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Simple Summary: The mechanisms underlying the effects of exogenous factors on impaired intesti-
nal stem niche homeostasis in colorectal cancer pathogenesis are an important and ongoing focus for
stem cell research. The most recent findings indicate that dysbiosis (changes in the homeostatic gut
microbiota composition) can induce an aberrant reprogramming of the intestinal stem cells (ISCs)
through several mechanisms, such as impaired metabolism and abnormal activation of the immune
system, as well as genetic and epigenetic instability. The review goes beyond the discussion of
the involvement of gut dysbiosis in colorectal cancer development, mainly summarizing the most
recent findings linking the gut microbiome to colorectal cancer pathogenesis through the ISC niche
impairment. The most significant advances in this field are described, focusing on different “omics”
strategies, with a particular interest for the multiomics approach which will be gradually included
into the framework of precision medicine.

Abstract: Colorectal cancer (CRC) initiation is believed to result from the conversion of normal
intestinal stem cells (ISCs) into cancer stem cells (CSCs), also known as tumor-initiating cells (TICs).
Hence, CRC evolves through the multiple acquisition of well-established genetic and epigenetic
alterations with an adenoma-carcinoma sequence progression. Unlike other stem cells elsewhere in
the body, ISCs cohabit with the intestinal microbiota, which consists of a diverse community of mi-
croorganisms, including bacteria, fungi, and viruses. The gut microbiota communicates closely with
ISCs and mounting evidence suggests that there is significant crosstalk between host and microbiota
at the ISC niche level. Metagenomic analyses have demonstrated that the host-microbiota mutually
beneficial symbiosis existing under physiologic conditions is lost during a state of pathological
microbial imbalance due to the alteration of microbiota composition (dysbiosis) and/or the genetic
susceptibility of the host. The complex interaction between CRC and microbiota is at the forefront of
the current CRC research, and there is growing attention on a possible role of the gut microbiome in
the pathogenesis of CRC through ISC niche impairment. Here we primarily review the most recent
findings on the molecular mechanism underlying the complex interplay between gut microbiota
and ISCs, revealing a possible key role of microbiota in the aberrant reprogramming of CSCs in the
initiation of CRC. We also discuss recent advances in OMICS approaches and single-cell analyses to
explore the relationship between gut microbiota and ISC/CSC niche biology leading to a desirable
implementation of the current precision medicine approaches.

Keywords: cancer stem cells; microbiome; colorectal cancer; OMICS technologies; precision medicine

1. Introduction

Intestinal stem cells (ISCs) are a population of rare undifferentiated cells located in
the intestinal crypts, responsible for tissue homeostasis and regeneration after injury or
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inflammation. ISCs play a fundamental role in maintaining the mucosal barrier through
continuous and regulated proliferation, which results in the constant replacement of the
intestinal epithelium. This mechanism preserves the intestinal barrier function and prevents
the pathogen invasion and physical insults, which activate a chronic or acute inflammation
in both pathologic or physiologic conditions [1].

The alteration of ISCs proliferation mechanisms is intimately involved in intestinal
diseases, including Intestinal Bowel Disease (IBD) and colorectal cancer (CRC) [2]. In par-
ticular, many studies have focused on the mechanisms underlying CRC initiation through
the conversion of ISCs into cancer stem cells (CSCs), also known as tumor-initiating cells
(TICs) [3], opening a new avenue to identify new CSCs-target therapies for CRC. However,
it has become clear that the insight into the intestinal crypt prior to the establishment of a
CSC niche is an exciting research area that has much more to reveal.

The microenvironmental context is critical to reprogramming ISC niches as they are
located at the host-microbiota interface. Indeed, there is a complex interplay between the
epithelial barrier, its microbial ecosystem, and the local immune system [4]. Under normal
conditions, the intestinal epithelium interacts with a varied community of microorganisms,
including bacteria, fungi, and viruses, which are considered to be the intestinal micro-
biota [5]. The large diversity within the gut microbiota is finely balanced to protect the
intestinal mucosal barrier. For example, epithelial cells recognize and communicate with
the resident microbiota via pattern-recognition receptors (PRRs), including Toll-like recep-
tors (TLRs), present on both intestinal differentiated epithelial cells and ISCs [2]. Unlike
other stem cells, ISCs coexist indeed with the intestinal microbiota. For example, species
belonging to the genus Lactobacillus can directly or indirectly affect ISCs proliferation and
differentiation. Conversely, ISCs protect themselves from butyrate produced by beneficial
microbes residing in the intestinal lumen [5,6].

Recent evidence has shown that disruption of the normal homeostatic balance between
the host’s mucosal cells and the gut microbiota results in aberrant immune responses
against resident commensals, leading to chronic inflammation and ultimately predisposing
the patient to CRC [7]. In this proinflammatory state, ISCs directly sense and respond to
microbiota [8].

The mechanisms through which exogenous factors, such as the gut microbiota al-
teration, confer their effects on the ISC niche have become an exciting but complex and
controversial field of research focusing on stem cell biology. Here, we summarize the most
up-date evidence regarding the molecular mechanisms and metabolic processes underly-
ing the complex interaction between intestinal microbiota and ISCs, which is crucial for
determining ISCs homeostatic behavior and aberrant reprogramming in CRC initiation.
Furthermore, the review considers the advances in research on the OMICS technologies
applied to both preclinical and clinical studies to explore the molecular mechanisms of
CRC-related imbalance in the intestinal microbiota-ISCs relationship.

2. ISC Niche Structure and Functional Organization

The intestinal epithelium is organized into villi, which are finger-shape protrusions
projected into the lumen of gut—with the exception of the colon—and crypts of Lieberkühn,
often referred to simply as “crypts”, which are pits found between the villi where the
ISCs reside. Through finely regulated proliferation, the ISCs play an essential role in the
intestinal homeostasis.

ISCs division usually produces daughter cells that are a new stem cell and a transient-
amplifying cell (TAC). After additional 4–5 divisions, TACs differentiate into intestinal
epithelial cell subtypes, including enterocytes (absorptive), goblet cells (mucus producing),
neuroendocrine cells and Paneth cells (mucosal defense effectors) [9]. Aside from Paneth
cells, all these cells migrate to the tip of the villi along the crypt-villus axis during the
differentiation process. All the cells of the intestinal epithelium reach the top of the villus
in 3–5 days and become competent in the digestion and absorption of dietary nutrients.
In this position, the cells go through programmed cell death and are shed into the lumen
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(about 15 billion cells per day). Since these cells are highly exposed to many luminal
pathogens or chemicals that pass through the intestinal lumen, their rapid turnover is likely
to be important in limiting the amount of potentially damaged epithelial cells. To avoid
a subsequent breakdown of the epithelial barrier, it is essential that new epithelial cells
replace the lost cells. This mechanism is made possible by the ISCs compartment. Indeed,
ISCs proliferation is essential for continuously contributing to fueling the entire intestinal
epithelium with newly generated epithelial cells.

Since ISCs routinely undergo asymmetric division, it makes sense that there are
at least two types of ISCs in the bottom of the niche, known as crypt basal columnar
(CBC): cells that express Leucine-rich repeat-containing G-protein coupled receptor 5 (Lrg5)
and slow-cycling cells that are B lymphoma Mo-MLV insertion region 1 homolog (Bmi1)
positive [10].

CBC Lgr5+ ISCs are actively cycling and rapid proliferating ISCs, as demonstrated
by the use of the lineage tracing technology [11]. In the crypt region these cells are found
scattered among Paneth cells where they continuously regenerate epithelial cells which
migrate along the crypt-villus axis [12]. LGR5 is a target of the Wnt signaling pathway and
is the most consensual ISC marker to date [13]. Normally, CBC Lgr5+ ISCs can self-renew
through a symmetrical division into either two CBCs or two TACs [14]. In addition, ISCs
may originate from a possible dedifferentiation of TACs or Paneth cells into Lgr5+ cells
in response to Wnt3A or irradiation [15]. Interestingly, it was also revealed that a pool
of Lgr5+ cells expressing the RNA-binding protein Mex3a are crucial for maintaining the
Lgr5+ ISC pool in case of injury [16].

Bmi1+ ISCs are slow-cycling cells in the 4+ cell position of the crypt (four cells away
from the base of the crypt), which are quiescent and express two peculiar stem cell markers,
namely Bmi1 and mTert [17,18]. Quiescent Bmi1+ ISCs form a reserve ISCs, which is
important for facilitating epithelial regeneration after injury. In contrast to Lgr5+ cells,
which are more important for homeostatic functions, reserve ISCs are defined as the
injury-inducible reserve ISCs population [10].

Several studies, mostly including lineage tracing experiments, have allowed re-
searchers to identify novel ISCs markers through direct overlap with the expression of Lgr5
or Bmi1 in actively-cycling ISCs or reserve ISCs, respectively. As extensively reviewed
elsewhere [19], ISC markers can be distinguished as (i) “active ISC” markers, such as Lgr5,
Olfactomedin-4 (Olfm4), SPARC related modular calcium binding 2 (Smoc2), Achaete
scutelike 2 (Ascl2), Ring finger protein 43 (Rnf43), Zinc and ring finger 3 (Znrf3); (ii) “re-
serve ISC” markers, including Bmi1, leucine rich repeats and immunoglobulinlike domains
1 (Lrig1), HOP homeobox (Hopx), mouse telomerase reverse transcriptase (mTert); (iii)
markers with a differential expression pattern, such as SRY-box 9 (Sox9), EPH receptor B2
(EphB2), prominin 1 (Prom1), Musashi-1 (Msi1), Mex-3 RNA-binding family member A
(Mex3a), Krüppel-like factor 4 (KLF4), Doublecortin and CaMkinase-like-1 (Dclk1).

In addition to the ISC subpopulations, the ISC niche includes different cells that release
factors orchestrating ISCs quiescence or proliferation/differentiation, including Paneth
cells, stromal/myofibroblast, and immune cells.

Paneth cells are located at the bottom of the crypt where the CBC Lgr5+ ISCs are
also located. Through paracrine signaling, they can regulate ISCs by secreting critical
niche signals such as Wnt3, Epidermal growth factor (EGF), transforming growth factor-α
(Tgf-α), and the Notch ligand Delta-like 4 (Dll4), ADP ribose [15,20]. In the colon, there
are Paneth-like cells, which include deep crypt secretory cells expressing the regenerating
islet-derived family member 4 (Reg4) marker [21]. Paneth cells and Paneth-like cells
contribute to the ISC niche stem functions in a context-dependent manner. For instance,
upon inflammation Paneth cells may acquire stemlike features by re-entering the cell cycle
and dedifferentiating; in this way they contribute to the tissue regenerative response [22].
This suggests that Paneth cells disruption may be at the origin of IBD-related intestinal
tumors, parallel to what observed in the adenomatous polyposis coli (Apc)-driven intestinal
tumorigenesis [23].
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Myofibroblasts are a second important class of cells located around the crypts, which
are critical for maintaining the proliferative status and turnover of ISCs [24]. They form the
essential Wnt-secreting niche for colon stem cells [25,26] and release some key bioactive
factors, such as R-Spondin1, which enhances Wnt3-activated signals, and Noggin, which is
an antagonist of BMP/Smad signaling pathway [24,27].

Finally, various immune cells contained in the intestinal lamina propria contribute
to the regulation of ISCs by secreting immunomodulators, including cytokines, capable
of acting directly or indirectly on ISCs proliferation. Among the secreted cytokines, IL-6
and IL-17 have been shown to stimulate ISC proliferation [28]. Moreover, Jeffrey et al.
demonstrated that the inhibition of IL-6 signaling by a neutralizing antibody can prevent
ISC proliferation in an inflammatory context and suggested that autocrine IL-6 signaling in
the gut epithelium affects crypt homeostasis via the Paneth cells and the Wnt signaling
pathway [29].

3. Dysfunction of ISC Niche in CRC

The stem cell niche is a specialized microenvironment which regulates ISCs’ specific
properties by directing a complex network of stem cell-regulatory pathways, including
Wnt, Notch, bone morphogenetic protein (BMP), Hedgehog (Hh), EGFR/MAPK, and
Eph/Ephrin [30]. By virtue of being stem cells in the gut, the role of ISCs as the “cell-of-
origin” of CRC was examined. The long-term clonogenic potential of ISCs, required for
intestinal epithelium regeneration, exposes the ISC compartment to a higher risk of accu-
mulation of DNA mutations, thus making ISCs ideal candidates for tumor initiation [31].
Furthermore, ISCs constitute a long-lived cellular compartment, unlike differentiated
cells, which are rapidly exfoliated into the gut lumen and are consequently limited to
clonally expand.

