Microbiota

The Knudson’s classic two-hit model was hypothesized to explain CRC carcinogenesis
and it seems to be in agreement with a possible role of microorganisms in oncogenic
mutation insurgence [48,49]. In this model, the colorectal carcinogenesis begins with one
mutation in each allele of the APC gene; subsequently, additional mutations in further
genes could contribute to CRC development. Both hereditary and spontaneous CRC
development present this pattern [49].

The gut microorganisms could produce virulence factors and secondary metabolites
that could contribute to carcinogenesis provoking mechanisms such as DNA damage,
DNA methylation, chromatin structure and non-coding RNA expression in colon epithe-
lial cells [48].

In this context, researchers are looking for possible gut microorganisms able to in-
teract with colon epithelial cells causing specific mutations that contribute to CRC de-
velopment, taking advantage of modern molecular technologies (i.e., next-generation
sequencing (NGS)).

One of the most studied pathogens involved in colorectal carcinogenesis is the pks+
Escherichia coli strain, which produces the colibactin toxin able to induce DNA double-
strand breaks, chromosomal aberrations, and cell cycle arrest in cells in vitro [48,50,51].
Recently, Pleguezuelos-Manzano et al. demonstrated the correlation between pks+ E. coli
strains producing colibactin and the occurrence of oncogenic mutations [51]. In vitro,
colibactin can alkylate DNA on adenine residues and causes double-strand breaks. The
authors treated human intestinal organoids by repeated luminal injections of genotoxic pks+
E. coli cultures for about five months. In these organoids they found a distinct mutational
signature also detected in 5876 human cancer genomes from two independent cohorts,
in particular with CRC, thus correlating the carcinogenic mutations to the presence of
colibactin produced by E. coli [51].

Another pathogen extensively investigated for its role in CRC development is the en-
terotoxigenic Bacteroides fragilis strain (ETBF). ETBF produces a zinc-dependent metallopro-
tease toxin (BFT) that targets epithelial tight junctions through binding to an unidentified
colon epithelial cell receptor via γ-secretase-dependent signal transduction [52,53]. In a
murine model, Chung et al. demonstrated that BFT initiates and/or promotes CRC by
triggering a pro-carcinogenic multi-step inflammatory cascade requiring IL-17R, NF-κB,
and Stat3 signaling in colonic epithelial cells [54].

Deja et al. studied the colonic mucosa of FAP patients and identified bacterial biofilms
composed predominantly of both pks+ E. coli and enterotoxigenic B. fragilis. By infecting
mice with both strains, they detected increased interleukin-17 in the colon and DNA
damage in colonic epithelium with early neoplasia of the colon [55].

In some cases, microbial virulence factors can induce chronic inflammation of host
tissue, stimulating cellular proliferation contributing to CRC development.

For instance, a high level of Fusobacterium nucleatum was found in human colorectal
adenomas and carcinomas [56]. F. nucleatum produces the adhesion virulence factor FadA
that could help the pathogen to enter human epithelial cells, stimulate oncogenic gene
expression and promote growth of CRC cells. Furthermore, F. nucleatum synthesizes Fap2,
an autotransporter protein, which is able to potentiate the CRC progress by inhibiting
immune cell activity [56,57].

It was demonstrated that F. nucleatum promotes tumorigenicity in an APCMin/+ mouse
model, carrying APC mutations with a consequent predisposition to multiple intestinal
neoplasia [58,59]. It was shown that, in mouse models, F. nucleatum regulates miR21 ex-
pression through the TLR4/MYD88/NFκB pathway, and it correlates with high expression
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of miR21 and poor clinical outcomes in human CRC tissues [58]. The pathogenic role of
F. nucleatum in CRC patients was also investigated [60,61], suggesting that F. nucleatum,
such as pks+ E. coli and enterotoxigenic B. fragilis may be targeted for CRC prevention
and treatment [62].

Not only bacterial virulence factors, but also specific microbial metabolites, such as bu-
tyrate, were shown to severely affect CRC development [63–66], with the metabolome being
a dominant factor responsible for variations in the gut microbiota communities in CRC [67].
These shifts in the CRC tumor microenvironment facilitate the assembly of a microbial
community that is specific for CRC late-stage tumor, supporting a “driver–passenger”
conceptual model, where CRC driver bacteria possess specific oncogenic properties that
may drive tumorigenesis, while CRC passenger bacteria respond to changes in the tumor
environment and are thus enriched in CRC tumor tissue [68,69]. It has been recently demon-
strated that the catabolism of microbial metabolites like butyrate can induce the production
of reactive oxygen species, the accumulation of the 8-oxo-7,8-dihydro-2′-deoxyguanosine
lesions and double-strand DNA breaks in MMR-deficient cells [63,70]. This will lead to
further accumulation of mutations that will eventually drive neoplasia. LS patients, har-
boring mutations in MMR genes, represent approximately 5% of all CRC cases [71], and an
additional 15% of sporadic CRC patients carry mutations or have epigenetically silenced
MMR genes, thus highlighting the risk associated to DNA damage induced by pathogens
and gut-associated microorganisms [63]. A separate study showed that, in a genetic model
of CRC (i.e., genetically sensitized MSH2 and MLH1 -deficient mice), the gut microbiota
stimulated polyp formation by providing butyrate that induced hyper-proliferation and
transformation of colon epithelial cells, suggesting a role of butyrate-producing gut mi-
crobes in the etiology of CRC [72]. In this mouse model, there was no evidence that the
microbiota produced genotoxic agents [72].

