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Colorectal cancer (CRC) is a multistage disease resulting from complex factors, including genetic 
mutations, epigenetic changes, chronic inflammation, diet, and lifestyle. Recent accumulating evidence 
suggests that the gut microbiota is a new and important player in the development of CRC. Imbalance of 
the gut microbiota, especially dysregulated gut bacteria, contributes to colon cancer through mechanisms 
of inflammation, host defense modulations, oxidative stress, and alterations in bacterial-derived 
metabolism. Gut commensal bacteria are anatomically defined as four populations: luminal commensal 
bacteria, mucus-resident bacteria, epithelium-resident bacteria, and lymphoid tissue-resident commensal 
bacteria. The bacterial flora that are harbored in the gastrointestinal (GI) tract vary both longitudinally 
and cross-sectionally by different anatomical localization. It is notable that the translocation of colonic 
commensal bacteria is closely related to CRC progression. CRC-associated bacteria can serve as a non-
invasive and accurate biomarker for CRC diagnosis. In this review, we summarize recent findings on the 
oncogenic roles of gut bacteria with different anatomical localization in CRC progression.
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1. Introduction

Colorectal cancer (CRC) is one of the leading causes of cancer- 
related deaths worldwide [1]. Classic CRC is a malignant disease 
caused by a variety of factors, including genetic mutations, epige-
netic changes, chronic inflammation, diet, and lifestyle [2,3]. How-
ever, the molecular mechanisms involved in CRC tumorigenesis and 
progression are not yet fully understood. Accumulating evidence sug-
gests that the gut microbiota contributes to CRC development [4–7].

The gut commensal microbiota, as a mutualistic ecosystem, plays 
multiple roles in maintaining host health and inducing host diseases 
[8–10]. Balance of the microbiota can result in the production of 
essential nutrients, cause prompt and efficient host nutrient absorp-
tion, aid in the development of a mature and competent immune 
system of the host, and prevent pathogen colonization [11–17]. Dys-
biosis of the gut microbiota can result in inflammation, barrier fail-

ure, mucosal tissue damage, and an altered microenvironment that 
favors the development of colon cancer [8,18]. A number of studies 
have found that the microbiota can drive colorectal carcinogenesis 
by causing DNA damage, oncogene expression, and gene silencing 
[4,10,19,20]. Due to the newly realized importance of the microbi-
ota, the new model of CRC development takes the function of the 
microbiota into account.

Next-generation sequencing technologies (especially 16S ribo-
somal DNA sequencing and metagenomics sequencing) and other 
culture-independent methodologies have largely advanced our 
knowledge of the gut microbiota in both humans and mice [21,22]. 
Thanks to these rapidly evolving technologies, the origin of the gut 
microbiota and the landscape of its evolution, as well as its relat-
edness to human physiology, are gradually being unraveled. The 
gastrointestinal (GI) tract, especially the terminal ileum and large 
intestine, is the major source of commensal microbiota and contains 
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about 1014 archaeal and bacterial cells, as measured by 16S ribo-
somal DNA sequencing and by direct sequencing of genetic material 
[23,24]. The overall composition of the GI bacteria varies within 
and between individuals due to differences in pH [25], oxygen [26], 
antimicrobial peptide (AMP) gradients [27], short-chain fatty acids 
(SCFAs) [28], and intestinal motility [29]. The load of bacteria gener-
ally increases along the GI tract, ranging from 103–104 mL–1 content 
in the stomach, duodenum, and jejunum (upper small intestine) to 
108 mL–1 in the ileum (lower small intestine) and up to 1011 mL–1 in 
the colon [30,31]. Furthermore, the types of bacteria in the GI tract 
also vary—both longitudinally, from the small intestine to the large 
intestine [26,30], and cross-sectionally, depending on the anatomi-
cal location of the GI sections. In this review, we anatomically define 
gut commensal bacteria in the colon as four populations: ① luminal 
commensal bacteria, ② mucus-resident bacteria, ③ epithelium- 
resident bacteria, and ④ lymphoid tissue-resident commensal bac-
teria (Fig. 1). The dysregulated anatomical localization of colonic 
commensal bacteria is closely related to CRC [32]. In this contribu-
tion, we focus on the oncogenic roles of the aforementioned four 
categories of microbial populations in colorectal carcinogenesis.