In recent years, the research has clearly established that the malignant transformation
of normal ISCs, and more rarely the dedifferentiation of mature intestinal cells, can give
rise to CSCs responsible for cancer development and propagation [32]. As suggested by the
“CSCs model”, this small subset of cancer cells not only maintains the self-renewal capacity
required to initiate and sustain tumor growth, but also has a differentiation potential
through which to generate a range of heterogeneous cancer cell types within the tumor,
according to a differentiation hierarchy [33]. However, it should be emphasized that in
some cases TACs can be responsible for the onset of adenoma, albeit as efficiently as stem
cells, and that differentiated cells can also initiate tumorigenesis but only in presence of
additional events such as inflammation or changes in the microenvironment [34]. Therefore,
while ISCs are not the only possible cells of origin for CRC, they are certainly the most
potent cells for tumor initiation.

A dysregulation of the self-renewal and pluripotency signaling pathways occurs in
the ISC compartment through several genetic and epigenetic changes, leading to cell trans-
formation and ultimately to the generation of CSCs. Over the last few decades, multiple
markers have been identified to reveal the CSC subpopulation in CRC distinguishing be-
tween cell surface markers, including Prominin-1 (CD133), CD44, CD166, EpCAM, EphB2,
Lgr5, D26, CD44v6, and intracellular proteins, such as aldehyde dehydrogenase 1 (ALDH1),
Bmi1, Musashi-1 (MSI-1) and doublecortinlike kinase 1 (DCLK1) [35,36].

From a pathogenetic point of view, the main driver and tumor-suppressor genes have
been well defined in the intestinal epithelial cells, including APC, the KRAS oncogene,
and TP53 [37]. Recently, it has been revealed that mutations in these genes significantly
influence the clonal behavior of ISCs [38,39]. A common early oncogenic event in CRC is
the mutation within the APC gene [38], which results in ineffective β-catenin degradation
and induces a constitutively active Wnt pathway. When the ISC compartment harbors
APC mutations, it undergoes an uncontrolled expansion followed by adenoma formation,
as also confirmed in the mouse genetic models where adenomas appeared only in case of
APC mutations targeting to ISCs rather than differentiated cells [40]. In fact, when an ISC
acquires an APC mutation, it gains a higher probability of niche fixation than nonmutated
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ISCs [38]. Interestingly, a much higher fission rate has been observed in KRAS mutant
crypts [39], while P53 mutations have a higher niche fixation rate only in the presence
of colitis [38]. This highlights the importance of extrinsic factors in the transformation of
intestinal cells. Another key factor involved in the ISCs transformation is the antiapoptotic
B-cell lymphoma 2 (Bcl-2) protein, which is particularly expressed in Lgr5+ CBCs. Bcl-2 is
also an important target gene of the nuclear factor (NF)-κB pathway, which influences full
adenomatous outgrowth by also acting on the differentiated compartment in combination
with the constitutive active Wnt signaling [41].

It could be speculated that inflammatory signals from the intestinal environment may
stimulate the oncogenic potential of ISCs by inducing extensive cellular plasticity due
to the activation of the tissue injury/repair mechanisms. Indeed, during inflammation,
characterized by a rapid regeneration of the intestinal epithelium, ISCs can undergo
inappropriate proliferation and lead to the expansion of the pool of cells prone to malignant
transformation [42].

4. Effects of Intestinal Microbiota on ISCs Homeostasis

The distal part of the small intestine and colon is the habitat of a densely populated
ecosystem of commensal microbiota, which lives in a mutually beneficial state with the
host [43]. Many recent studies have analyzed the principal characteristics of the intestinal
microbiota, which is composed of bacteria, archaea and fungi. Thanks to phylogenetic
analysis, a matching bacterial content was found in the distal ileum, ascending colon and
rectum [44], with the highest microbiota content in the distal ileum and colon (1012–1014

bacterial cells/mL of luminal content) [45].
Although there is a symbiotic relationship between the microbiota and the host,

the close proximity of the microbiota to the intestinal wall poses risks of invasion with
consequent health problems. The intestinal epithelium therefore plays a crucial role in
maintaining not only tissue homeostasis but also a strategic compartmentalization between
the lumen and the host, acting as a continuous physical barrier against the intestinal
microbes, toxins, dietary products, and inorganic materials [46]. The endothelium also
forms a gut-vascular barrier (GVB) that controls the translocation of antigens into the
bloodstream and prohibits the entry of the microbiota [47].

In addition, the intestinal epithelial barrier is composed of a mucus layer, which allows
for an additional barrier against the luminal content. The mucus structure differs between
the small intestine, where it consists of a single layer 100–250 µm thick, and the colon,
where there are two distinct layers reaching 700 µm in thickness. In the colon, the inner
mucus layer is firmly attached to the epithelium and is normally not permeable to bacteria,
while the outer and more voluminous layer is slightly attached to the inner layer and
forms a habitat for large numbers of bacteria [48]. Mucus is mainly composed of mucin
glycoproteins, with Muc2 being the predominant component of both mucus layers. Mucins
are secreted by goblet cells or reside as membrane-bound proteins on the apical surface of
the epithelium. In addition, goblet cells secrete various bioactive molecules such as trefoil
factor peptides (Tff), resistinlike molecule β (Relmβ), and Fc-γ binding protein [49], which
are involved in gastrointestinal defense and repair by promoting epithelial restitution. In
a concerted way, the Paneth cells provide a range of antimicrobial peptides, including
α-defensins, angiogenin-4, lysozyme and secretory phospholipase A2 (Pla2), that function
in host defense and in establishing and maintaining the intestinal microbiota [50].

Moreover, adaptive immune mechanisms have widely evolved as a means of con-
tributing to the intestinal epithelial barrier. Among them, secreted immunoglobulins A
(sIgAs) specific for antigens derived from commensal intestinal bacteria are produced
by Lipopeptide/lipoprotein (LP) plasma cells [51]. Through binding to the polymeric
immunoglobulin receptor (pIgR), which is expressed exclusively on the apical membrane
of intestinal epithelial cells, sIgA can transcytose through epithelial cells to be secreted
into the gut lumen. There, IgAs influence commensal gene expression [52], gut metabolic
homeostasis and the immune ecosystem [53,54] and prevent microbial translocation across
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the epithelial barrier [55]. More generally, the immune system is critical in maintaining a
mutualistic host-microbiota relationship [56,57]. Several types of immune cells dispersed
in the subepithelial lamina propria, such as B and T cells, antigen presenting cells, namely
dendritic cells (DCs), and macrophages, take part to the elimination of commensals that
translocate across the intestinal epithelial cell barrier [58]. Notably, the maturation of the
gut immune system depends on the microbiota and the composition of the gut microbiota,
in turn, plays a fundamental role in regulating the activation of the immune system in
the intestine, for example by conditioning both pro- and anti-inflammatory T cell popu-
lations, which can be important in the pathogenesis of inflammatory and autoimmune
diseases [59–61].

Recent studies have shown that the specific microbial composition of the crypt is
distinct from that of the intestinal lumen. In the colonic crypt environment, a Crypt-Specific
Core Microbiota (CSCM) was found populated by members of aerobic non fermentative
(such as Proteobacteria) and anaerobic taxa, namely Acinetobacter, Stenotrophomonas, and
Delftia genera [8,62]. CSCM could have a protective and homeostatic role within the
ISC niche by modulating stem cells’ functions through continuous stimuli, based on the
expression of particular microbe-associated molecular patterns or on the production of
specific metabolites, which can influence the differentiation or proliferation pathways, as
illustrated in the following sections and in Figure 1.
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Notch ligand Delta-like 4; EGF, epidermal growth factor; FoxO3, Forkhead box protein; ISCs, intestinal stem cells; LPS,
lipopolysaccharide; MUC2, mucin 2; NOD2, nucleotide-binding oligomerization domains; PG, peptidoglycan; Relmβ,
resistinlike molecule β; ROS, Reactive Oxygen Species, sIgA, secreted immunoglobulin A; TAC, transient-amplifying cells;
Tff, trefoil factor peptides; Tgf-α, transforming growth factor-α; TLR4, Toll-like receptor 4.

4.1. ISCs Regulation Mediated by Microbiota Engagement of PRRs

A continuous crosstalk between intestinal mucosa and microbiota occurs at the level
of pattern-recognition receptors (PRRs) located in the intestinal epithelial cells. This class of
transmembrane or intracytoplasmic receptors is characterized by the ability to specifically
sense distinctive microbial macromolecular ligands referred to as pathogen-associated
molecular patterns (PAMPs), which include lipopolysaccharide (LPS), flagellin, peptido-
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glycans, and formylated peptides [63]. Toll-like receptors (TLRs) and Nucleotide-binding
oligomerization domainlike receptors (NLRs) are two important families of PRRs [64].

Recent studies in mouse models have revealed the involvement of different classes of
TLRs in the dynamics of the intestinal crypt after LPS injection. In particular TLR4, which is
expressed in the base of the murine intestinal crypt, has been found to affect ISCs apoptosis
and proliferation in a manner mediated via the p53 upregulated modulator of apoptosis
(Puma) but in a Myeloid differentiation primary response 88 (Myd88)-independent man-
ner [65,66]. Naito et al. identified a TLR4-dependent program, activated by LPS, which
affects crypts at different stages of epithelial differentiation [67].

Important interactions occur between TLRs and the Wnt/β-catenin signaling pathway.
For example, TLR4 inhibits enterocyte proliferation by suppressing the Wnt signaling,
through the downmodulation of the Wnt receptor LRP6 [68]. Moreover, Wnt5a and
Wnt10b were found to have a conserved NF-κB binding site, which allows for the binding
of NF-κB, a component of a major pathway downstream of TLR signaling [69].

Although the direct effect of TLR signaling on ISC functions is still largely unknown,
all this evidence firmly suggests the presence of a crosstalk between the microbiota, TLR sig-
naling, and the Wnt and Notch pathways, influencing cell proliferation and differentiation.

Other PRRs that belong to the NLRs family mentioned above, namely the nucleotide-
binding oligomerization domains (NOD), such as NOD1 and NOD2, are important for ISCs
homeostasis. In particular, a recent study has shown that Lgr5+ ISCs cells constitutively ex-
press higher levels of NOD2 than Paneth cells and that NOD2 activation by peptidoglycan
derived from commensal and pathogenic bacteria exerts a strong cytoprotection against
ISCs death mediated by oxidative stress [70]. Therefore, NOD2 triggers stem cell survival
and mediates gut epithelium restitution in the presence of microbiota-derived molecules.

Taken together, these findings suggest that differential stimulation of PRRs in determin-
ing the strength of Wnt-β-catenin or Notch signaling by the microbiota or its derivatives may
establish a conceptual framework for the development of novel therapeutic strategies aimed
at regulating ISCs in cancer as well as in other pathological changes in crypt architecture.

4.2. ISCs Regulation Mediated by Microbiota Production of Reactive Oxygen Species (ROS)

The physical interaction between the gut and intestinal microbiota rapidly induces
ROS generation in gut epithelial cells, resulting in ROS-mediated stimulation of cellular
proliferation and motility, as well as modulation of the innate immune signaling [71].
Redox homeostasis has been shown to critically affect stem cell differentiation and cell
self-renewal [72]. Consistent with this, a recent study has revealed that members of the
commensal genus Lactobacillus can stimulate NADPH oxidase 1 (Nox1)-dependent ROS
generation and subsequent cellular proliferation in ISCs after initial ingestion in Drosophila
and mice under physiological conditions [73]. These ROS-induced effects in ISCs are
likely to be mediated by the Wnt and Notch signaling pathways [74]. Nevertheless, it is
still unclear whether ROS act as direct inducers of ISCs proliferation and differentiation
signaling or indirectly cause damage signals that induce epithelium regeneration involving
the modulation of ISCs function.

4.3. ISCs Regulation Mediated by Microbiota-Derived Metabolites

Several recent studies have demonstrated the role of microbiota-derived metabolites
in ISCs proliferation.

An interesting class of gut microbial metabolites is that of short-chain fatty acids
(SFCA) including acetate, butyrate and propionate [75]. Of interest is butyrate, a
byproduct of fiber fermentation produced by beneficial butyrogenic microbes such
as Faecalibacterium prausnitzii, Eubacterium rectale, and Roseburia species, capable of
inhibiting ISCs proliferation through a Forkhead box protein (FOXO)-3-dependent
mechanism [6]. However, since luminal butyrate suppresses ISCs proliferation only
when it reaches the crypt cells, Kaiko et al. further suggested that under normal
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conditions, colonocytes likely metabolize butyrate for energy and therefore prevent
butyrate from reaching the ISCs [6].