Faecalibacterium, Roseburia, Butyrivibrio, and commensal species of Clostridia are all
butyrate-producing bacteria [73,74]. Interestingly, F. nucleatum, which was previously
indicated as one of the pathogens involved in CRC development, is a butyrate producer
associated with CRC that releases ammonia as a by-product of its butyrate pathways [74]. It
has been shown that higher concentrations of ammonia in the gut could increase CRC risk
and possibly promote the presence of pathogenic bacteria like Escherichia and Enterococcus
in the gut [75–77]. Carbohydrates have been implicated in the etiology of MMR-deficient
CRC, and butyrate represents the principal carbohydrate-derived metabolite [72]. It has
been demonstrated that the ablation of specific members of the gut microbiota, using
different antibiotic treatment regimens, lead to a 75% reduction in polyp numbers in MMR-
deficient mice, and butyrate was the only metabolite that was significantly diminished [72].
The monitoring of treatment effects on the gut microbiota showed that all of the treatments
lead to a reduction of Firmicutes, the major butyrate-producing bacteria [78].

It has been hypothesized that metabolic alterations in a CRC environment can con-
fer specific growth advantage in the CRC gut-associated microbiota [79]. This evidence
supports the so-called driver–passenger conceptual model, where CRC driver bacteria
possess specific oncogenic properties that may drive tumorigenesis, while CRC passenger
bacteria respond to changes in the tumor environment and are thus enriched in CRC
tumor tissue [68]. For example, F. nucleatum has been shown to specifically benefit from
CRC metabolites (e.g., alanyl-histidine, pantothenic acid, meso-2-6-diaminoheptanedioate,
nicotinic acid) [68,79]. However, because F. nucleatum is also hypothesized to drive tumori-
genesis via its FadA virulence factor, it might be regarded as driving passenger bacterium.

Overall, these last findings underline the fundamental role of some bacterial pathogens
to induce colorectal carcinogenesis and stimulate the study of other possible gut-associated
bacteria able to contribute to CRC development.

3. Microbial Interaction with Intestinal Immune Responses

Host genetic susceptibility and environmental factors play an important role in the
aberrant interactions between the microbiota and the host’s immune system, thus nega-
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tively impacting cancer immune surveillance [80]. For example, dysbiosis and immune
dysfunctions may allow increased bacterial translocation due to altered barrier function,
adenoma invasion by microbial products and the induction of cytokines, such as IL-17 and
IL-23, maintaining an inflammatory environment within the CRC tissue [81–83]. Inflam-
mation might in turn promote tumorigenesis by altering gut microbial communities and
promoting the growth of genotoxic bacteria [84].

While several studies have investigated the human immune responses in CRC [85–92],
what we know about the interplay between immune responses and gut microbiota in CRC
is still very limited [92].

In sporadic CRC, correlations have been made between gut microorganisms, intestinal
permeability and inflammation [93–96].

Tetz and collaborators studied the effects of exposure to a bacteriophage cocktail on
intestinal permeability and gut microorganism’s abundance using a rat model [97]. They
found higher levels of plasma lipopolysaccharide (LPS), related to impaired gut permeabil-
ity, and increased serum concentrations of tumor necrosis factor-alpha (TNF-α), interleukin
(IL)-1β, and IL-6. The bacterial genera Blautia, Catenibacterium, Lactobacillus, and Faecal-
ibacterium were reduced, while an increase in Butyrivibrio, Oscillospira and Ruminococcus
was detected [97].

More recently, a study showed that gut microbial imbalances and “leaky gut” con-
ditions in CRC patients lead to a dysregulated inflammatory biomarker profile, with
circulating levels of LPS being significantly elevated in CRC patients [93]. Furthermore, the
association between LPS levels, inflammation, and hematological dysfunction suggested
that chronic inflammation and an activated coagulation system could promote the tumori-
genesis process [93]. It is thus possible to speculate that blood-based inflammatory markers
could be used in combination with CRC screening for CRC diagnosis.

An increase in intestinal permeability and the inflammatory response driven by IL-
6 was also observed during microbial formation of biofilms in the early stage of CRC
development [96]. It is noteworthy that, in FAP patients, examination of biofilms attached
to the colonic mucosa showed a predominance of E. coli and B. fragilis, possibly increasing
CRC risk in patients with hereditary CRC conditions [55]. In sporadic CRC, it was shown
that the B. fragilis ETBF strain produces the toxin fragylisin, a metalloproteinase increased
in patients with advanced CRC that is responsible for increasing mucosal permeability,
enhancing IL-17 cytokine secretion and STAT3 activation [52].

Other studies linked the gut microbiota to a modulated gut inflammation and carcino-
genesis. For example, Yu et al. have recently demonstrated in a murine model that gut
dysbiosis can lead to increased susceptibility to inflammation associated with CRC process
via the induction of pro-inflammatory CD8+ IFNγ+ T cells, which can lead to increased
T cell depletion within the CRC microenvironment [94].