2. Composition of gut commensal bacteria in the colon

2.1. Luminal commensal bacteria

In adult humans [33,34] and mice [35], the luminal commen-
sal microbiota is typically dominated by bacteria. The majority 
of research on the role of the microbiota in CRC focuses on the 
luminal commensal microbiota. The luminal commensal bacteria 
form a huge and complex ecosystem, with up to 1012 commensal 

bacteria comprising more than 1000 species [23,24]. Eckburg et 
al. [33] found that more than 90% of the luminal commensal bac-
teria belong to the phyla Firmicutes and Bacteroidetes, whereas 
Actinobacteria, Proteobacteria, and Verrucomicrobia are minor 
constituents. Arumugam et al. [36] consistently reported that Fir-
micutes (39%), Bacteroidetes (25%), Actinobacteria (9%), and Pro-
teobacteria (4%) are the predominant bacteria in the human distal 
gut, based on an analysis of 39 healthy adults from six nations 
around the world (Table 1) [22–25,28,37–49]. As there is a huge 
inter-individual variability in the composition of the gut luminal 
microbiota [50], the functions of predominant bacteria, especially 
when integrated with the whole microbial community, remain 
largely unknown.

The phylum Firmicutes is a collection of Gram-positive, spore- 
forming, obligate anaerobes and cocci- or rod-shaped bacteria, 
including the Enterococcaceae and Lactobacillaceae families and 
the Streptococcus genus. Our study and others identify Streptococ-
cus bovis (S. bovis), a member of the Streptococcus genus, as being 
enriched in CRC patients and highly associated with CRC [51–56]. 
The mechanism of S. bovis in promoting colorectal carcinogene-
sis is still unclear. However, Klein et al. [57] reported that most 
of the patients with S. bovis-induced endocarditis had colorectal 
adenomas or asymptomatic neoplasms, suggesting that S. bovis 
is involved in the early stage of CRC tumorigenesis. Similarly, 
another study found that the serum antigen levels of S. bovis- 
derived RpL7/L12 were increased in colon polyps and in stage I/
II CRC patients, but not in late-stage patients with lymph node 
or distant metastasis [58]. All these findings implicate S. bovis 
as an initiator in the development of CRC. Conversely, colorectal 
neoplastic lesions may provide a specific niche for S. bovis; either  

Fig. 1. Gut commensal bacteria are anatomically defined as four populations: luminal commensal bacteria, mucus-resident bacteria, epithelium-resident bacteria, and lym-
phoid tissue-resident commensal bacteria. Many species of bacteria are localized in the lumen and outer mucus layer, while the inner mucus layer is almost sterile. Few 
species of bacteria can move from the lumen and outer mucus to the intestinal epithelial cells (IECs) and lymphoid tissue.
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over-representation of B. fragilis in patients with CRC compared 
with healthy controls [62]. Furthermore, we analyzed the gut 
mucosal microbiome across different stages of colorectal carcino-
genesis by 16S rRNA gene sequencing [67]. The abundance of B. 
fragilis was found to be significantly higher in the carcinoma mu-
cosae and adenoma mucosae, compared with the adjacent nor-
mal mucosae [67]. These studies imply that luminal Bacteroidetes 
has a role in the development of CRC.