In line with the aberrant effect on proliferation and differentiation exerted by butyrate,
other SFCAs, such as propionate or acetate, also demonstrated an inhibitory effect on the
differentiation capacity of human chorion-derived mesenchymal stem cells (sMSCs) [76]
and multipotent adipose tissue-derived stem cells [77], respectively. However, further re-
search is needed to indicate possible associations between these SFCA and ISCs regulation.

4.4. ISCs Regulation due to Microbiota Effects on Paneth Cells

Previous studies have shown that Paneth cells’ secretory functions are important for
the differentiation and proliferation of ISCs in the crypt [15]. As previously described, they
also exhibit important antimicrobial function by secreting bactericidal proteins such as
α-defensins and lysozyme, reportedly under IFN-γ control [78].

Paneth cells directly sense the gut microbiota and help maintain homeostasis at the
intestinal host-microbial interface [79]. For example, Salmonella infection might induce a
Paneth cell differentiation program—likely in the TAC as the main progenitor responder.
A consecutive and time-dependent upregulation of β-catenin, EphB3, and Sox9 in these
cells results in the expansion of the Paneth cell population, which is not merely a response
to microbial products but reflects a targeted response to limit Salmonella penetration across
the mucosal barrier [80].

Hirao et al. [81] demonstrated that Paneth cells are the first to respond to pathogen infec-
tions and induce gut inflammation through IL-1β signaling in the intestinal crypt epithelium.
However, reversal of the IL-1β induced gut epithelial damage by Lactobacillus plantarum
clearly indicates the existence of synergistic host-microbiota interactions during early
pathogenic infection and supports the potential role of these mechanisms as targets for
therapeutic intervention.

Lee et al. [82] also showed the ability of Paneth and stromal cells to detect the lactate
produced by Lactic Acid Bacteria (LAB) microbiome members through the Gpr81 receptor
and promote ISCs proliferation and epithelial regeneration via Wnt3 signaling.

This initial evidence highlights that the secretory functions of Paneth cells that take
place in the ISC crypt are crucial for the regulation of the intestinal microbiota through
the direct detection of the intestinal commensal bacteria. However, the role of Paneth cells
as critical regulators at the interface between microbiota and ISCs compartment deserves
further exploration.

4.5. ISCs Regulation Mediated by Microbiota-Induced Production of microRNA

Interestingly, new evidence has been provided on microbiota control of ISCs prolif-
eration through microRNAs (miRNAs) changes. Intense scientific research has indeed
shown that miRNAs are key molecular regulators of various biological functions, including
stemness features related to colorectal CSCs, also in response to environmental stimuli [36].
Moreover, it has been demonstrated that different miRNAomes can be found in function-
ally distinct cell types of the intestinal epithelium [83,84] and that miRNAs respond to
the microbiota in a highly cell-type-specific manner [85]. ISC miRNA levels have been
found to be particularly sensitive to the microbiota due to direct influence by bacteria
residing within the ISCs crypt or to changes in the microenvironment, such as metabolites
or endotoxins release or immune cells activation [86]. Among ISC miRNAs regulated
by gut microbiota, miR-375 knockdown has been reported to increase ISCs proliferative
capacity [87].

In addition, small changes in ISC miRNAs expression may result in an alteration
of the composition of intestinal epithelial cells. Accordingly, the manipulation of a sin-
gle miRNA (miR-30) has been shown to promote enterocyte differentiation [88], and it
is conceivable that other as yet unknown miRNAs may influence the fate of different
cell types belonging to the intestinal crypt, including goblet and Paneth cells, thus ulti-
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mately affecting the secretory functions of the crypt epithelium with consequences on the
microbiota composition.

It should be noted that in the gut, extracellular vesicles loaded with miRNAs can be
secreted both basolaterally and apically into the lumen [89]. In a recent study, a possible
modulation of gut microbiota by these luminally-located miRNAs has been proposed [90].

It is clear that the relationship between miRNAs and microbiota in influencing gut
epithelium homeostasis through ISC crypt modulation is multifaceted, interconnected, and
highly complex, but the comprehension of miRNAs dependent host-microbiota interactions
is still very limited. Further research is necessary to explore such interesting relationships.
This will allow to elucidate a key molecular network that contributes to the control of
intestinal homeostasis and that is of considerable interest and of high therapeutic relevance
in the treatment of CRC and other gastrointestinal diseases associated with impaired
ISCs function.

5. Effects of Dysbiosis on ISC Niche Impairment in CRC

Several metagenomic analyses have reported that the host-microbiota mutually bene-
ficial symbiosis existing under physiologic conditions is lost during a state of pathological
microbial imbalance due to alteration of the microbiota composition (dysbiosis) and/or
host genetic susceptibility.

According to the “driver-passenger” model proposed by Tjalsma et al. [91], the dys-
biosis at the origin of CRC may initially be caused by the colonization of driver bacteria
with procarcinogenic features that may potentially initiate CRC development. This results
in a gradual change in the tumor microenvironment, where a secondary colonization
of passenger bacteria can cause further transformation of the epithelial phenotype into
hyperplasia, and adenoma into carcinoma.

Many studies have relied on the identification of the microbial species associated with
CRC, as thoroughly reviewed by Ternes et al. [92], and have shed light on the possibility
that bacteria interfere with the molecular mechanisms underlying CRC. Metagenomic
analyses and functional studies in animal models are progressively identifying the roles of
different bacteria in CRC evolution, including Fusobacterium nucleatum and some strains
of Escherichia coli and Bacteroides fragilis [93–95]. These findings could be extremely useful
for clinical applications, such as the identification of the gut microbiota biomarkers with
diagnostic, prognostic or predictive significance, or intestinal modulation to prevent cancer
or enhance the effect of the specific therapies.

However, despite the many roles that the dysbiotic communities may play in CRC
development are still an object of intense research efforts, here we primarily focus on
the most recent findings that link the gut microbiome to CRC pathogenesis through ISC
niche impairment. In particular, we will describe how a dysbiotic condition can directly or
indirectly affect ISC or its associated microenvironment (ISC niche) by different means, thus
providing a series of stimuli that finally predispose the host organism to CRC development
(Figure 2).

5.1. Microbiota Promotion of Colon Inflammation, Leading to ISC Niche Impairment in CRC

In recent years, many studies have shown that the inflammatory microenvironment
contributes to the process of tumor initiation and progression, including CRC pathogene-
sis [96]. Since the ISC niche has a close connection with the inflammatory microenviron-
ment, we can assume that a frequent tumorigenic mechanism is promoted by inflammation,
through the enhancement of proliferative and survival signaling in the ISC niche. Several
lines of evidence indicate that different molecular and cellular mechanisms participate
in the reciprocal action between ISCs/CSCs and inflammatory mediators, involving the
release of inflammatory cytokines (interferons (IFNs), tumor necrosis factor (TNF), IL-6,
IL-17) and the activation of inflammatory cells, such as myeloid-derived suppressor cells
and tumor-associated macrophages [97]. Consistently with this, among the protumorigenic
inflammation-associated pathways in CRC, the particularly active signaling pathways in
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the transformed intestinal epithelium are those involved in the commitment and matu-
ration of myeloid and lymphoid cells, such as those associated with NF-κB and signal
transducer and activator of transcription 3 (STAT3) [98]. In these conditions, excessive
intestinal inflammation due to an imbalance between the gut microbiota and mucosal
immunity could represent a critical source of stimuli predisposing to CRC also through
ISC niche impairment.
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For example, enterotoxigenic Bacteroides fragilis, which is abundant in the stool samples
of CRC patients [99], induces the expression of proinflammatory chemokines in colonic
epithelial cells [94] and is responsible for morphological changes in epithelial cells, mucosa
damage, and mucin degradation due to the presence of metalloprotease and B. fragilis toxin
(BFT) [100]. In addition, experiments in mice have revealed that B. fragilis coordinates a
procarcinogenic inflammatory cascade via IL-17-dependent STAT3 and NF-κB signaling in
colonic epithelial cells, also supporting the differentiation of myeloid-derived suppressor
cells and tumor-associated macrophages [94]. In contrast, Nontoxigenic B. fragilis exerts
an immunoprotective role against colitis-associated CRC, which is mediated by TLR2
signaling in mice [101].

Another recent research paper reported that Enterococcus faecalis can cause colitis after
infection and, in murine intestinal epithelial cells, can induce TGF-β expression, thereby
activating the Smad signaling pathway [102]. Under physiological conditions, TGF-β down-
regulates inflammatory responses to commensal bacteria and helps to induce immune
tolerance. Interestingly, it has been strongly suggested that TGF-β signal transduction
drives dedifferentiation and enhances stem cell properties in CRC [103]. In addition,
E. faecalis leads to the expression of progenitor and tumor stem cell markers. As a further
inflammation-related tumorigenic mechanism, it polarizes colon macrophages to produce
endogenous mutagens that initiate chromosomal instability (CIN), and drives CRC through
a bystander effect. This provide new insights into the mechanism underlying CRC initiation
based on endogenous transformation and tumor stem cell marker expression through a
microbiome-driven bystander effect [104].



Cancers 2021, 13, 996 11 of 25

Such emerging evidence highlights the significant role of the crosstalk between CSCs
and the inflammatory microenvironment associated with a dysbiotic condition in CRC
initiation and progression.

5.2. Production of Microbiota Metabolites Affecting ISCs Proliferation/Differentiation in CRC

Following the first evidence obtained in Drosophila, showing the ability of the com-
mensal Acetobacter pomorum to regulate host energy metabolism and ISCs activity [105], a
growing body of research supported the hypothesis that a dysbiotic condition can affect
human niche stem cells’ functions in terms of metabolic dysregulation.

Several studies have established the importance of the microbiota in CRC initiation
through the alteration of gut microbial homoeostasis and the disruption of the physiological
secretome/metabolome in the intestinal microecosystem based on a subtle equilibrium be-
tween normal cells and beneficial microbes. In this section, we describe the various classes
of metabolites and secretory products that are released into the tumor microenvironment
by the gut microbiota. We discuss the effects of the microbial products on the ISC niche
through the modulation of the host metabolism, a topic still in its infancy, and highlight the
contribution of ageing and dietary intake to the modulation of gut metabolites’ production
and function.

The oncometabolites-gut microbiota metabolome includes growth factors, cytokines,
proteases, kinases, but also metabolic intermediates that have been seen to progressively
accumulate in cancer, either upstream (e.g., L-2-hydroxyglutarate, succinate, fumarate) or
downstream (e.g., D-2-hydroxyglutarate, lactate) of metabolic defects [106]. A variety of
these metabolites are closely related to CRC [107]. For example, B. fragilis and some Prevotel-
laceae, but also F. nucleatum and E. coli produce succinate, which exerts a proinflammatory
role [108]. Usually, succinate in the gut lumen is an intermediate of the propionate produc-
tion in several species such as Veilonella parvula and Phascolarctobacterium succinatutens [109].
Succinate is an interesting metabolite produced by both the microbiome and the host and
its accumulation produces several effects on both of them [108]. For example, succinate
produced by LPS-activated macrophages acts in a paracrine and autocrine way to promote
IL-1β secretion [110] and sustains inflammation. Lumen succinate accumulation is sensed
by enterohemorrhagic E. coli (EHEC) and activates the expressions of virulence genes [111]
that are able to reduce the mucus layer [112]. Interestingly, succinate was found to affect
ISCs activity by suppressing cell proliferation [113] inducing superoxide production and
mucosa damage in the colon [114].

Another example is the metabolic intermediate L-2-hydroxyglutarate (2HG) produced
by the E. coli catabolism of lysine to succinate, which is involved in epigenetic deregulation
and reprogrammed metabolism in numerous types of cancer [115]. Consequently, the 2HG
putative oncometabolite could stimulate carcinogenesis by keeping malignant cells in an
undifferentiated stemlike state [116]. Moreover, it has been proposed that 2HG overpro-
duction may take part in a metabolic dysregulation involving disruption of mitochondrial
pyruvate metabolism in intestinal epithelial cells, resulting in a significant effect on ISC
proliferation, according to recent studies in Drosophila [117].