In hereditary CRC conditions, very few data are available. It has been shown that
pre-malignant lesions of LS patients display immune system activation well before cancer
development [98]. In these patients the immune activation precedes the development of
mutations and they are characterized by higher expression of specific markers for immune
activation, such as CD4+ T cells, pro-inflammatory molecules, and checkpoint proteins
such as programmed cell death 1 ligand (1PD-L1) and lymphocyte activation gene 3 [98].
This immune profile was independent of mutational rate, neoantigen formation, and
MMR status [98].

Because of their role in pathogenicity of gastrointestinal diseases [99], CD4+ T cells
have been described as a valuable therapeutic target [100]. Gut commensal bacteria can
modulate the production of pro- and anti-inflammatory CD4+ T cells, such as T helper
17 (Th17) and colon-resident regulatory T cells [101]. It can thus be speculated that the early
immune activation observed in LS patients might be triggered by patient’s gut microbiota
composition, influenced by environmental factors such as diet and lifestyle. Because ETBF
was shown to be necessary for synergistic tumor induction under co-colonization conditions
with pks+ E. coli in azoxymethane–treated interleukin-10 (IL-10)–deficient mice [55], the role
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of IL-17 was tested in a co-colonized azoxymethane mouse model [55]. It was demonstrated
that pks+ E. coli and ETBF accelerated colon tumorigenesis and reduced survival. This was
associated with an IL17-mediated increase in colon inflammation that was necessary, but
not sufficient, for tumorigenesis, as robust IL-17 induction by ETBF mono-colonization
only induced scanter colon tumorigenesis [55].

Interestingly, it has been shown that introduction of altered Shaedler Flora species in
mice induces Treg cells in a strain-dependent manner [102], thus suggesting that microbiota
effects on T cell differentiation are dependent on the host’s genetic background [100].

The gut microbiota plays a major role in the modulation of intestinal and extra-
intestinal immune diseases [100,103–105]. As intestinal immune homeostasis is dependent
on a balanced microbiota composition [106], it appears clear that intestinal dysbiosis
might be responsible for promoting immune imbalances and inflammation [100]. It is
noteworthy that there are no data regarding the microbiota composition of CRC sporadic or
hereditary patients and its impact on the human mucosal immune environment. Additional
work to correlate the human microbiota and the associated mucosal immune responses in
carcinogenesis is urgently needed.

4. Microbial Biomarkers in Sporadic and Hereditary CRC

Specific bacteria were found to be enriched in CRC patients and their potential as gut
microbiota biomarkers in CRC screening has been described [107]. Enriched bacterial gen-
era and species in sporadic CRC patients have been extensively reviewed [47]. In this case,
the gut microbiota is characterized by a lower abundance of potentially protective bacteria
(for example, Bifidobacterium), and an increased abundance of pro-carcinogenic microor-
ganisms (such as Bacteroides, Escherichia, Fusobacterium, Porphyromonas, etc.) [38,51,52,108].
These pro-carcinogenic bacteria showed increased abundance in fecal and mucosal samples
from sporadic CRC patients and have been extensively characterized (Table 2).

Taking advantage of it, these microorganisms could be used as CRC biomarkers. For
these reasons, their study as well as the set-up of methods used for their quantification and
their detection are mandatory for medicine progress.

Table 2. Microbial signatures in sporadic CRC.

Pro-Carcinogenic Bacteria Sample Specimen Molecular Method CRC Stage References

Proteobacteria and Firmicutes mucosa 16S rRNA sequencing adenoma-adjacent tissue [109]

Atopobium parvulum, Actinomyces odontolyticus stools metagenomic studies low-risk adenomas,
high-risk adenoma [108]

Erysipelotrichaceae stools 16S rRNA sequencing high risk adenoma [110]

Bacteroides dorei, Bacteroides massiliensis stools metagenome-wide
association study advanced adenoma [111]

Fusobacterium nucleatum, Solobacterium moorei stools metagenomic studies high-risk adenoma, CRC stages [108]

Fusobacterium, Bacteroides fragilis, Gemella,
Peptostreptococcus, Parvimonas, Granulicatella. mucosa 16S rRNA sequencing carcinoma [109]

F. nucleatum, Peptostreptococcus stomatis,
Parvimonas micra, S.moorei. stools metagenomic studies carcinoma [46]

B. massiliensis, Bacteroides ovatus, Bacteroides vulgatus,
Escherichia coli stools metagenome-wide

association study carcinoma [111]

Porphyromonas assaccharolytica, P. stomatis, P. micra,
F. nucleatum stools 16S rRNA sequencing carcinoma [112]

Sutterella, Escherichia/Shigella stools 16S rRNA sequencing carcinoma [110]

Coprococcus, Prevotella, Fusobacterium,
Parvimonas, Peptostreptococcus mucosa 16S rRNA sequencing carcinoma, adenomas/polyps [113]

Alistipes, Akkermansia, Halomonas, Shewanella stools 16S rRNA sequencing rectal and distal cancers [113]

Faecalibacterium, Blautia, Clostridium stools 16S rRNA sequencing proximal cancer [113]
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Table 2. Cont.