Research on the underlying mechanism of B. fragilis as a car-
cinogenic agent focuses on its secreted B. fragilis toxin (BFT) 
and on the structure of capsular polysaccharide A (PSA). BFT, 
a zinc-dependent metalloprotease toxin, stimulates structur-
al changes and even dissolution of the zonula occludens (tight 
junction) and zonula adherents, electron-dense structures that 
regulate the permeability of epithelial monolayers [68]. BFT also 
induces proteolysis of the tumor-suppressor protein E-cadherin,  
resulting in the induction of b-catenin nuclear localization, up- 
regulation of proto-oncogene c-myc transcription and transla-
tion, and cellular proliferation of colonic epithelial cancer cells 
[69]. Dissolution of the zonula occludens, zonula adherens, and  
E-cadherin increases the permeability of polarized colonic epi-
thelial cell monolayers, which, prior to tumor development, is an 
early pathophysiological change associated with incipient CRC 
[70]. According to the production of BFT or not, B. fragilis is com-
monly categorized into nontoxigenic B. fragilis (NTBF) and enter-
otoxigenic B. fragilis (ETBF). Accumulating evidence shows a pos-
itive correlation between an increased prevalence of ETBF in the 
GI tract and colorectal cancer [71–76]. Toprak et al. [71] reported 
that the enterotoxin (e.g., BFT) gene was more commonly identi-
fied in the stool of CRC patients compared with that of healthy in-
dividuals (38% vs. 12%, P = 0.009). Purified BFT from B. fragilis up- 
regulates spermine oxidase (SMO) in colonic epithelial cells, re-
sulting in increased SMO-dependent generation of reactive oxygen 
species (ROS), epithelial release of pro-inflammatory effectors,  
and DNA damage [75].

The bacteria localized in the gut lumen can cooperate to form 
multicellular communities and compete with each other for 
limited environmental resources. Treatment with vancomycin, 
an antibiotic that selectively targets Gram-positive bacteria, can 
also eliminate a majority of bacteria from Gram-negative Bacte-
roidetes in the cecal lumina, indicating crosstalk between Gram- 
positive and Gram-negative bacteria [77]. Cooperation between 
the luminal bacteria Firmicutes and Bacteroidetes has also 
been reported in mouse intestines [78]. With the presence of  

it or its antigens can stimulate the production of inflammatory  
cytokines such as interleukin-8 (IL-8), and promote the formation 
of hyper-proliferative aberrant colonic crypts [59,60]. In addition, 
S. bovis was shown to be capable of causing a chronic inflamma-
tion in the colon by producing IL-8 and prostaglandins E2 (PGE2), 
which can also promote colon cancer development when normal 
epithelial cells constantly sense abnormal signals from bacterial 
components [61].

Fusobacterium is a genus of Gram-negative, non-spore-forming,  
anaerobic bacteria. From metagenome-wide association studies 
on fecal samples from CRC patients and healthy controls, our 
group found that Fusobacterium nucleatum (F. nucleatum), a typ-
ically representative Fusobacterium spp., can be a selected non- 
invasive biomarker for CRC diagnosis—a finding that was further 
validated in several ethnically different cohorts [62]. Moreover, in-
creasing evidence shows that a close relationship exists between 
F. nucleatum and CRC. A study performed on colitis-associated,  
Apcmin/+, and transgenic mouse models also indicated that F. nucle-
atum can accelerate colorectal tumorigenesis [63]. Accumulated 
interests were recently shared on the mechanism of this asso-
ciation. It was shown that a greater amount of F. nucleatum in 
colorectal carcinoma tissue is associated with high degrees of mi-
crosatellite instability (MSI-high) and CpG island methylator phe-
notype (CIMP) [64]. However, more evidence suggests that innate 
and adaptive immunity participates in the process of tumor devel-
opment [37]. In addition, it has been found that F. nucleatum in-
duces mucin secretion and inflammatory cytokine tumor necrosis 
factor (TNF)-α expression in direct contact with and/or during the 
invasion of colonic cells [65]. All these factors may predispose the 
host to adenomas or cancer development. F. nucleatum can also 
inhibit anti-tumor immunity and suppress the activities of natural 
killer cells, thereby promoting CRC development. A recent study 
identified fusobacterial lectin (Fap2) as a potent factor binding to  
tumor-expressed Gal-GalNAc and contributing to F. nucleatum- 
potentiated colorectal adenocarcinoma [38].