Furthermore, lactate, which is one of the main products of the symbiotic LAB, usefully
applied in therapeutic approaches through the regulation of lactate in the tumor microen-
vironment, seems to sustain cancer cells in particular conditions and is actively exchanged
among glycolytic and oxidative tumor cells [118]. As mentioned above, microbial lactate is
sensed by Paneth and stromal cells and promotes ISCs proliferation as observed after the
administration of two LAB, such as Bifidobacterium and Lactobacillus spp., in mice. Microbial
lactate is sensed by the Grp91 receptor on stromal and Paneth cells and through Wnt3 and
PORCN signaling promotes ISCs proliferation and differentiation [82].

Short-chain fatty acids (SCFA)-Saccharolytic fermentation stimulated by a high-fiber
diet produces SCFAs, namely butyrate, acetate, and propionate. The mechanism of SCFAs
absorption can be mediated by passive diffusion or more often by dedicated transporters
on the intestinal epithelial cells [119]. It has been suggested that in a condition of “leaky”
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gut permeability due to tissue damage or senescence, SFCAs exert their metabolic regu-
lations on the host stem cells contributing to the accumulation of mitochondrial damage
accompanied by the imbalance between glycolysis and oxidative phosphorylation. This
induces an abnormal accumulation of ROS and eventually aberrant stem cell prolifera-
tion/differentiation and, in turn, depletion of stem cells [120].

At the cellular level, SCFAs can affect processes such as cell proliferation, differen-
tiation, and gene expression, either directly or indirectly. In particular, butyrate, which
is produced by specific colonic bacteria, predominantly Clostridia clusters XIVa and IV
of Firmicutes [121], can drive the epigenetic regulation of gene expression through the
inhibition of histone deacetylases (HDACs) and the activation of histone acetyltransferases
(HATs) [122]. Butyrate can also regulate some miRNAs, such as miR-106b [123] and
miR-92a [124], which regulate p21 and p57 gene expression in CRC, respectively.

Regarding the effects of SCFAs on ISCs, a proliferation-promoting role on intesti-
nal epithelial cells has been indicated [125]. However, there are conflicting data on this
topic, possibly due to the existence of unmanageable confounders in different studies,
which may contribute to diverging results, for example the lack of standardized animal
feed. Furthermore, it should not be excluded that SCFAs exert opposite effects on ISCs
through different mechanisms. For instance, butyrate is used by colonocytes as their main
energy source [126] and, consistently with this, it can stimulate ISCs proliferation. On
the other hand, butyrate can affect the expression of genes regulating proliferation that
may or may not support ISCs proliferation, as observed in vivo [3] and in vitro in small
intestinal organoids [127]. Paralleling this dualistic role on ISCs, there are no concordant
versions on the tumor suppressive role of butyrate in CRC, as highlighted by the “Butyrate
Paradox” [128].

In addition to influencing ISCs proliferation, SCFAs have been proven to induce dif-
ferentiation to goblet cells, as demonstrated in vitro and in germ-free mice monocolonized
by Bacteroides thetaiotaomicron, a gut microbiota species known to produce acetate [129].
Further in vitro studies based on human intestinal cell lines or mouse small intestinal
organoids also revealed the ability of propionate to enhance the expression of the genes
involved in goblet cell differentiation via PPAR-γ signaling [130].

Mounting evidence suggests that SCFAs can be linked to a lower risk of CRC and
successfully used for CRC prevention or therapy. For example, butyrate suppresses proin-
flammatory genes and tumor growth and inhibits the proliferation of healthy ISCs [3,131].
However, the mechanisms underlying a possible role for SCFAs in reprogramming ISCs
fate during colorectal tumorigenesis are still unclear. Further research on the mechanisms
of butyrate-induced pro- and anti-CRC activities will be crucial for the prevention of CRC
by improving diet regimens.

Secondary bile acids—increased levels of bile acid in the gut, for example due to a
high-fat diet [132]—seem to favor Gram-positive members of the Firmicutes [133]. Among
them, some bacteria 7α-dehydroxylate host primary bile acids to toxic secondary bile
acids, including deoxycholic (DCA) and lithocholic (LCA) acids. Both DCA and LCA
can significantly induce CRC development by multiple molecular mechanisms involving
ROS production, DNA damage, and chromosomal instability [134]. Interestingly, these
secondary bile acids were found to promote the generation of colorectal CSCs [135,136].

Reactive Oxygen Species (ROS) microbes produce free radicals that damage DNA.
For instance, Enterococcus faecalis can produce extracellular superoxide and hydro-
gen peroxide, which can cause DNA damage in colonic epithelial cells [137]. Simi-
larly, Bacteroides fragilis produces ROS which can damage host DNA and contribute to
CRC [138]. Peptostreptococcus anaerobius also induces ROS accumulation, an event that
supports cholesterol biosynthesis, which in turn induces cell proliferation and causes
dysplasia in mice [139]. P. anaerobius is significantly enriched in the feces and tissues of
CRC patients [140].

Overall, although the precise regulation of stem cell activity in response to the high
levels of ROS produced by microbial species remains obscure, ROS overproduction has
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been clearly associated with different types of tissue damage, and, in particular, oxidative
stress has proved crucial to prompt ISCs overproliferation and CRC initiation [141].

Bacteria implicated in CRC are characterized by the expression of genotoxins, which
can directly alter the gene pools in target cells, resulting in genomic instability and ulti-
mately triggering cancer development. This can be observed, for example, in response to
the different types of genotoxins produced by E. coli. Among them, polyketide synthase-
positive E. coli produces colibactin, a genotoxin that induces DNA double-strand breaks
in host cell DNA both in vitro and in vivo studies [142,143]. Cytotoxic necrotizing factor
1 (CNF1) is another protein toxin produced by extraintestinal pathogenic E. coli, which
in vitro can block cell mitosis and enhance endoreplication, thus inducing cell multinucle-
ation, polyploidy and ultimately genomic instability in the progeny [144]. Recent works
have documented that E. coli stimulates tumor formation both in vitro and in Familial
adenomatous polyposis (FAP) patients in the presence of enterotoxigenic Bacteroides fragilis
co-colonization [100,145].

How microbiota-dependent genotoxins affect many of the survival and proliferation
pathways of ISCs is beyond being completely understood. Further studies in this direction
will help to elucidate the extent to which genotoxic insults derived from the gut microbiota
can contribute to the formation of CSCs, which are intrinsically tolerant to DNA damage
and fail to undergo cell death upon the accumulation of genetic and epigenetic alterations.

5.3. Invasive Microbes Inducing ISCs Impairment in CRC

Under normal conditions, the intestinal mucosal lining forms an effective barrier against
invading pathogens and provides a suitable environment for commensal microbes to out-
compete potentially pathogenic bacteria. The commensal microbiota is metabolically active
against pathogens, causing starvation of their competitors, and through this it indirectly
plays a key role in maintaining the mucosal layers and epithelial integrity [146,147].

In dysbiosis, which can be due to genetics, environmental factors, diet, drug in-
take [148], pathogenic strains can take over the altered commensal microbiota or can cause
dysbiosis themselves. What happens during infection by harmful microbes is therefore a
local disruption of the mucosal lining caused by inflammation, which principally occurs as
a first-line immune reaction against a pathogen [149]. In this context, different mechanisms
can be responsible for tissue damage. A tissue can be directly injured by pathogens or be
attacked by immune cells that respond to pathogens, such as activated ROS-producing im-
mune cells, finally leading to the invasion of damaged tissue by harmful microbes. Tumor
sites have impaired intestinal epithelial barriers that can further enhance carcinogenesis
by allowing invading bacteria to penetrate the intestinal mucosa, resulting in increased
inflammation [150].

The functional relationship between inflammation-dependent tissue damage and
cancer is not new. However, a particular role of the inflammatory microenvironment has
been recently proposed as a cancer-inducing niche responsible for the development of
CSC [151]. As an extension of this concept, it could be assumed that microbiota-dependent
pathogens invasion associated with an inflammatory status could influence, through a
complex system of regulators that control the proliferation/differentiation balance of the
ISCs, the niche cell turnover and consequently result in altered epithelial barrier function.

Consistent with this, recent work documented the alteration of tumor stem cell func-
tion in murine CRC due to intruding bacteria, including E. coli and/or Shigella, as well as
Citrobacter. This effect was triggered by activation of TLR-dependent calcineurin/NFAT
signaling in tumor cells, resulting in the upregulation of stem cell-associated genes (Cd44v6,
Lgr5, Olfm4 and Dclk1) [152].

Similarly, the dysbiotic behavior of constitutively invasive variants of nonpathogenic
commensal bacteria was correlated with CRC tumorigenesis. Sahu et al. demonstrated
that the aberrant host internalization of E. coli induces intestinal CSCs expansion and
tumorigenicity by activating multiple host signal transduction cascades downstream of
microbe sensing pathways Nod1/Rip2 and TLR/MyD88 [153].



Cancers 2021, 13, 996 14 of 25

Interestingly, these studies support the idea that microbe-driven tumorigenesis may
not only result from a possible commensal virulence, but could be determined by self-
derived features of the commensal microbiota at the interface with the host mucosal
barrier. In this scenario the biofilm would seem to play a key role in colon carcinogene-
sis. Dejea at al. [154] defined biofilms as “aggregations of microbial communities encased
in a polymeric matrix that adhere to either biological or nonbiological surfaces” and
demonstrated, for the first time, the link between bacterial biofilms and CRC. Biofilms,
predominantly present in the proximal ascending colon, may create procarcinogenic envi-
ronments, strictly connected to the accumulation of proinflammatory taxa which can affect
the physiological processes of the colorectal epithelium leading to alter the polyamine
metabolism with consequent modification of the regulation of inflammation, apoptosis
and cell proliferation [155,156]. This effect can also occur at the ISC niche level, exercising
a different role in the homeostatic or tumorigenic context. Along these lines, it has been
shown that particular microbiota components belonging to biofilm structures organized
in the gut mucus layer can invade the colonic crypts. These microbes mainly consist of
known right colon cancer (RCC)-associated bacteria [154,157]. It is not excluded that the
adherent microbes contained in the crypt-specific core microbiota may represent a crucial
link between environmental stimuli and stem cell dysregulation to yield focal lesions. In
this regard, they could be considered important mediators of the tumor initiation. At
the same time, understanding what drives the formation of biofilms and if this process
can be modulated through microbial manipulation techniques, as in the case of the use
of engineered bacteria, could represent an interesting starting point for future research
activities [158]. Initial encouraging results in animal models have shown indeed that the
engineered Escherichia coli Nissle 1917 expressing biofilm-disrupting enzyme is capable of
counteracting Pseudomonas aeruginosa biofilm infection [159], an effect that has been demon-
strated similarly by probiotic bacteria, Lactobacilli, against the biofilm of Vibrio cholerae, an
intestinal pathogen [160].

6. OMICS Approaches at the Host-Microbiota Interface toward Novel Precision
Medicine Strategies in CRC
6.1. Omics Approaches Potential in Deciphering Host-microbiota Interface at ISC Niche Level

Recent developments in High Throughput Sequencing technologies (HTS) and bioin-
formatics tools applied to the study of microbial communities associated with a specific
habitat, have allowed for much deeper knowledge than was previously possible. What
is present, what is expressed, what is translated, what is produced are just some of the
questions that “omics” approaches can answer.

Significant advances in “omics” technologies applied to the study of microbiota
in the form of (meta)genomics, (meta)transcriptomics and (meta)proteomics, as well as
epigenomics and metabolomics, have provided a large volume of information regarding
the identification of taxa, gene functions, biological pathways, microbial evolution and
metabolic networks.

It should be pointed out that the study of microbiota, both in physiological and patholog-
ical conditions, such as CRC, is influenced by numerous technical variables as well as by the
type of sample from which it is isolated. Fecal samples are frequently used in human gut mi-
crobiome studies, with results consistently reporting enrichment of Peptostreptococcus stomatis,
Parvimonas micra, Porphyromonas spp. and Fusobacterium nucleatum in the feces of CRC pa-
tients [161–164]. More meaningful mechanistic data about the host-microbe relationship in
CRC can be obtained by analyzing biopsy samples of gut mucosa, due to the adherence of
the microbial cells to the intestinal epithelium. Recent studies analyzing this type of sample
reported that Fusobacterium, Parvimonas, Gemella and Leptotrichia are most significantly
enriched in early-stage CRC [165], while Fusobacteria and ε-Proteobacteria increase as the
CRC stage advances [166]. Instead, much, if not all, has yet to be revealed at the ISC
niche level.
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However, deciphering the interaction between the microbiota and the intestinal crypt
with a higher cell resolution, i.e., at the ISC niche level, is a challenge that could be
successfully faced by applying different “omics” approaches.