Pro-Carcinogenic Bacteria Sample Specimen Molecular Method CRC Stage References

P. micra, Parvimonas spp., F. nucleatum, Gemella
morbillorum, P. stomatis, Porphyromonas, Porphyromonas

uenonis, Porphyromonas somerae, Porphyromonas
asaccharolytica, Prevotella intermedia, Prevotella
nigrescens, Clostridium symbiosum, Clostridium

bolteae/clostridioforme, Dialister, S. moorei, Hungatella
hathewayi, Ruminococcus torques, Anaerococcus

obesiensis/vaginalis, Anaerotruncus, Subdoligranulum.

stools shotgun metagenomic studies carcinoma [114]

pks+ E. coli, fadA+ F. nucleatum stools shotgun metagenomic studies carcinoma [114,115]

Erysipelotrichaceae stools 16S rRNA sequencing hyperplastic polyps
(serrated pathway) [110]

Streptococcus bovis/gallolyticus - - colorectal tumor tissues [116]

Streptococcus sp. strain VT 162 saliva WGS - [117]

Bacteria with Protective Action

Lachnospiraceae incertae sedis, Coprococcus stools 16S rRNA sequencing - [113]

Lactic acid-producing commensals
(Bifidobacterium animalis, Streptococcus mutans,

Streptococcus thermophilus)
stools metagenome-wide

association study - [111]

Lachnospiraceae stools 16S rRNA sequencing [110]

4.1. Focus on Hereditary CRC

Little data are available regarding the role of the gut microbiota in hereditary CRC
syndromes. This is concerning as patients affected by genetic conditions, such as LS, are at a
much greater risk of cancer than the general population. One of the few studies available in
literature about the characterization of the gut microbiota in relation to LS patients reported
enrichment of B. fragilis and Parabacteroides distasonis species, and Pseudomonadaceae
family, in LS patients [118]. Those specific enrichments were significant when LS patients
were compared to non-mutation carriers, while differences between LS patients and MMR
mutation carriers without CRC were not significant [118]. The lack of information regarding
the methodologies applied in the study makes interpreting these results difficult and really
does not add much weight to the argument of whether the microbiota is important in the
development of cancer in LS patients. Moreover, causality was not established, as it is not
clear whether the enrichment detected was causative of LS condition or just a consequence
of the genetic mutation at the core of LS (Table 3).

In a recent study, the colonic biopsy and fecal microbiotas of patients with LS and their
relationship with the development of colonic pre-neoplastic lesions was investigated [119].
Microbiota associated with patients’ adenomas were assessed at baseline and after 1 to
2 years of follow-up, finding that commensal bacteria with pathobiont-like behavior,
broadly influencing whole-gut ecology and metabolism, were the ones associated with
adenomas and/or disease progression. However, the authors detected some abundant
species (prevalence >90%) in stool samples of LS patients, such as Eubacterium rectale,
Bacteroides uniformis, and Faecalibacterium prausnitzii [119].

Previous findings confirmed these results. In particular, F. prausnitzii and B. uniformis
were found to be over-represented in a cohort of LS patients, together with P. distasonis,
Ruminococcus bromii, Bacteroides plebeius and B. fragilis [118,120].

These results support a model of CRC development where environmental factors such
as diet, drive individuals’ microbiota components that can modulate patients’ early risk
to cancer. Accordingly, to the driver–passenger theory, these microbiota components can
be defined as bacterial drivers, while more specifically casual microorganisms, usually
detected in later-stage tumors, represent passenger bacteria [121].

Clinical factors that are specific to LS patients, such as medications used, surgery type
and gene mutations, are significantly associated with individual taxonomic members of
the mucosal and/or stool communities [119] (Table 3).
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Table 3. Overview of human studies investigating the role of microbiota in the context of hereditary CRC syndromes.

Biological Sample—Time Point(s)
for Collection Controls Mutation (n) Location Analysis Main Findings References

LS patients mucosal and feces
microbiome samples—at colonoscopy

prior to colorectal adenoma
development and follow-up surveillance

colonoscopy (1 to 2 years) (n = 100)

-
MLH1 (30), MSH2 (32), MSH6

(23), PMS2 (13), Unknown
(a diagnosis of LS) (2)

Clinical and Translational
Epidemiology Unit, Massachusetts

General Hospital and Harvard
Medical School, Boston and

Department of Medicine, Memorial
Sloan Kettering Cancer Center,

NY, USA

Metagenomics,
Metatranscriptomics

and 16S rRNA
sequencing

Eubacterium rectale, B. uniformis and
F. prausnitzii were the most abundant in

fecal samples; Bacteroides, Faecalibacterium,
and Ruminococcus were the most abundant

across mucosal biopsies

[46]

Feces microbiota samples of LS female
patients who had developed either

gynecological cancer only or colonic
lesions, with/without additional

tumors—2 years after cancer surgery
(n = 10)

Healthy females, without
family history of cancer (n = 8)

MSH6 (7), MLH1 (1), MSH2 (1),
PMS2 (1)

Varese Hospital (Ospedale di
Circolo di Varese-ASST dei

Sette Laghi), Italy
16S rRNA sequencing

F. prausnitzii, P. distasonis, R. bromii,
B. plebeius, B. fragilis, and B. uniformis were

over-represented in LS patients
[47]

Feces microbiota samples of members
from 14 LS families, including patients

with CRC, MMR mutation carriers
without CRC, and non-mutation carriers

(tot n = 73)

- - - 16S rRNA sequencing
B. fragilis, P. distasonis and

Pseudomonadaceae were associated
with LS CRC.