The phylum Bacteroidetes, formerly known as the Cytophaga–
Flavobacterium–Bacteroides (CFB), is composed of Gram-negative,  
non-spore-forming, anaerobic, and rod-shaped bacteria. The ge-
nus Bacteroides is the predominant taxon among them [36]. Bac-
teroides fragilis (B. fragilis), a member of the genus Bacteroides, is 
detected in up to 80% of adults and children, and comprises only 
approximately 0.5%–1% of the fecal microbiota [39,66]. Recently, 
we performed metagenome-wide sequencing on fecal samples 
from 90 CRC patients and 78 healthy controls, and identified an 

Table 1
Composition of colonic commensal bacteria according to anatomical localization.

Populations Major bacteria Refs.

Luminal commensal bacteria Phylum Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, Verrucomicrobia [22‒25,28,37–42]

Order Bacteroidales

Family Rikenellaceae, Lactobacillaceae, Lachnospiraceae, Ruminococcaceae, Paraprevotellaceae

Genus Bacteroides, Prevotella, Mucispirillum, Lactobacillus, Ruminococcus, Oscillospira, Sutterella, Desulfovibrio, 
Fusobacterium

Species        Fusobacterium nucleatum

Mucus-resident bacteria  Phylum Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, Verrucomicrobia [40–42]

Order Bacteroidales

Family Rikenellaceae, Lactobacillaceae, Lachnospiraceae, Ruminococcaceae, Paraprevotellaceae

Genus Bacteroides, Prevotella, Mucispirillum, Lactobacillus, Ruminococcus, Oscillospira, Sutterella, Desulfovibrio

Epithelium-resident bacteria Species AIEC, SFB, Enterococcus faecalis, Bacteroides fragilis, Clostridium spp. [43–47]

Lymphoid tissue-resident  
commensal bacteria

Species Achromobacter spp., Bordetella spp., Ochrobactrum spp., Serratia spp.
PP-DC: Serratia spp., SFB, Ochrobactrum spp., Alcaligenes spp.
MLN-DC: Pseudomonas spp., Alcaligenes spp.

[48,49]

AIEC: adherent-invasive Escherichia coli; SFB: segmented filamentous bacteria; PP: Peyer’s patch; DC: dendritic cell; MLN: mesenteric lymph node.
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Bifidobacterium longum, a species of Actinobacteria phylum, the 
expression of glycoside hydrolases in Bacteroides thetaiotaomi-
cron, a species of Bacteroidetes phylum, was increased [78]. 
Moreover, bacteria hold the potential to inhibit the growth of 
their competitors by pH modification, control of motility, nutrient 
depletion, and the production of antimicrobial substances such as 
bacteriocins [79]. The Lactobacillus salivarius strain UCC118, which 
belongs to the Firmicutes phylum, produces a two-component 
bacteriocin (Abp118) with broad-spectrum activity against the 
bacteria of the Bacteroidetes and Firmicutes phyla (including the 
food-borne pathogen Listeria monocytogenes [80] and methicillin- 
resistant Staphylococcus aureus [81]) in the colonic lumina.