Among them, Metagenomics is commonly used to reveal microbial diversity and
provide an overview of the microbiome species distribution in a sample [167]. Huge
advancements in microbial DNA sequencing techniques, represented by the “amplicon-
based” and “shotgun” approaches, and the bioinformatics tools required to analyze the
data sets obtained, have made it possible to achieve a much more in-depth profiling of the
composition of the microbial communities, even at the stem niche level. In particular, the
amplicon-based metagenomic approach, targeting two hypervariable regions of the 16S
rRNA gene, helped researchers to identify a crypt-specific core microbiota (CSCM) in both
human and murine colon [8,62].

Metatranscriptomics, on the other hand, aims to evaluate the expression level of
microbial or host genes, also in response to specific stimuli, by applying of a complex
technique consisting in the synthesis of complementary DNA (cDNA) from genes tran-
scribed in the messenger RNA (mRNA) then sequenced. In the case of gut microbiome,
Metatranscriptomics provides a true systems biology approach to identify microbiome
reactions to environmental changes, such as exposure to antibiotics, pathogenic infection
or probiotic administration. The RNAseq analysis was applied by Peck et al. (2017) [86] to
investigate the factors and mechanisms that influence the interaction between microbiota
and ISC. In this study, the microbiota appears to exert control of ISC proliferation in part
through miRNA-dependent regulation. In the presence of the microbiota, miR-375 was
found to be suppressed and these data correlated with an increased proliferative capacity
of ISC. The applied approach also allowed them to demonstrate that the miRNA profiles
are cell-type specific in the intestinal epithelium and their expression levels also change in
relation to the gut microbiota, ensuring the control of the function and overall homeostasis
of the intestinal epithelium.

Understanding the function and interactions of the gut microbiota in their entirety is
the goal of Metaproteomics and Metabolomics. The first approach provides information of
the functioning microbial proteins. Characterization of the metaproteome, using 2D-PAGE
and mass spectrometry, is expected to provide data linking genetic and functional diversity
of microbial communities. It holds significant promise for cancer microbiome research.
For example, proteomic technologies can aid in the exploration of the effects of the gut
microbiota on the pharmacodynamics of cancer therapy drugs [168]. It can also provide
new insights into microbial components with potential anticancer function, as observed
for E. coli and Staphylococcus aureus which release outer membrane vesicles (OMVs) con-
taining trypsin-sensitive surface proteins. These vesicles can reportedly induce anticancer
cytokines in a mouse model of CRC, resulting in a significant reduction in tumor bur-
den [169]. On the other hand, Metabolomics enables the identification and quantification
of metabolites deriving from an altered metabolism in response to pathophysiological stim-
uli [170]. Powerful spectroscopic techniques, such as nuclear magnetic resonance (NMR)
spectroscopy and/or mass spectrometry, are recognized as the most powerful techniques
used in Metabolomics. In the context of cancer microbiome, different metabolites can derive
from the host metabolism, microbial metabolism or cometabolism between microbiota
and host. A successful Metabolomics approach was used to demonstrate that succinate
accumulation in presence of a dysbiotic microbiome, as shown in IBD patients, is probably
due to loss of succinate-consuming microbes (Bacteroidetes and Negativicutes) [108]. Hence,
Metabolomics provides a valuable tool for elucidating functional interactions between dys-
biosis and changes in host physiology, including the development of cancer and intestinal
inflammatory diseases [171,172]. The evaluation of the gut microbiota metabolic activity
may also be a predictor of chemotherapeutic toxicity in CRC [173,174]. Another interesting
field of Metabolomics application is “pharmacomicrobiomics”, which would allow us to
understand the host-microbiota crosstalk between the metabolic and immune functions in
a host with or at risk of cancer, in response to therapy [175]. To the best of our knowledge,
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there are still no published data regarding the application of Metabolomics to investigate
the interaction between microbiome and ISC, an aspect that could become an interesting
research focus for future studies.

While large sequencing endeavors are focused on exploring the whole genome of
all microbes in the environment, single-cell sequencing approaches may be employed to
analyze the least abundant microbial species within community samples [176]. In fact,
natural heterogeneity is averaged in traditional sequencing approaches, whereas single-
cell sequencing can potentially recognize cellular differences within heterogeneous cell
populations in any tissue or cell culture. For instance, single-cell RNAseq was used to
define the proportions of different intestinal cell types and their responses to bacterial and
helminth infections such as Salmonella and Heligmosomoides polygyrus. In this study, the ISCs
gene expression profiles revealed that the response to different infections follows similar
(activation of stress gene modules) but also specific patterns resulting in restructuring of the
epithelial barrier [177]. Single-cell sequencing has already achieved other important results,
such as the discovery of bacteria with an alternative genetic code [178], the characterization
of specific bacterial species isolated from mouse gut microbiome samples [160], the ability
to observe which gut microbial components are foraged by host-compounds [179], and the
absolute quantification of the gut microbiome taxon abundances [180,181].

The isolation of cells from solid samples such as swabs, biopsies and tissues, and the
analysis of very low starting quantities of DNA and RNA, sometimes down to femtograms
of material, represents a relevant limitation for single-cell sequencing techniques. Along
with these aspects, it is also important not to underestimate the technical difficulties associ-
ated with the bioinformatic analysis of data. In fact, new challenges arise in bioinformatics
and biostatistics to cope with the exponential increase in studies exploiting single-cell
sequencing. In scRNA-Seq the methods of quality control, normalization, differential gene
calling, and clustering are different from those applied in traditional bulk sequencing [182].
In microbiome investigation, Single Amplified Genomes (SAG) sequencing allows access
to the genome of single microbes, but new bioinformatic workflows need to be developed
to address low-coverage issues [183].

However, this technology shows significant advantages over other approaches, such
as Metagenomics. It can not only generate a high-quality genome for minor microbial
community members, but can also identify the functions of individuals within the commu-
nity, linking these functions to specific species. Moreover, such a powerful technology can
simultaneously analyze the microbial genomes and extrachromosomal genetic materials
in a cell, thus evaluating host-microbe interactions at cell level [184,185], a property that
could be very useful if applied to the exploration of the microbiota-ISC niche interaction.

6.2. Application of Different Multiomics to CRC Microbiota Research towards Precision Medicine

With advances in HTS approaches and bioinformatics tools, microbiome studies have
expanded beyond simply profiling of microbiota composition, integrating multiomics
analyses for a more comprehensive assessment of microbial communities. This strategy
integrates the ability of Metagenomics to achieve the taxonomic composition in a mi-
crobial community along with the analysis of Metatranscriptome, Metaproteome, and
Metabolome, leading to unravel the possible functional implications of changes occurring
in a complex microbiota.

Successful results were achieved when assessing the role of multiomics data analysis
in gut microbiome and host-microbe interactions [186] or food-microbial interactions [187].

An example of how the integrative multiomics approach can increase the understand-
ing of ISCs biology is clearly shown in the paper by Habowski et al. [188]. They developed a
cell-sorting protocol to discriminate between different cellular types and applied single-cell
Transcriptomics and Proteomics in mice to develop a model of stemness loss along cell
differentiation. Interestingly, the changes in expression profiles from ISCs to committed
precursors were principally characterized by splicing events rather than by genes switching
off. Moreover, the intersection between transcriptomic and proteomics data revealed that
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although the levels of mRNAs encoding proliferation markers (e.g., Mki67, Pcna, and
Mcms) are higher in stem cells than in differentiated ones, their protein products are still
detectable in differentiated cells.

As far as the application of the multiomics approach to the study of microbiome
influence on the ISC niche homeostasis, a recent study also including lipidomic and
metabolomic analyses evaluated the diet-microbiome-host interactions using mouse intesti-
nal organoids [189]. This study illustrated the potential of multiomics to provide valuable
new insights into the mechanisms by which the ISC niche is affected by nutrient-gene
or microbiome-gut epithelium interactions. This could open up new opportunities to
exploit specific microorganisms in personalized nutritional strategies, as well as for a better
understanding of the role of gut microbiota in the initiation, development and possibly
prevention of CRC.

However, the application of integrative omics approaches to the study of host- micro-
biota interactions at the ISC niche level could be complicated by the heterogeneity among
the different niche cell types with different biological processes continuously occurring at
the single cell level. Consequently, omics approaches are progressively focusing on the
study of individual cells [190,191]. Thus, emerging single cell-based strategies could pave
the way for future analyses describing the influence of microbiota on the distribution of
cell types, transcriptional profiling, as well as the proteome and metabolome at the single
cell level.

The multiomics strategy poses new challenges in both biostatistics and bioinformatics
to develop methods and tools able to face and overcome some known limitations associated
with the “single” omics (e.g., compositional nature of metabarcoding data in the “amplicon-
based” Metagenomics approach) [192]. In this context, an interesting tool is the integrative
network where multiomics data are used to produce a snapshot of the crosstalk between
the microbes and the host. A pioneering approach was applied by Llyod-Price et al. [193]
where ten different data types (e.g., metagenomic, metatranscriptomic, metabolomic, host
transcriptomic data) were analyzed to shed light on the IBD pathogenesis.

Integrated multiomics approaches will be gradually included in the framework of
precision medicine. In fact, it is now well known that variations in responses to cancer
therapy are not only caused by genetic differences between patients [194,195], but also by
interindividual differences in gut microbiomes [196–198]. It should be noted indeed that
some anticancer drugs can induce dysbiosis [199]. This implies the opportunity to improve
anticancer treatments by taking into account microbiome-informed patient stratification,
through personalized therapies and/or through an adequate manipulation of patient gut
microbiota through diet, probiotic and prebiotic interventions, or fecal transplant as tested
in recurrent Clostridium difficile infection [200].

7. Concluding Remarks and Future Perspectives

Intestinal homeostasis is driven by normal ISCs and is deeply influenced by luminal
microbiota. In CRC, the exact interaction mechanisms between microbiota and aberrantly
reprogrammed CSCs are still unknown. However, the integrative multiomics approach is
rapidly evolving and our understanding of the role of gut microbiota-ISCs interaction in
colorectal tumorigenesis is expanding.

At the same time, the shift from observational microbiota investigation to associ-
ation studies, which elucidate the role of specific microbes in modifying the luminal
microenvironment and promoting ISCs transformation, might serve to achieve a better
understanding of the CRC pathogenesis, as well as to develop novel diagnostic tools and
new therapeutic approaches, which might include more direct therapeutic targeting of the
pathways that direct ISC differentiation, such as microbiota engineering, TLR targeting,
or organoid transplantation. In particular, a future application of the new personalized
therapeutic strategies based on microbiota modification could be directed to hopefully
prevent/correct the aberrant ISCs reprogramming in the context of dysbiosis linked to the
CRC pathogenesis.



Cancers 2021, 13, 996 18 of 25

Author Contributions: Conceptualization, M.D.R., M.M., B.F. and G.P.; writing—original draft
preparation, M.D.R., M.M., B.F., E.P. and G.D.; writing—review and editing, M.D.R., M.M., B.F. and
G.P.; supervision, M.D.R. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Italian Ministry of Education, University and Research
(MIUR): PRIN 2017J3E2W2_05; European Research Council ERC: HomeoGUT No. 615735. This
work was also supported by the European Union—FESR o FSE, PON Ricerca e Innovazione 2014–
2020-project BIOMIS—Costituzione della biobanca del microbiota intestinale e salivare umano: dalla
disbiosi alla simbiosi (project code ARS01_01220).

Acknowledgments: Authors thank Annarita Armenise for technical assistance.

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

References
1. Thoo, L.; Noti, M.; Krebs, P. Keep Calm: The Intestinal Barrier at the Interface of Peace and War. Cell Death Dis. 2019, 10, 1–13.

[CrossRef] [PubMed]
2. Moossavi, S.; Zhang, H.; Sun, J.; Rezaei, N. Host–Microbiota Interaction and Intestinal Stem Cells in Chronic Inflammation and

Colorectal Cancer. Expert Rev. Clin. Immunol. 2013, 9, 409–422. [CrossRef]
3. Kreso, A.; Dick, J.E. Evolution of the Cancer Stem Cell Model. Cell Stem Cell 2014, 14, 275–291. [CrossRef] [PubMed]
4. Fidelle, M.; Yonekura, S.; Picard, M.; Cogdill, A.; Hollebecque, A.; Roberti, M.P.; Zitvogel, L. Resolving the Paradox of Colon

Cancer Through the Integration of Genetics, Immunology, and the Microbiota. Front. Immunol. 2020, 11. [CrossRef]
5. Grice, E.A.; Segre, J.A. The Human Microbiome: Our Second Genome. Annu. Rev. Genom. Hum. Genet. 2012, 13, 151–170.