[45]

Feces (17) and salivary (37) microbiota
samples from LS patients after about 9.2

years of cancer surgery

Subjects without a history of
CRC, inflammatory bowel

diseases, metabolic syndrome,
with PREMM5 < 2.5%

17 LS patients; 2 (MLH1), 14
(MSH2) 1 (MSH6). 37 LS patients:
9 (MLH1), 23 (MSH2) 2 (MSH6),

3 (PMS2) MLH1.

IRCCS Ospedale San Raffaele
Scientific Institute,
20132 Milan, Italy

16S rRNA sequencing

An increase of Bacteroidetes and
Proteobacteria and a decrease of Firmicutes

at the phylum level and of
Ruminococcaceae at the family level.

[122]

Polyps and paired normal tissues were
collected from FAP patients undergoing

colon surgery (n = 25)

Subjects without a history of
CRC, inflammatory bowel
disease, or antibiotic usage

within three months (n = 23)

APC (3), MYH (1), Unknown
(a diagnosis of LS) (21)

Johns Hopkins Hospital,
Baltimore, MD, USA FISH, Microculture Biofilms comprised primarily of E. coli

and B. fragilis [59]

Biopsy and stool samples from LS
patients with early adenomas (n = 100) -

MLH1 (30), MSH2 (32), MSH6
(23), PMS2 (13), Unknown (a

diagnosis of Lynch syndrome) (2)

Center for Cancer Risk Assessment
and Division of Gastroenterology,
Massachusetts General Hospital

(MGH)/Clinical Genetics and/or
Gastroenterology Services,

Memorial Sloan Kettering Cancer
Center (MSKCC)

Metagenomics,
Metatranscriptomics

and 16S rRNA
sequencing

Decrease in order Clostridiales (MLH1 and
MLH2 mutation carriers), increase in

Blautia and Oscillospira (MLH1 mutation
carriers). Clostridium enriched in subjects

with subtotal colectomy, Prevotella,
Lachnospira, Ruminococcus and Megasphaera

enriched in subjects with left colectomy.
Fusobacterium and Ruminococcus enriched

in right-sided colectomies. Subdoligranulum
genus, Barnesiella intestinihominis, and

Alistipes shahii species reduced
in left colectomies.

[119]



Int. J. Mol. Sci. 2021, 22, 1312 10 of 21

Yan et al. reported individual microbes associated with Lynch-relevant clinical fac-
tors, with members of the Clostridiaceae family being significantly depleted in the stool
microbiota of individuals with adenomas, while Lachnospiraceae and Ruminococcaceae
significantly enriched [119]. Biopsy samples were enriched in Methanobrevibacter, while
Desulfovibrio was enriched in both stool and biopsy samples [119]. Among the LS related
clinical factors the authors investigated, the potential effects of specific mismatch repair
genes (MLH1, MSH2, MSH6, PMS2) on the microbiota was described. MLH1 and MSH2
mutations carriers were characterized by a decrease in Clostridiales and an increase in
Blautia and Oscillospira (only in MLH1 mutation carriers) [119].

Common limitations of these studies include small cohorts in each LS-associated
genotype, which impairs the ability to characterize associations between specific driver
mutations and microbiota composition. Most importantly, microbiota associations have
been investigated in either very-early-stage adenoma or after patients’ surgery, and no data
are available for late-stage CRC in LS patients [119,120].

Ferrarese et al. (2020) analyzed fecal and oral samples from LS patients after about
9.2 years of their previous cancer surgery. They found an increase of Bacteroidetes and
Proteobacteria and a decrease of Firmicutes at the phylum level and of Ruminococcaceae at
the family level in LS fecal samples. As the authors suggest, their results are similar to those
observed in sporadic CRC; however, a larger cohort of patients needs to confirm this [122].

In patients with sporadic CRC, a pro-oncogenic state is correlated with the formation
of biofilms in the normal mucus layer [123,124]. Biofilm formation triggers mucosal
inflammation response by breaching into the colonic mucus layer, thus affecting bacterial–
epithelial cell contact [123,125]. The potential role of biofilm formation in patients with
FAP has been investigated by Dejea et al., where the mucosa of FAP patients at clinically
indicated colectomy was examined [55]. In this study, patchy biofilms were found to be
invading the mucus layer, with E. coli and B. fragilis being the main bacteria scattered along
the entire length of the colon [55]. These results were confirmed in a mouse model of
FAP driven by APC mutations, suggesting that APC mutations may promote mucosal
bacterial adherence [55].

Strong experimental evidence supports the carcinogenic potential of molecular sub-
types of pks+ E. coli and B. fragilis in CRC [52,89,123] and reinforces what was subsequently
found in the mucosal tissue of FAP patients, where approximately 60% to 68% of mucosal
tissue cultures were populated by pks+ E. coli or ETBF, compared with 30% and 22% of
healthy controls, respectively. Moreover, both BFT and colibactin producing E. coli were
present in the mucus layer of FAP biofilms in direct contact with the FAP epithelium [55].
In FAP mouse models, co-colonization with pks+ E. coli and ETBF enhanced DNA damage
in the colonic epithelium and it was associated with an IL17-mediated increase in colon
inflammation, which contributed to an accelerated colon tumorigenesis [55].