2.2. Mucus-resident bacteria

The intestinal mucus is the first line of defense separating the 
luminal bacteria from underlying intestinal epithelium and systemic 
tissues. The thickness of colonic mucus is approximately 400 μm in 
humans [82] and 150 μm in mice [83]. Both of the two layers of co-
lonic mucus are predominantly organized by various glycans and the 
large gel-forming mucin-2 (Muc2), which is secreted by goblet cells 
and Paneth cells [84]. The colonic inner mucus initially requires 6 
weeks to become impenetrable when being challenged by bacteria in 
germ-free (GF) mice [85]. However, in both adult specific-pathogen- 
free (SPF) mice and GF mice, the 50 μm colonic inner mucus layer 
is constantly (hourly) renewed due to Muc2 secretion from goblet 
cells and Paneth cells, while the preformed mucus moves upward 
to become the outer mucus layer [86,87]. The underlying mecha-
nism by which mucus migrates upward from the inner mucus layer 
to the outer mucus layer is still unknown. In addition to the bar-
rier function of the inner mucus, the loose outer mucus is a direct 
source of nutrients for special commensal bacteria, which possess 
a large amount of catabolic glycosidic enzymes to disassemble 
complex mucus glycans [40]. Only these special commensal bacte-
ria can create a specialized niche for mucus-resident bacteria such 
as Akkermansia muciniphila and Mucispirillum spp. [41,88]. This is 
probably a way for the host to geographically resist the luminal 
bacterial community, in part because the discriminant binding 
capacity of different bacteria to the loose mucus layer may be a 
determinant that contributes to the disparate spatial distribution of 
these bacteria species, thus maintaining microbial homeostasis in 
the colon.

Recently, Li et al. [42] found that outer colonic mucus-resident 
bacteria comprise more taxa from the Firmicutes phylum and the 
Deferribacteres phylum and less from the Bacteroidetes phylum, 
compared with luminal bacteria in C57BL6 mice by 16S sequencing. 
However, no significant difference exists between mucus-resident 
bacteria and luminal bacteria in the diversity of microbiotas. It is 
interesting that the species Bacteroides thetaiotaomicron and Escher-
ichia coli, which are resident in the outer mucus, have a stronger 
potential to proliferate and to utilize resources (e.g., by recovering 
bioavailable iron and consuming mucus carbon sources), compared 
with the same species in the intestinal lumen [42]. Furthermore, the 
intrinsic mucus-resident bacteria can protect the host from patho-
gens by inhibiting physical contact between them [78,81].

2.3. Epithelium-resident bacteria

Intestinal epithelial cells (IECs) form an additional mono-layered, 
physical barrier underlying the two layers of mucus barriers, and 
play a key role in maintaining equilibrium between the gut com-
mensals and the host [89]. IECs include absorptive IECs and secre-
tory IECs. Absorptive IECs are adapted for metabolic and digestive 
functions. Secretory IECs include enteroendocrine cells, goblet cells, 
and Paneth cells [90], which secrete mucins and various AMPs to es-

tablish a physical and biochemical barrier that modulates microbial 
contact with the epithelial surface and underlying immune cells [27]. 
Although the layer of IECs is generally recognized as a sterile area, 
accumulating studies show that various bacteria can attach to and 
even invade IECs [43,44,91]. Bacterial attachment to and invasion of 
IECs are regulated by two main mechanisms, namely the zipper and 
trigger mechanisms, which rely on the modification of cytoskeletal 
rearrangements and membrane extensions, and the activation of 
reorganization of the actin cytoskeleton at the plasma membrane 
[45]. It is a multi-step process for bacteria to adhere to and invade 
IECs. A multitude of adjacent and invasive bacteria types exist; here-
in, we primarily focus on adherent-invasive Escherichia coli (AIEC), 
a category of invasive bacteria residing in the gut that cause innate 
immune responses (Table 1).