[CrossRef] [PubMed]
6. Kaiko, G.E.; Ryu, S.H.; Koues, O.I.; Collins, P.L.; Solnica-Krezel, L.; Pearce, E.J.; Pearce, E.L.; Oltz, E.M.; Stappenbeck, T.S. The

Colonic Crypt Protects Stem Cells from Microbiota-Derived Metabolites. Cell 2016, 165, 1708–1720. [CrossRef]
7. O’Keefe, S.J.D. Diet, Microorganisms and Their Metabolites, and Colon Cancer. Nat. Rev. Gastroenterol. Hepatol. 2016, 13, 691–706.

[CrossRef] [PubMed]
8. Saffarian, A.; Mulet, C.; Regnault, B.; Amiot, A.; Tran-Van-Nhieu, J.; Ravel, J.; Sobhani, I.; Sansonetti, P.J.; Pédron, T.

Crypt- and Mucosa-Associated Core Microbiotas in Humans and Their Alteration in Colon Cancer Patients. mBio 2019,
10, e01315-19. [CrossRef]

9. Allaire, J.M.; Crowley, S.M.; Law, H.T.; Chang, S.-Y.; Ko, H.-J.; Vallance, B.A. The Intestinal Epithelium: Central Coordinator of
Mucosal Immunity. Trends Immunol. 2018, 39, 677–696. [CrossRef] [PubMed]

10. Yan, K.S.; Chia, L.A.; Li, X.; Ootani, A.; Su, J.; Lee, J.Y.; Su, N.; Luo, Y.; Heilshorn, S.C.; Amieva, M.R.; et al. The Intestinal Stem Cell
Markers Bmi1 and Lgr5 Identify Two Functionally Distinct Populations. Proc. Natl. Acad. Sci. USA 2012, 109, 466–471. [CrossRef]

11. Clevers, H. The Intestinal Crypt, A Prototype Stem Cell Compartment. Cell 2013, 154, 274–284. [CrossRef]
12. Cheng, H.; Merzel, J.; Leblond, C.P. Renewal of Paneth Cells in the Small Intestine of the Mouse. Am. J. Anat. 1969, 126, 507–525.

[CrossRef] [PubMed]
13. De Lau, W.; Peng, W.C.; Gros, P.; Clevers, H. The R-Spondin/Lgr5/Rnf43 Module: Regulator of Wnt Signal Strength. Genes Dev.

2014, 28, 305–316. [CrossRef]
14. Barker, N. Adult Intestinal Stem Cells: Critical Drivers of Epithelial Homeostasis and Regeneration. Nat. Rev. Mol. Cell Biol. 2014,

15, 19–33. [CrossRef] [PubMed]
15. Sato, T.; van Es, J.H.; Snippert, H.J.; Stange, D.E.; Vries, R.G.; van den Born, M.; Barker, N.; Shroyer, N.F.; van de Wetering, M.; Clevers,

H. Paneth Cells Constitute the Niche for Lgr5 Stem Cells in Intestinal Crypts. Nature 2011, 469, 415–418. [CrossRef] [PubMed]
16. Pereira, B.; Amaral, A.L.; Dias, A.; Mendes, N.; Muncan, V.; Silva, A.R.; Thibert, C.; Radu, A.G.; David, L.; Máximo, V.;

et al. MEX3A Regulates Lgr5+ Stem Cell Maintenance in the Developing Intestinal Epithelium. EMBO Rep. 2020, 21, e48938.
[CrossRef] [PubMed]

17. Sangiorgi, E.; Capecchi, M.R. Bmi1 Is Expressed in Vivo in Intestinal Stem Cells. Nat. Genet. 2008, 40, 915–920. [CrossRef] [PubMed]
18. Montgomery, R.K.; Carlone, D.L.; Richmond, C.A.; Farilla, L.; Kranendonk, M.E.G.; Henderson, D.E.; Baffour-Awuah, N.Y.;

Ambruzs, D.M.; Fogli, L.K.; Algra, S.; et al. Mouse Telomerase Reverse Transcriptase (MTert) Expression Marks Slowly Cycling
Intestinal Stem Cells. Proc. Natl. Acad. Sci. USA 2011, 108, 179–184. [CrossRef] [PubMed]

19. Kim, C.-K.; Yang, V.W.; Bialkowska, A.B. The Role of Intestinal Stem Cells in Epithelial Regeneration Following Radiation-Induced
Gut Injury. Curr. Stem Cell Rep. 2017, 3, 320–332. [CrossRef]

20. Farin, H.F.; Van Es, J.H.; Clevers, H. Redundant Sources of Wnt Regulate Intestinal Stem Cells and Promote Formation of Paneth
Cells. Gastroenterology 2012, 143, 1518–1529.e7. [CrossRef] [PubMed]

21. Sasaki, N.; Sachs, N.; Wiebrands, K.; Ellenbroek, S.I.J.; Fumagalli, A.; Lyubimova, A.; Begthel, H.; van den Born, M.; van Es, J.H.;
Karthaus, W.R.; et al. Reg4+ Deep Crypt Secretory Cells Function as Epithelial Niche for Lgr5+ Stem Cells in Colon. Proc. Natl.
Acad. Sci. USA 2016, 113, E5399–E5407. [CrossRef]

http://doi.org/10.1038/s41419-019-2086-z
http://www.ncbi.nlm.nih.gov/pubmed/31699962
http://doi.org/10.1586/eci.13.27
http://doi.org/10.1016/j.stem.2014.02.006
http://www.ncbi.nlm.nih.gov/pubmed/24607403
http://doi.org/10.3389/fimmu.2020.600886
http://doi.org/10.1146/annurev-genom-090711-163814
http://www.ncbi.nlm.nih.gov/pubmed/22703178
http://doi.org/10.1016/j.cell.2016.05.018
http://doi.org/10.1038/nrgastro.2016.165
http://www.ncbi.nlm.nih.gov/pubmed/27848961
http://doi.org/10.1128/mBio.01315-19
http://doi.org/10.1016/j.it.2018.04.002
http://www.ncbi.nlm.nih.gov/pubmed/29716793
http://doi.org/10.1073/pnas.1118857109
http://doi.org/10.1016/j.cell.2013.07.004
http://doi.org/10.1002/aja.1001260409
http://www.ncbi.nlm.nih.gov/pubmed/5369113
http://doi.org/10.1101/gad.235473.113
http://doi.org/10.1038/nrm3721
http://www.ncbi.nlm.nih.gov/pubmed/24326621
http://doi.org/10.1038/nature09637
http://www.ncbi.nlm.nih.gov/pubmed/21113151
http://doi.org/10.15252/embr.201948938
http://www.ncbi.nlm.nih.gov/pubmed/32052574
http://doi.org/10.1038/ng.165
http://www.ncbi.nlm.nih.gov/pubmed/18536716
http://doi.org/10.1073/pnas.1013004108
http://www.ncbi.nlm.nih.gov/pubmed/21173232
http://doi.org/10.1007/s40778-017-0103-7
http://doi.org/10.1053/j.gastro.2012.08.031
http://www.ncbi.nlm.nih.gov/pubmed/22922422
http://doi.org/10.1073/pnas.1607327113


Cancers 2021, 13, 996 19 of 25

22. Schmitt, M.; Schewe, M.; Sacchetti, A.; Feijtel, D.; van de Geer, W.S.; Teeuwssen, M.; Sleddens, H.F.; Joosten, R.; van Royen,
M.E.; van de Werken, H.J.G.; et al. Paneth Cells Respond to Inflammation and Contribute to Tissue Regeneration by Acquiring
Stem-like Features through SCF/c-Kit Signaling. Cell Rep. 2018, 24, 2312–2328. [CrossRef]

23. Nakanishi, Y.; Reina-Campos, M.; Nakanishi, N.; Llado, V.; Elmen, L.; Peterson, S.; Campos, A.; De, S.K.; Leitges, M.; Ikeuchi,
H.; et al. Control of Paneth Cell Fate, Intestinal Inflammation and Tumorigenesis by PKCλ/ι. Cell Rep. 2016, 16, 3297–3310.
[CrossRef] [PubMed]

24. Lei, N.Y.; Jabaji, Z.; Wang, J.; Joshi, V.S.; Brinkley, G.J.; Khalil, H.; Wang, F.; Jaroszewicz, A.; Pellegrini, M.; Li, L.; et al. Intestinal
Subepithelial Myofibroblasts Support the Growth of Intestinal Epithelial Stem Cells. PLoS ONE 2014, 9. [CrossRef] [PubMed]

25. Degirmenci, B.; Valenta, T.; Dimitrieva, S.; Hausmann, G.; Basler, K. GLI1-Expressing Mesenchymal Cells Form the Essential
Wnt-Secreting Niche for Colon Stem Cells. Nature 2018, 558, 449–453. [CrossRef]

26. Valenta, T.; Degirmenci, B.; Moor, A.E.; Herr, P.; Zimmerli, D.; Moor, M.B.; Hausmann, G.; Cantù, C.; Aguet, M.; Basler, K. Wnt
Ligands Secreted by Subepithelial Mesenchymal Cells Are Essential for the Survival of Intestinal Stem Cells and Gut Homeostasis.
Cell Rep. 2016, 15, 911–918. [CrossRef]

27. Haramis, A.-P.G. De Novo Crypt Formation and Juvenile Polyposis on BMP Inhibition in Mouse Intestine. Science 2004,
303, 1684–1686. [CrossRef] [PubMed]

28. Biswas, S.; Davis, H.; Irshad, S.; Sandberg, T.; Worthley, D.; Leedham, S. Microenvironmental Control of Stem Cell Fate in
Intestinal Homeostasis and Disease. J. Pathol. 2015, 237, 135–145. [CrossRef]

29. Jeffery, V.; Goldson, A.J.; Dainty, J.R.; Chieppa, M.; Sobolewski, A. Interleukin-6 Signaling Regulates Small Intestinal Crypt
Homeostasis. J. Immunol. Baltim. Md 1950 2017, 199, 304–311. [CrossRef]

30. Takahashi, T.; Shiraishi, A. Stem Cell Signaling Pathways in the Small Intestine. Int. J. Mol. Sci. 2020, 21, 2032. [CrossRef]
31. Adams, P.D.; Jasper, H.; Rudolph, K.L. Aging-Induced Stem Cell Mutations as Drivers for Disease and Cancer. Cell Stem Cell 2015,

16, 601–612. [CrossRef] [PubMed]
32. Zeuner, A.; Todaro, M.; Stassi, G.; De Maria, R. Colorectal Cancer Stem Cells: From the Crypt to the Clinic. Cell Stem Cell 2014,

15, 692–705. [CrossRef] [PubMed]
33. Clevers, H. The Cancer Stem Cell: Premises, Promises and Challenges. Nat. Med. 2011, 17, 313–319. [CrossRef] [PubMed]
34. Huels, D.J.; Sansom, O.J. Stem vs. Non-Stem Cell Origin of Colorectal Cancer. Br. J. Cancer 2015, 113, 1–5. [CrossRef]
35. Merlos-Suárez, A.; Barriga, F.M.; Jung, P.; Iglesias, M.; Céspedes, M.V.; Rossell, D.; Sevillano, M.; Hernando-Momblona, X.; da

Silva-Diz, V.; Muñoz, P.; et al. The Intestinal Stem Cell Signature Identifies Colorectal Cancer Stem Cells and Predicts Disease
Relapse. Cell Stem Cell 2011, 8, 511–524. [CrossRef]

36. De Robertis, M.; Poeta, M.L.; Signori, E.; Fazio, V.M. Current Understanding and Clinical Utility of MiRNAs Regulation of Colon
Cancer Stem Cells. Semin. Cancer Biol. 2018, 53, 232–247. [CrossRef] [PubMed]

37. Fearon, E.R.; Vogelstein, B. A Genetic Model for Colorectal Tumorigenesis. Cell 1990, 61, 759–767. [CrossRef]
38. Vermeulen, L.; Morrissey, E.; van der Heijden, M.; Nicholson, A.M.; Sottoriva, A.; Buczacki, S.; Kemp, R.; Tavaré, S.; Winton, D.J.