These findings suggest that tumorigenic bacteria may promote early tumorigenesis in
FAP patients and may thus represent good biomarkers in hereditary CRC.

Due to the difficulty in studying hereditary CRC syndromes, a clinical trial is in
progress entitled “Metagenomic Evaluation of the Gut Microbiome in Patients with Lynch
Syndrome and Other Hereditary Colonic Polyposis Syndromes (NCT02371135)” [126,127].
In this study, the role of gut microbiota on CRC development in 225 individuals with LS or
other polyposis syndromes is under evaluation. Researchers are collecting stool specimens
and/or colon tissue samples from people with LS and other hereditary colonic polyposis
syndromes. Information about diet and lifestyle of participants is being collected. The
samples collected will be used to study the role of gut bacteria in CRC risk, in addition to
the hereditary risk and potential dietary impact [126,127].

It is noteworthy that late CRC diagnosis is associated with a 5-year survival rate of
<10% [128]. In this context, the gut microbiota can be regarded as a source of non-invasive
diagnostic and prognostic marker that could help in the early detection of CRC, thus
increasing the patients’ survival rate to >85% [129]. While some bacterial species that
can accurately discriminate between sporadic CRC cases and controls have already been



Int. J. Mol. Sci. 2021, 22, 1312 11 of 21

identified [31], there is still a big gap in the identification of potential bacterial biomarkers
for the potential development of a non-invasive screening method for CRC patients affected
by hereditary syndromes.

4.2. Fungal and Viral Contribution to CRC Development

The significant contribution of gut microorganisms in CRC pathogenesis is widely
accepted by now. However, most studies have focused on the role of gut bacteria, un-
derestimating the role of another class of commensals, namely the mycobiota, might also
be involved in CRC development [130]. Two recent studies strongly support the role of
mycobiota in colitis-associated CRC [131,132]. Although these two studies used the same
gene-targeted mouse model, the Card9-deficient mice were susceptible to diverse fungal
infections. The microbiota difference detected in their mouse models makes the effect of the
mycobiota strongly dependent on mouse microbial composition [130]. This further sustains
the important role of environmental factors, such as diet, on microbiota composition.

Previously, the gut mycobiota of mucosal samples of patients with adenomas at
different stages of disease development was investigated [133]. It was shown that fun-
gal diversity was lower on adenomas compared to other areas of the colon, with two
pathogenic fungi, Candida and Phoma, being over-represented in all of the biopsy sam-
ples. Moreover, two other pathogenic fungi, Fusarium and Trichoderma, were enriched in
advanced-adenomas samples, compared to non-advanced subjects and adjacent biopsy
samples [133]. It is thus possible that these pathogenetic fungi are predominantly present
in mucosa biopsy samples of adenoma patients at different stages of adenoma progression,
therefore potentially representing diagnostic biomarkers.

A more recent study confirmed the presence of different mycobiome signatures in
fecal samples of patients with early- and late-stage CRC [134]. In this study, the authors
identified CRC-specific mycobiota components, such as Rhodotorula and Malassezia of the
Basidiomycota phylum and Acremonium of the Ascomycota phylum, both reported as
opportunistic pathogens [134–136]. Interestingly, the fungal species Saccharomyces cerevisiae,
a major component of the human gut microbiota, was found to be depleted in CRC, suggest-
ing a beneficial role of S. cerevisiae in the gut and a potential therapeutic approach for CRC
prevention or treatment [134]. Of importance, this study showed that the bacteria-fungi
correlation network is altered in CRC patients compared to healthy controls. For instance,
classes of Ascomycota phylum correlated synergistically with the bacterial Proteobacteria
phylum in control patients, while additional fungal classes of Basidiomycota and Mu-
coromycota phyla were observed to participate in new interkingdom interactions in CRC
subjects [134]. Also, correlation networks within fungi became more positive in CRC,
while those between fungi and bacteria were largely negative [134]. Future investigations
characterizing the functional consequences of an altered mycobiome composition and the
role of bacteria–fungi interactions in CRC will further demonstrate the potential of fungal
biomarkers for CRC screening. To date, nothing is present about the study of the gut
mycobiome in relation to hereditary CRC disorders.

The gut is also a consortium of prokaryotic- (bacteriophages) and eukaryotic viruses in-
cluding both DNA and RNA viruses. Shkoporov et al. demonstrated the presence in the gut
of a persisting fraction of the viral community, mainly consisting of virulent bacteriophages
targeting the major taxonomic groups of gut bacteria [137]. These virulent phages can lyse
and reduce the gut bacterial component; consequently, the opportunistic pathogens could
take advantage by invading the tissue and contributing to the development of CRC [138].

Hannigan et al. showed that the gut virome was altered in CRC patients relative to
those with healthy people. The authors speculated that the phages could alter and lyse
bacterial microbiota composition giving the opportunity to opportunistic bacteria (such as
F. nucleatum) to colonize the gut epithelium driving CRC progression. In this way, these
bacteria could induce the transformation of the epithelial cells, starting an inflammatory
immune response [139].
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5. The Human Gut Microbiota as CRC Predisposing Factor: Therapeutic Potential

During the last decade, understanding of the molecular mechanism of host genetics
role in CRC has remarkably progressed, and variation in the gut microbiota communities
has been linked to host genetic variation in CRC [140]. Nevertheless, many questions about
the missing link of microbiota dysbiosis and genetic polymorphism in CRC hereditary
conditions remain unanswered.