AIEC is capable of translocating into IECs and replicating intra-
cellularly. Researchers have shown that AIEC is closely related to in-
flammatory bowel disease (IBD), and that its abundance in inflamed 
regions also correlates to the severity of diseases [92,93]. Moreover, 
AIEC plays a central role in the pathogenesis of CRC [46,94]. The 
obvious difference between AIEC and S. bovis is that the pathogen-
ic cyclomodulin-positive AIEC is more prevalent on the mucosa of 
patients with stages III/IV CRC than those with stage I. This finding 
suggests that AIEC is highly likely to be involved in the progression 
of carcinoma, especially at the late stage, and may be a prognostic 
factor [47]. Unlike non-pathogenic strains, AIEC strains harbor fla-
gella and usually include a variety of FimH adhesin variants, hence 
allowing them to bind and invade IECs more efficiently [95]. These 
polarized IECs can secrete the pro-inflammatory cytokine IL-8 and 
chemokine CCL20, leading to the recruitment of macrophages and 
dendritic cells to the sites of infection with further secretions of inter-
feron (IFN)-γ and TNF-α [96,97]. Moreover, the binding of flagella to 
Toll-like receptor 5 (TLR5) in IECs is able to activate the classical NF-
κB pathway [98]. In turn, these molecular patterns cooperatively con-
trol the transcription of IL-8 and pro-angiogenic factors contributing 
to inflammation and vascularization, as well as tumorigenesis [99].

2.4. Lymphoid tissue-resident commensal bacteria

The gut-associated lymphoid tissues (GALTs) include Peyer’s 
patches (PPs), isolated lymphoid follicles (ILFs), mesenteric lymph 
nodes (MLNs), and intestinal lamina propria (ILP) [100]. The under-
lying area of the intestinal epithelium was previously thought to 
be sterile in healthy mammals. Although pathogenic bacteria can 
penetrate the inner mucus, evade AMPs and immunoglobulin-A 
(IgA) killing, and translocate across the intestinal epithelium, they 
can still be quickly killed by lamina propria macrophages or other 
lymphoid cells in the GALTs. However, recent studies suggest that 
a special group of commensal bacteria can not only colonize the 
GALTs, but also replicate in the GALTs of healthy mammals by utiliz-
ing nutrients from lymphoid tissue [48,49,101,102]. Furthermore, the 
composition of lymphoid tissue-resident commensal bacteria (LRCs) 
is largely different from those of the lumen-resident bacteria and 
epithelium-associated bacteria [102]. Obata et al. [48] found that 
PPs are the main lymphoid tissue colonized by commensal bacteria. 
Absolutely different bacteria were found to populate the surface 
of the PPs (i.e., mainly segmented filamentous bacteria (SFB) and 
Lactobacillus spp.) compared with the interior of the PPs (i.e., main-
ly Alcaligenes spp. and Ochrobactrum spp.) (Table 1). Furthermore, 
Alcaligenes spp. was found to be the dominant bacteria in the PP- 
dendritic cells (DCs) and MLN-DCs [48]. GALTs regulate special LRCs 
(mainly Alcaligenes) to prevent the systemic inflammation associat-
ed with Crohn’s disease and progressive hepatitis C virus infection 
[48,49,102]. In contrast, LRCs modulate the cytokine production of 
murine DC and promote the responses of tissue-specific Th17 cells 
and group 3 innate lymphoid cells [102].
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3. Mechanism of the colonic microbiota in the progression of 
colorectal cancer 

3.1. The colonic microbiota influences the progression of colorectal 
cancer through mucosal inflammation

One mechanism by which the colonic microbiota influences the 
progression of CRC is via the modulation of mucosal inflammation. 
The formation of CRC derived from normal colonic epithelia involves 
a series of inflammatory factors that enable and shape a tumori-
genic microenvironment. Studies have shown that the development 
of dysplasia and CRC is profoundly influenced by the inflammatory 
state of the colon. In patients with IBD, constant inflammation of the 
colon increases the susceptibility to develop CRC [103,104]. These 
inflammation conditions have also been associated with gut micro-
biota dysbiosis. During the development of a tumor, the permeabil-
ity of the physical barriers between the epithelium, which separate 
the microbiota from the lamina propria, is increased [89,105]. 
Barrier disruption results in bacterial translocation and leads to the 
exposure of microbial compounds to both antigen-presenting cells 
and epithelial cells; thus, the activation of immune-signaling path-
ways by bacterial stimuli contributes to a distortion of homeostasis 
that initiates a proneoplastic inflammatory milieu. Recognition of 
microbes and of microbial-derived molecules plays a pivotal role in 
the inflammation and induction of a pro-tumorigenic milieu in CRC. 
Among the mechanisms of action for the pro-inflammatory role of 
bacteria in CRC development, prominent mechanisms include in-
flammasome activation [106] and activation of the NF-κB pathway 
[107], both of which respond to microbial stimuli promoting cell 
survival and proliferation. In addition to the bacterial-sensing mech-
anisms in epithelial cells, T cell subpopulations such as Th17 cells 
and regulatory T cells can modulate inflammation within the GI 
tract, thereby playing an important role in inflammation-associated 
CRC [108,109]. It is interesting that the proportion and function of 
these cells are affected by the gut microbiota, further substantiating 
the important role of microbiota-mediated inflammation in CRC de-
velopment.