Defining Stem Cell Dynamics in Models of Intestinal Tumor Initiation. Science 2013, 342, 995. [CrossRef]
39. Snippert, H.J.; Schepers, A.G.; van Es, J.H.; Simons, B.D.; Clevers, H. Biased Competition between Lgr5 Intestinal Stem Cells

Driven by Oncogenic Mutation Induces Clonal Expansion. EMBO Rep. 2014, 15, 62–69. [CrossRef]
40. Barker, N.; Ridgway, R.A.; van Es, J.H.; van de Wetering, M.; Begthel, H.; van den Born, M.; Danenberg, E.; Clarke, A.R.; Sansom,

O.J.; Clevers, H. Crypt Stem Cells as the Cells-of-Origin of Intestinal Cancer. Nature 2009, 457, 608–611. [CrossRef] [PubMed]
41. Van der Heijden, M.; Zimberlin, C.D.; Nicholson, A.M.; Colak, S.; Kemp, R.; Meijer, S.L.; Medema, J.P.; Greten, F.R.; Jansen, M.;

Winton, D.J.; et al. Bcl-2 Is a Critical Mediator of Intestinal Transformation. Nat. Commun. 2016, 7. [CrossRef] [PubMed]
42. Van der Heijden, M.; Vermeulen, L. Stem Cells in Homeostasis and Cancer of the Gut. Mol. Cancer 2019, 18, 66. [CrossRef] [PubMed]
43. Guarner, F.; Malagelada, J.-R. Gut Flora in Health and Disease. Lancet 2003, 361, 512–519. [CrossRef]
44. Wang, M.; Ahrné, S.; Jeppsson, B.; Molin, G. Comparison of Bacterial Diversity along the Human Intestinal Tract by Direct

Cloning and Sequencing of 16S RRNA Genes. FEMS Microbiol. Ecol. 2005, 54, 219–231. [CrossRef]
45. Carroll, I.M.; Threadgill, D.W.; Threadgill, D.S. The Gastrointestinal Microbiome: A Malleable, Third Genome of Mammals.

Mamm. Genome Off. J. Int. Mamm. Genome Soc. 2009, 20, 395–403. [CrossRef]
46. Johansson, M.E.V.; Ambort, D.; Pelaseyed, T.; Schütte, A.; Gustafsson, J.K.; Ermund, A.; Subramani, D.B.; Holmén-Larsson, J.M.;

Thomsson, K.A.; Bergström, J.H.; et al. Composition and Functional Role of the Mucus Layers in the Intestine. Cell. Mol. Life Sci.
2011, 68, 3635. [CrossRef]

47. Spadoni, I.; Pietrelli, A.; Pesole, G.; Rescigno, M. Gene Expression Profile of Endothelial Cells during Perturbation of the Gut
Vascular Barrier. Gut Microbes 2016, 7, 540–548. [CrossRef]

48. Morgan, X.C.; Tickle, T.L.; Sokol, H.; Gevers, D.; Devaney, K.L.; Ward, D.V.; Reyes, J.A.; Shah, S.A.; LeLeiko, N.; Snapper, S.B.; et al.
Dysfunction of the Intestinal Microbiome in Inflammatory Bowel Disease and Treatment. Genome Biol. 2012, 13, R79. [CrossRef]

49. Swidsinski, A.; Weber, J.; Loening-Baucke, V.; Hale, L.P.; Lochs, H. Spatial Organization and Composition of the Mucosal Flora in
Patients with Inflammatory Bowel Disease. J. Clin. Microbiol. 2005, 43, 3380–3389. [CrossRef]

50. Elphick, D.A.; Mahida, Y.R. Paneth Cells: Their Role in Innate Immunity and Inflammatory Disease. Gut 2005, 54, 1802–1809. [CrossRef]
51. Macpherson, A.J.; Uhr, T. Induction of Protective IgA by Intestinal Dendritic Cells Carrying Commensal Bacteria. Science 2004,

303, 1662. [CrossRef] [PubMed]

http://doi.org/10.1016/j.celrep.2018.07.085
http://doi.org/10.1016/j.celrep.2016.08.054
http://www.ncbi.nlm.nih.gov/pubmed/27653691
http://doi.org/10.1371/journal.pone.0084651
http://www.ncbi.nlm.nih.gov/pubmed/24400106
http://doi.org/10.1038/s41586-018-0190-3
http://doi.org/10.1016/j.celrep.2016.03.088
http://doi.org/10.1126/science.1093587
http://www.ncbi.nlm.nih.gov/pubmed/15017003
http://doi.org/10.1002/path.4563
http://doi.org/10.4049/jimmunol.1600960
http://doi.org/10.3390/ijms21062032
http://doi.org/10.1016/j.stem.2015.05.002
http://www.ncbi.nlm.nih.gov/pubmed/26046760
http://doi.org/10.1016/j.stem.2014.11.012
http://www.ncbi.nlm.nih.gov/pubmed/25479747
http://doi.org/10.1038/nm.2304
http://www.ncbi.nlm.nih.gov/pubmed/21386835
http://doi.org/10.1038/bjc.2015.214
http://doi.org/10.1016/j.stem.2011.02.020
http://doi.org/10.1016/j.semcancer.2018.08.008
http://www.ncbi.nlm.nih.gov/pubmed/30130662
http://doi.org/10.1016/0092-8674(90)90186-I
http://doi.org/10.1126/science.1243148
http://doi.org/10.1002/embr.201337799
http://doi.org/10.1038/nature07602
http://www.ncbi.nlm.nih.gov/pubmed/19092804
http://doi.org/10.1038/ncomms10916
http://www.ncbi.nlm.nih.gov/pubmed/26956214
http://doi.org/10.1186/s12943-019-0962-x
http://www.ncbi.nlm.nih.gov/pubmed/30927915
http://doi.org/10.1016/S0140-6736(03)12489-0
http://doi.org/10.1016/j.femsec.2005.03.012
http://doi.org/10.1007/s00335-009-9204-7
http://doi.org/10.1007/s00018-011-0822-3
http://doi.org/10.1080/19490976.2016.1239681
http://doi.org/10.1186/gb-2012-13-9-r79
http://doi.org/10.1128/JCM.43.7.3380-3389.2005
http://doi.org/10.1136/gut.2005.068601
http://doi.org/10.1126/science.1091334
http://www.ncbi.nlm.nih.gov/pubmed/15016999


Cancers 2021, 13, 996 20 of 25

52. Peterson, D.A.; McNulty, N.P.; Guruge, J.L.; Gordon, J.I. IgA Response to Symbiotic Bacteria as a Mediator of Gut Homeostasis.
Cell Host Microbe 2007, 2, 328–339. [CrossRef] [PubMed]

53. Perruzza, L.; Gargari, G.; Proietti, M.; Fosso, B.; D’Erchia, A.M.; Faliti, C.E.; Rezzonico-Jost, T.; Scribano, D.; Mauri, L.; Colombo,
D.; et al. T Follicular Helper Cells Promote a Beneficial Gut Ecosystem for Host Metabolic Homeostasis by Sensing Microbiota-
Derived Extracellular ATP. Cell Rep. 2017, 18, 2566–2575. [CrossRef]

54. Perruzza, L.; Strati, F.; Gargari, G.; D’Erchia, A.M.; Fosso, B.; Pesole, G.; Guglielmetti, S.; Grassi, F. Enrichment of Intestinal
Lactobacillus by Enhanced Secretory IgA Coating Alters Glucose Homeostasis in P2rx7−/− Mice. Sci. Rep. 2019, 9, 9315. [CrossRef]

55. Johansen, F.-E.; Kaetzel, C. Regulation of the Polymeric Immunoglobulin Receptor and IgA Transport: New Advances in
Environmental Factors That Stimulate PIgR Expression and Its Role in Mucosal Immunity. Mucosal Immunol. 2011, 4, 598–602.
[CrossRef] [PubMed]

56. Hooper, L.V.; Macpherson, A.J. Immune Adaptations That Maintain Homeostasis with the Intestinal Microbiota. Nat. Rev.
Immunol. 2010, 10, 159–169. [CrossRef] [PubMed]

57. Fransen, F.; Zagato, E.; Mazzini, E.; Fosso, B.; Manzari, C.; El Aidy, S.; Chiavelli, A.; D’Erchia, A.M.; Sethi, M.K.; Pabst, O.; et al.
BALB/c and C57BL/6 Mice Differ in Polyreactive IgA Abundance, Which Impacts the Generation of Antigen-Specific IgA and
Microbiota Diversity. Immunity 2015, 43, 527–540. [CrossRef] [PubMed]

58. Macpherson, A.J.; Harris, N.L. Interactions between Commensal Intestinal Bacteria and the Immune System. Nat. Rev. Immunol.
2004, 4, 478–485. [CrossRef]

59. Ivanov, I.I.; Atarashi, K.; Manel, N.; Brodie, E.L.; Shima, T.; Karaoz, U.; Wei, D.; Goldfarb, K.C.; Santee, C.A.; Lynch, S.V.; et al.
Induction of Intestinal Th17 Cells by Segmented Filamentous Bacteria. Cell 2009, 139, 485–498. [CrossRef]

60. Atarashi, K.; Tanoue, T.; Shima, T.; Imaoka, A.; Kuwahara, T.; Momose, Y.; Cheng, G.; Yamasaki, S.; Saito, T.; Ohba, Y.; et al.
Induction of Colonic Regulatory T Cells by Indigenous Clostridium Species. Science 2011, 331, 337–341. [CrossRef] [PubMed]

61. Rigoni, R.; Fontana, E.; Guglielmetti, S.; Fosso, B.; D’Erchia, A.M.; Maina, V.; Taverniti, V.; Castiello, M.C.; Mantero, S.; Pacchiana,
G.; et al. Intestinal Microbiota Sustains Inflammation and Autoimmunity Induced by Hypomorphic RAG Defects. J. Exp. Med.
2016, 213, 355–375. [CrossRef] [PubMed]

62. Pédron, T.; Mulet, C.; Dauga, C.; Frangeul, L.; Chervaux, C.; Grompone, G.; Sansonetti, P.J. A Crypt-Specific Core Microbiota
Resides in the Mouse Colon. mBio 2012, 3. [CrossRef]

63. Neish, A.S. Microbes in Gastrointestinal Health and Disease. Gastroenterology 2009, 136, 65–80. [CrossRef]
64. Fukata, M.; Vamadevan, A.S.; Abreu, M.T. Toll-like Receptors (TLRs) and Nod-like Receptors (NLRs) in Inflammatory Disorders.

Semin. Immunol. 2009, 21, 242–253. [CrossRef]
65. Neal, M.D.; Sodhi, C.P.; Jia, H.; Dyer, M.; Egan, C.E.; Yazji, I.; Good, M.; Afrazi, A.; Marino, R.; Slagle, D.; et al. Toll-like Receptor 4

Is Expressed on Intestinal Stem Cells and Regulates Their Proliferation and Apoptosis via the P53 Up-Regulated Modulator of
Apoptosis. J. Biol. Chem. 2012, 287, 37296–37308. [CrossRef] [PubMed]

66. Neal, M.D.; Sodhi, C.P.; Yazji, I.; Russo, A.M.; Siggers, R.; Jia, H.; Prindle, T.; Branca, M.; Hackam, D.J. Toll-like Receptor 4 (TLR4)
Is Expressed on Intestinal Stem Cells and Inhibits Stem Cell Proliferation in the Pathogenesis of Intestinal Inflammation. J. Am.
Coll. Surg. 2011, 213, S85. [CrossRef]

67. Naito, T.; Mulet, C.; De Castro, C.; Molinaro, A.; Saffarian, A.; Nigro, G.; Bérard, M.; Clerc, M.; Pedersen, A.B.; Sansonetti, P.J.;
et al. Lipopolysaccharide from Crypt-Specific Core Microbiota Modulates the Colonic Epithelial Proliferation-to-Differentiation
Balance. mBio 2017, 8, e01680-17. [CrossRef]

68. Yi, H.; Patel, A.K.; Sodhi, C.P.; Hackam, D.J.; Hackam, A.S. Novel Role for the Innate Immune Receptor Toll-Like Receptor 4 (TLR4) in
the Regulation of the Wnt Signaling Pathway and Photoreceptor Apoptosis. PLoS ONE 2012, 7, e36560. [CrossRef] [PubMed]

69. Sodhi, C.P.; Shi, X.; Richardson, W.M.; Grant, Z.S.; Shapiro, R.A.; Prindle, T.; Branca, M.; Russo, A.; Gribar, S.C.; Ma, C.; et al. Toll-
like-Receptor-4 Inhibits Enterocyte Proliferation via Impaired β-Catenin Signaling in Necrotizing Enterocolitis. Gastroenterology
2010, 138, 185. [CrossRef]