Does dysbiosis drive CRC by inducing DNA damage and does it induce tumorigenesis
for those who are the carriers of DNA germline variants? In this context, the homeostasis
on the gut microbiota is of great importance.

The consumption of microorganisms that are considered to be “healthy” for human
gut (i.e., probiotics) has had some success in managing gastrointestinal diseases, such
as irritable bowel syndrome [141]. Recently, the potential therapeutic role of microbiota
organisms in sporadic CRC prevention and treatment has been extensively revised [142].

The promotion of gut microbial homeostasis through the use of probiotics (i.e., live
microorganisms that when administered in adequate amounts confer a health benefit on
the host [143]) may help in restoring a healthy gut microbiota, thus in turn promoting suc-
cessful CRC therapy through improved sensitivity to chemo drugs or immune checkpoint
inhibitors (ICIs) [144].

For instance, gut microbial dysbiosis, induced by antibiotic treatments, significantly
reduced the anti-tumor efficacy of 5- Fluorouracil treatment in a CRC mouse model [145].
However, probiotics supplementation with Lactobacillus and Bifidobacterium, the most
common species found in the human gut, did not significantly increase 5- Fluorouracil ac-
tivity [145]. Of interest, Lactobacillus daily oral administration resulted in reduced frequency
of severe 5- Fluorouracil based chemotherapy related diarrhea in CRC patients [146].

In animal models of CRC the results are often inconsistent, reflecting the way in which
gut dysbiosis is induced, probiotic supplements are used and probiotics are administered.
Given the unclear rationale to translate animal studies to humans, some clinical trials are
in progress regarding the use of probiotic strains to improve anticancer therapy. A clinical
trial (NCT03782428) was performed to determine the effect of probiotic consumption
containing six viable bacteria belonging to Lactobacillus and Bifidobacterium species for six
months in CRC patients. The use of probiotics resulted in a decline in pro-inflammatory
cytokines [127,147].

Otherwise, the number of clinical trials investigating probiotics in CRC prevention is
scarce, the results are inconsistent and conclusions regarding probiotic efficacy difficult
to draw [148].

For instance, Lactobacillus and Bifidobacterium have shown positive outcomes when
administered to patients with sporadic CRC (revised in [149]). Furthermore, it was recently
shown that Clostridium butyricum, which is a butyrate-producing bacterium, can inhibit
CRC development by modulating Wnt signaling both in a murine model and in tumor
colonic cells [150].

However, other probiotic species have shown no positive effects in either sporadic or
hereditary CRC patients [151,152].

Studies investigating the best combination of different probiotics strains to be used
for preventing CRC or reducing the CRC treatments side effects are still required, and
the tailoring of a probiotic strategy to high-risk hereditary CRC syndrome carriers is
highly warranted.

The contribution of gut microbiota to CRC immunotherapy seems to give more
promising results [142,153–155]. ICIs modulate innate immunity and activate anti-tumor
immune response, and the tumor environment (e.g., the microbiota) critically conditions
therapy efficacy [142].

Recently, it has been demonstrated that the gut microbial metabolite inosine is pro-
duced by a commensal Bifidobacterium species and significantly enhances efficacy of anti-
cytotoxic T-lymphocyte-associated antigen 4 therapy in CRC mouse models, by boosting
conventional dendritic cells -dependent TH1 cell response [156]. As these ICIs-promoting
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bacteria are also found in humans, this finding has a high potential for translation into
clinical practice [157].

A growing amount of evidence reports that checkpoint proteins, such as PD-1 and its
ligands (PD-L1/PD-L2), promote tumor growth and metastasis and increase the function of
immunosuppressive regulatory T cells [158,159]. Given the higher expression of checkpoint
proteins such as 1PD-L1 in LS patients [98], it can be speculated that LS patients are the
ones who would benefit the most from exploiting the application of the gut microbiota as a
way to enhance ICIs efficacy.

ICIs are approved for use in mismatch repair–deficient cancers of any histology [160].
Inactivation of the DNA MMR pathway is followed by somatic mutations driving tumori-
genesis in both sporadic and hereditary MSI CRC [161]. Notably, about 1300 somatic
mutations are acquired in MSI CRC derived from LS patients, whereas an average of only
190 mutations are acquired in tumors with microsatellite stability [162]. Thus, patients
with high MSI tumors represent a subgroup more likely to benefit from ICIs [161], and
specific commensal gut bacteria have been implicated in the efficacy of ICIs [163]. In-
deed, the commensal gut genus Bifidobacterium was associated with a clinical benefit for
PD-L1 checkpoint blockade, and the use of antibiotics was shown to induce dysbiosis of
gut microbiota with subsequent unresponsiveness to immunotherapy [164,165]. A recent
study identified a consortium of 11 bacteria that act together to induce IFNγ+ CD8 T cells,
enhanced resistance against pathogenic infections and improved the therapeutic efficacy
of ICIs in mice [166]. Although these studies were not conducted in CRC models, they
highlight the potential of microorganisms present in the gut microbiota as “immunotherapy
probiotics”, thus helping patients in their response to immunotherapies.