3.2. The colonic microbiota induces colorectal cancer progression 
through dysbiosis

The cause or effect relationship between the gut microbiota and 
CRC progression has come under debate. It is not possible to defin-
itively conclude that a causal association exists, because much of 
the evidence merely implies a relation, without clearly indicating 
whether the dysbiosis is a primary cause or a secondary outcome. 
However, some studies have shown that mouse and rat models of 
intestinal tumorigenesis exhibited decreased tumor loads with the 
depletion of microbes, compared with mouse and rat models raised 
under conventional conditions [76,110,111]. Recent research has 
demonstrated that specific members of the gut microbiota contrib-
ute to the development of CRC [5,7]. It is notable that the tumor 
milieu is populated by immune cells, which play a role in both pro- 
and anti-tumor immunity. These immune cells can be influenced by 
the gut-resident microbiota as well, even after progression to CRC. 
Therefore, rather than being a causal relationship, the intricate in-
teractions between the microbiota, the immune system, and CRC are 
a multifaceted network that warrants further investigation.

3.3. The colonic microbiota contributes to the progression of colorectal  
cancer through bacterial metabolites

Accumulating evidence suggests that not only the gut microbiota 
but also its metabolites contribute to the pathogenesis of CRC. The 
SCFAs acetate, propionate, and butyrate can function as suppression 

factors in cancer, whereas other subsets of microbial metabolites, 
such as secondary bile acids, promote tumorigenesis. All these 
metabolites have been substantially reviewed in other literature 
[12,112]. In this section, we aim to briefly discuss the relations be-
tween microbial metabolism, diet, and CRC.

High protein intake results in an increase in the fermentation 
of diet-derived protein in the colon, as indicated by the increase in 
amino-acid-derived products such as branched-chain fatty acids and 
phenylacetic acid [113,114]. A small portion of the gut bacteria com-
munity, including some Bacteroidetes spp. and Firmicutes spp., can 
metabolize aromatic amino acids to produce bioactive compounds, 
consisting of indoles, phenols, p-cresol, and phenylacetic acid. These 
nitrogenous products, and N-nitroso compounds in particular, have 
the capacity to promote carcinogenesis through DNA alkylation that 
results in mutations. There is a positive correlation between the 
intake of dietary N-nitroso compounds and CRC [115]. Increases in 
fecal N-nitroso compounds have been observed in individuals with 
high-protein diets. Ammonia, another product of protein fermenta-
tion, is a carcinogenic agent as well, but at low concentrations; it has 
been shown to increase mucosal damage and the amount of colonic 
adenocarcinoma in a rat model [116]. Hydrogen sulfide is a product 
generated in the distal gut via the reduction of diet-derived sulfate 
and the metabolism of other compounds. Sulfate-reducing bacte-
ria, such as Desulfovibrio spp., are detectable in low abundances in 
healthy individuals, and are capable of using lactate as a co-substrate  
for sulfide formation [117]. Sulfide is toxic to colonocytes and re-
presses butyrate oxidation, leading to the disruption of the colono-
cyte barrier [118]. Sulfide is genotoxic to normal human cell lines, 
in which the mechanism of DNA damage engages ROS [75]. Polyam-
ines, metabolites from bacteria or the diet, are also toxic and are as-
sociated with cancer. Oxidative stress due to polyamine catabolism 
is thought to be the underlying mechanism of this relation [119]. 
In addition, specific gut bacteria, B. fragilis, up-regulate polyamine  
production by host cells [120]. Excessive consumption of ethanol 
has been widely accepted as an important risk factor for cancer [121], 
and microbial metabolism may add to its toxicity. Many anaerobic 
bacteria can produce ethanol. Although ethanol itself is not regarded 
as a potent carcinogen, its oxidation product, acetaldehyde, is con-
sidered to be highly carcinogenic, causing an array of effects ranging 
from the degradation of the vitamin folate to DNA damage [122].