70. Nigro, G.; Rossi, R.; Commere, P.-H.; Jay, P.; Sansonetti, P.J. The Cytosolic Bacterial Peptidoglycan Sensor Nod2 Affords Stem Cell
Protection and Links Microbes to Gut Epithelial Regeneration. Cell Host Microbe 2014, 15, 792–798. [CrossRef] [PubMed]

71. Jones, R.M.; Neish, A.S. Redox Signaling Mediated by the Gut Microbiota. Free Radic. Biol. Med. 2017, 105, 41–47. [CrossRef]
72. Ren, F.; Wang, K.; Zhang, T.; Jiang, J.; Nice, E.C.; Huang, C. New Insights into Redox Regulation of Stem Cell Self-Renewal and

Differentiation. Biochim. Biophys. Acta BBA-Gen. Subj. 2015, 1850, 1518–1526. [CrossRef]
73. Jones, R.M.; Luo, L.; Ardita, C.S.; Richardson, A.N.; Kwon, Y.M.; Mercante, J.W.; Alam, A.; Gates, C.L.; Wu, H.; Swanson, P.A.;

et al. Symbiotic Lactobacilli Stimulate Gut Epithelial Proliferation via Nox-Mediated Generation of Reactive Oxygen Species.
EMBO J. 2013, 32, 3017–3028. [CrossRef] [PubMed]

74. Kay, S.K.; Harrington, H.A.; Shepherd, S.; Brennan, K.; Dale, T.; Osborne, J.M.; Gavaghan, D.J.; Byrne, H.M. The Role of the Hes1
Crosstalk Hub in Notch-Wnt Interactions of the Intestinal Crypt. PLoS Comput. Biol. 2017, 13, e1005400. [CrossRef] [PubMed]

75. Sivaprakasam, S.; Prasad, P.D.; Singh, N. Benefits of Short-Chain Fatty Acids and Their Receptors in Inflammation and Carcino-
genesis. Pharmacol. Ther. 2016, 164, 144–151. [CrossRef] [PubMed]

76. Iván, J.; Major, E.; Sipos, A.; Kovács, K.; Horváth, D.; Tamás, I.; Bay, P.; Dombrádi, V.; Lontay, B. The Short-Chain Fatty Acid
Propionate Inhibits Adipogenic Differentiation of Human Chorion-Derived Mesenchymal Stem Cells Through the Free Fatty
Acid Receptor 2. Stem Cells Dev. 2017, 26, 1724–1733. [CrossRef] [PubMed]

http://doi.org/10.1016/j.chom.2007.09.013
http://www.ncbi.nlm.nih.gov/pubmed/18005754
http://doi.org/10.1016/j.celrep.2017.02.061
http://doi.org/10.1038/s41598-019-45724-9
http://doi.org/10.1038/mi.2011.37
http://www.ncbi.nlm.nih.gov/pubmed/21956244
http://doi.org/10.1038/nri2710
http://www.ncbi.nlm.nih.gov/pubmed/20182457
http://doi.org/10.1016/j.immuni.2015.08.011
http://www.ncbi.nlm.nih.gov/pubmed/26362264
http://doi.org/10.1038/nri1373
http://doi.org/10.1016/j.cell.2009.09.033
http://doi.org/10.1126/science.1198469
http://www.ncbi.nlm.nih.gov/pubmed/21205640
http://doi.org/10.1084/jem.20151116
http://www.ncbi.nlm.nih.gov/pubmed/26926994
http://doi.org/10.1128/mBio.00116-12
http://doi.org/10.1053/j.gastro.2008.10.080
http://doi.org/10.1016/j.smim.2009.06.005
http://doi.org/10.1074/jbc.M112.375881
http://www.ncbi.nlm.nih.gov/pubmed/22955282
http://doi.org/10.1016/j.jamcollsurg.2011.06.201
http://doi.org/10.1128/mBio.01680-17
http://doi.org/10.1371/journal.pone.0036560
http://www.ncbi.nlm.nih.gov/pubmed/22615780
http://doi.org/10.1053/j.gastro.2009.09.045
http://doi.org/10.1016/j.chom.2014.05.003
http://www.ncbi.nlm.nih.gov/pubmed/24882705
http://doi.org/10.1016/j.freeradbiomed.2016.10.495
http://doi.org/10.1016/j.bbagen.2015.02.017
http://doi.org/10.1038/emboj.2013.224
http://www.ncbi.nlm.nih.gov/pubmed/24141879
http://doi.org/10.1371/journal.pcbi.1005400
http://www.ncbi.nlm.nih.gov/pubmed/28245235
http://doi.org/10.1016/j.pharmthera.2016.04.007
http://www.ncbi.nlm.nih.gov/pubmed/27113407
http://doi.org/10.1089/scd.2017.0035
http://www.ncbi.nlm.nih.gov/pubmed/28992793


Cancers 2021, 13, 996 21 of 25

77. Jocken, J.W.E.; González Hernández, M.A.; Hoebers, N.T.H.; van der Beek, C.M.; Essers, Y.P.G.; Blaak, E.E.; Canfora, E.E.
Short-Chain Fatty Acids Differentially Affect Intracellular Lipolysis in a Human White Adipocyte Model. Front. Endocrinol.
2018, 8. [CrossRef]

78. Farin, H.F.; Karthaus, W.R.; Kujala, P.; Rakhshandehroo, M.; Schwank, G.; Vries, R.G.J.; Kalkhoven, E.; Nieuwenhuis, E.E.S.;
Clevers, H. Paneth Cell Extrusion and Release of Antimicrobial Products Is Directly Controlled by Immune Cell–Derived IFN-γ.
J. Exp. Med. 2014, 211, 1393–1405. [CrossRef]

79. Vaishnava, S.; Behrendt, C.L.; Ismail, A.S.; Eckmann, L.; Hooper, L.V. Paneth Cells Directly Sense Gut Commensals and Maintain
Homeostasis at the Intestinal Host-Microbial Interface. Proc. Natl. Acad. Sci. USA 2008, 105, 20858–20863. [CrossRef]

80. Martinez Rodriguez, N.R.; Eloi, M.D.; Huynh, A.; Dominguez, T.; Lam, A.H.C.; Carcamo-Molina, D.; Naser, Z.; Desharnais, R.;
Salzman, N.H.; Porter, E. Expansion of Paneth Cell Population in Response to Enteric Salmonella Enterica Serovar Typhimurium
Infection. Infect. Immun. 2012, 80, 266–275. [CrossRef] [PubMed]

81. Hirao, L.A.; Grishina, I.; Bourry, O.; Hu, W.K.; Somrit, M.; Sankaran-Walters, S.; Gaulke, C.A.; Fenton, A.N.; Li, J.A.; Crawford,
R.W.; et al. Early Mucosal Sensing of SIV Infection by Paneth Cells Induces IL-1β Production and Initiates Gut Epithelial
Disruption. PLoS Pathog. 2014, 10. [CrossRef]

82. Lee, Y.-S.; Kim, T.-Y.; Kim, Y.; Lee, S.-H.; Kim, S.; Kang, S.W.; Yang, J.-Y.; Baek, I.-J.; Sung, Y.H.; Park, Y.-Y.; et al. Microbiota-Derived
Lactate Accelerates Intestinal Stem-Cell-Mediated Epithelial Development. Cell Host Microbe 2018, 24, 833–846.e6. [CrossRef]

83. De Robertis, M.; Mazza, T.; Fusilli, C.; Loiacono, L.; Poeta, M.L.; Sanchez, M.; Massi, E.; Lamorte, G.; Diodoro, M.G.; Pescarmona,
E.; et al. EphB2 Stem-Related and EphA2 Progression-Related MiRNA-Based Networks in Progressive Stages of CRC Evolution:
Clinical Significance and Potential MiRNA Drivers. Mol. Cancer 2018, 17, 169. [CrossRef] [PubMed]

84. De Robertis, M.; Loiacono, L.; Fusilli, C.; Poeta, M.L.; Mazza, T.; Sanchez, M.; Marchionni, L.; Signori, E.; Lamorte, G.; Vescovi,
A.L.; et al. Dysregulation of EGFR Pathway in EphA2 Cell Subpopulation Significantly Associates with Poor Prognosis in
Colorectal Cancer. Clin. Cancer Res. 2017, 23, 159. [CrossRef] [PubMed]

85. Archambaud, C.; Sismeiro, O.; Toedling, J.; Soubigou, G.; Bécavin, C.; Lechat, P.; Lebreton, A.; Ciaudo, C.; Cossart, P. The
Intestinal Microbiota Interferes with the MicroRNA Response upon Oral Listeria Infection. mBio 2013, 4. [CrossRef] [PubMed]

86. Peck, B.C.E.; Mah, A.T.; Pitman, W.A.; Ding, S.; Lund, P.K.; Sethupathy, P. Functional Transcriptomics in Diverse Intestinal
Epithelial Cell Types Reveals Robust MicroRNA Sensitivity in Intestinal Stem Cells to Microbial Status. J. Biol. Chem. 2017,
292, 2586–2600. [CrossRef] [PubMed]

87. Shanahan, M.T.; Kanke, M.; Singh, A.P.; Villanueva, J.W.; McNairn, A.J.; Oyesola, O.O.; Bonfini, A.; Hung, Y.-H.; Sheahan, B.;
Bloom, J.C.; et al. Single Cell Analysis Reveals Multi-Faceted MiR-375 Regulation of the Intestinal Crypt. bioRxiv 2020. [CrossRef]

88. Peck, B.C.E.; Sincavage, J.; Feinstein, S.; Mah, A.T.; Simmons, J.G.; Lund, P.K.; Sethupathy, P. MiR-30 Family Controls Proliferation
and Differentiation of Intestinal Epithelial Cell Models by Directing a Broad Gene Expression Program That Includes SOX9 and
the Ubiquitin Ligase Pathway. J. Biol. Chem. 2016, 291, 15975–15984. [CrossRef]

89. Niel, G.V.; Raposo, G.; Candalh, C.; Boussac, M.; Hershberg, R.; Cerf–Bensussan, N.; Heyman, M. Intestinal Epithelial Cells
Secrete Exosome–like Vesicles. Gastroenterology 2001, 121, 337–349. [CrossRef] [PubMed]

90. Liu, S.; da Cunha, A.P.; Rezende, R.M.; Cialic, R.; Wei, Z.; Bry, L.; Comstock, L.E.; Gandhi, R.; Weiner, H.L. The Host Shapes the
Gut Microbiota via Fecal MicroRNA. Cell Host Microbe 2016, 19, 32–43. [CrossRef]

91. Tjalsma, H.; Boleij, A.; Marchesi, J.R.; Dutilh, B.E. A Bacterial Driver–Passenger Model for Colorectal Cancer: Beyond the Usual
Suspects. Nat. Rev. Microbiol. 2012, 10, 575–582. [CrossRef]

92. Ternes, D.; Karta, J.; Tsenkova, M.; Wilmes, P.; Haan, S.; Letellier, E. Microbiome in Colorectal Cancer: How to Get from
Meta-Omics to Mechanism? Trends Microbiol. 2020, 28, 401–423. [CrossRef] [PubMed]

93. Kostic, A.D.; Chun, E.; Robertson, L.; Glickman, J.N.; Gallini, C.A.; Michaud, M.; Clancy, T.E.; Chung, D.C.; Lochhead, P.; Hold,
G.L.; et al. Fusobacterium Nucleatum Potentiates Intestinal Tumorigenesis and Modulates the Tumor Immune Microenvironment.
Cell Host Microbe 2013, 14, 207–215. [CrossRef]

94. Chung, L.; Orberg, E.T.; Geis, A.L.; Chan, J.L.; Fu, K.; DeStefano Shields, C.E.; Dejea, C.M.; Fathi, P.; Chen, J.; Finard, B.B.; et al.
Bacteroides Fragilis Toxin Coordinates a Pro-Carcinogenic Inflammatory Cascade via Targeting of Colonic Epithelial Cells. Cell
Host Microbe 2018, 23, 203–214.e5. [CrossRef]

95. Zagato, E.; Pozzi, C.; Bertocchi, A.; Schioppa, T.; Saccheri, F.; Guglietta, S.; Fosso, B.; Melocchi, L.; Nizzoli, G.; Troisi, J.; et al.
Endogenous Murine Microbiota Member Faecalibaculum Rodentium and Its Human Homologue Protect from Intestinal Tumour
Growth. Nat. Microbiol. 2020, 5, 511–524. [CrossRef]
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