The use of antibiotic treatment to fight gut dysbiosis and consequently to inhibit a pos-
sible CRC progression has been argued because it could also compromise immunotherapy
efficacy or induce carcinogenesis by causing further microbial shifts.

Zackular et al. demonstrated that the treatment of an inflammation-based murine
model of CRC with a cocktail of metronidazole, streptomycin, and vancomycin can affect
the gut microbiota composition during the onset of inflammation and significantly decrease
tumorigenesis process [167].

Not only can drug treatment contribute to induce gut dysbiosis, but in some cases it
can kill gut pathobionts such as B. fragilis and other bacteria linked to inflammation and
DNA methylation, suppressing tumor proliferation, invasion and growth [83]. Recently,
metronidazole treatment of mice bearing a CRC xenograft reduced F. nucleatum cell load
and cancer proliferation, suggesting the potential use of this antibiotic against F. nucleatum-
associated CRC [168].

Antibiotic treatment is also considered a possible immunotherapeutic strategy, even
if controversial data are available. The non-selective eradication of the commensal gut
bacteria by antibiotics could abolish the antitumor immunity. Vétizou et al. demonstrated
that an antibiotic cocktail, or imipenem alone, eradicated the immune response and restored
tumor progression in CRC mouse models [154]. In agreement with this achievement, it has
been recently reported that concomitant use of antibiotics and immunotherapy is associated
with a high risk of disease progression in lung cancer patients [169].

Because of these controversial findings, the potential use of antibiotics in the preven-
tion and treatment of CRC is still under investigation.

Recently, phage therapy has been considered as an alternative antimicrobial approach
that has the advantage of being highly specific against a particular microbial pathogen.
Dong and collaborators showed that a M13 phage, presenting silver nanoparticles on its
surface capsid protein (M13@Ag) and binding to F. nucleatum, was able to selectively in-
crease the host’s anticancer immune response both in vitro and in vivo [170]. Interestingly,
M13@Ag combined with immune checkpoint inhibitors (α-PD1) or chemotherapeutics
(FOLFIRI) prolonged mouse survival in a CRC murine model [170]. This approach is very
promising because it does not induce drug resistance and it is selective against a specific
microbial species.
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The transfer of fecal microbiota from healthy individuals to patients is already success-
fully used against colitis caused by Clostridium difficile infection [171]. The major benefits
of this procedure include modulation of immunotherapy efficacy and restoration of gut
microbial eubiosis.

Recently, the effect of fecal microbiota transfer on FOLFOX chemotherapy regimen
(5-fluorouracil, leucovorin, and oxaliplatin)-induced mucosal injury in BALB/c mice with
adenocarcinoma was tested [172]. Fecal microbiota transfer reduced the severity of diarrhea
and intestinal mucositis caused by chemotherapy treatment [172].

More studies are needed to assess the use of fecal microbiota transplantation to avoid
side gut effects of chemotherapy treatments and to prevent and cure CRC.

6. Conclusions and New Perspectives

The gut microbiota is involved in many areas of human health and it is essential for
life, providing nutrients and vitamins, protecting against pathogens and contributing to
immune system development.

In these last years, great steps forward have been made regarding the study of gut
microbiota and its contribution in CRC development, even if several questions are still un-
resolved. How could we understand the colon microbiota contribution to the pathogenesis
of human sporadic and hereditary CRC? Does the total microbial community or the only
presence of some bacteria influence colon carcinogenesis?

Currently, several studies associate human gut microbiota dysbiosis with CRC risk,
but do not seem to reflect the complexity of this multifactorial disease.

Nowadays, there is still a gap in the knowledge of the full spectrum of microbial
metabolites that are characteristic of the sporadic and hereditary CRC microenvironment,
which is still unexplored.

The correlation present among human gut microbiota and a non-targeted, global
metabolomics approach would possibly help the further development of CRC prognostic
markers and therapeutic targets. By using the integrated –OMICS approach, researchers are
trying to better understand this unknown field. In a recent study, Wang and collaborators
found correlations between the abundance of some microbial taxa, butyrate-related gut
metabolites, and DNA methylation. For instance, the increase of Fusobacterium abundance
was correlated with a decrease in the level of 4-hydroxybutyric acid and expression of
immune-related peptidase inhibitor 16 (PI16), Fc Receptor Like A and Lymphocyte Specific
Protein 1. These findings increase our knowledge about the use potential of new metabolic
gut biomarkers [173].

Similarly, Wilson and collaborators characterized the role of the carcinogenic colibactin,
a metabolite produced by some E. coli strains, in CRC development [174]. They reported
the introduction of a covalent DNA modification in human cell lines treated with colibactin-
producing E. coli, showing that colibactin alkylates DNA [174]. This work could be useful
for CRC diagnosis and demonstrates without doubt how a single gut microorganism may
contribute to colorectal carcinogenesis [174].

It is noteworthy that some gut carcinogenic species can be involved in the development
of both hereditary and sporadic CRC (e.g., E. coli, B. fragilis, and F. nucleatum). Further
studies are ongoing to use this knowledge in clinical practice. If we are able to identify
microbial biomarkers for CRC, we could then make an important impact by paving the
way to new prevention strategies.
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