4. The translocation of commensal bacteria in colorectal cancer

In addition to dysbiosis, the dysregulated localization of com-
mensal bacteria plays a crucial role in CRC development. A common 
bacteria translocation route is from the gut to MLNs [104]. In a pro-
spective cohort study on 158 CRC patients for 5 years, CRC patients 
with bacterial translocation in the mesenteric lymph nodes had a 
worse rate of disease-specific survival and disease-free survival than 
those without [32]. Moreover, bacterial translocation is a specific 
predictor of the survival of CRC patients [32]. Lescut et al. [123] 
reported that the dysregulated bacteria in the pericolonic lymph 
nodes adjacent to the cancer are the major bacterial translocation 
resources in CRC patients. Moreover, CRC patients with bacterial 
translocation are prone to exhibit cachexia [124]. These studies 
indicate that targeting the dysregulated localization of commensal 
bacteria is a promising approach for CRC prevention and treatment.

5. Fecal bacteria as a biomarker in colorectal cancer diagnosis

Other studies by our group recently indicated that stool-based 
CRC-associated bacteria could serve as a non-invasive biomarker for 
CRC diagnosis [125,126]. Using probe-based duplex quantitative pol-
ymerase chain reaction (qPCR) assays, we examined CRC-related bac-
teria (F. nucleatum, Bacteroides clarus (B. clarus), Roseburia intestinalis  
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(R. intestinalis), Clostridium hathewayi (C. hathewayi), and m7) in 
stool samples of 203 CRC patients and 236 healthy controls. The 
combination of F. nucleatum + C. hathewayi + m7 + B. clarus showed 
high diagnostic ability, with an area under the receiver operating 
curve (AUC) of 0.886 [125]. By the qPCR analysis of 104 patients 
with CRC, 103 patients with advanced adenoma, and 102 healthy 
controls, we also identified that the combination of F. nucleatum + 
fecal immunochemical test (FIT) showed high sensitivity (92.3%) 
and an AUC of 0.95 in detecting CRC [126]. High abundances of F. 
nucleatum and B. fragilis have been identified as independent indica-
tors of poor survival in CRC patients [127]. FadA, the unique adhesin 
of F. nucleatum, has also been reported to be a potential diagnostic 
target for CRC. The expression levels of the fadA gene in colon tissue 
from patients with adenomas and adenocarcinomas are significantly 
higher than those in normal individuals [128]. These studies suggest 
that probing the gut microbiota may provide a non-invasive, accu-
rate, and affordable diagnosis of CRC.

6. Conclusions and perspective

The four populations of gut commensal bacteria manifest dif-
ferent compositions and various functions in their differential 
contributions to the interactions between host and microbes. The 
whole GI tract is a huge mutualistic ecosystem. Changes in each 
bacteria group could potentially form a cascade reaction with 
other bacteria groups. By dividing the GI commensal bacteria into 
more groups, we can understand the molecular mechanisms of 
action for special bacteria groups more explicitly. Dysregulated 
localization of bacteria is closely associated with CRC, and fecal 
bacteria may be valuable diagnosis markers for CRC. Furthermore, 
the gut microbiota may be a therapeutic target to inhibit CRC pro-
liferation and metastasis.
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