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A tale of two bacteria –
Bacteroides fragilis, Escherichia
coli, and colorectal cancer

Charles Robert Lichtenstern and Reena Lamichhane-Khadka*

Department of Biomedical Education, California Health Sciences University College of Osteopathic
Medicine, Clovis, CA, United States
Colorectal cancer (CRC) is a leading cause of cancer-related deaths globally.

Incidence rates among individuals under 50 years are rising, which has led to the

lowering of the recommended screening age from 50 to 45 years for those at an

average risk. While numerous risk factors are associated with the development of

CRC, most cases contain microbial signatures representative of dysbiosis,

indicating a role for the gut microbiome in disease pathogenesis. To date,

most research has investigated individual members of the gut microbiota

independently; however, it is widely established that microbes interact with

each other in the gut. More recently, two specific species of the microbiota

have revealed a pro-carcinogenic synergism in vivo. Strains of both Bacteroides

fragilis and Escherichia coli have been linked to CRC in clinical studies and been

shown to induce carcinogenesis in mouse models through B. fragilis toxin and

colibactin, respectively. The link between these two bacteria is found within their

spatial association: biofilms, or mucosal-associated microbial aggregates. In this

review, we discuss the roles of B. fragilis and E. coli in healthy and diseased guts,

current evidence associating each bacterium with CRC individually, and their

synergistic contributions to the pathogenesis of CRC. Future investigation of

CRC should focus on bacterial biofilms and additional potential pro-

carcinogenic synergisms between other species of the gut microbiota to

improve prevention and screening measures.

KEYWORDS
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Introduction

Colorectal cancer (CRC) is the third most common cancer among men and women,

surpassed only by prostate and breast cancer, for men and women, respectively, and lung

cancer (Siegel et al., 2022). In 2022, there were an estimated 151,030 new cases of CRC and

52,980 deaths in the United States alone (Siegel et al., 2022). Interestingly, from 2014 to

2018, annual CRC incidence rates declined by approximately 2% in individuals 50 years

and older but increased by approximately 1.5% in individuals younger than 50. As a result
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of this alarming increase, the American Cancer Society has

recommended that CRC screenings begin at age 45 for those at

an average risk (Siegel et al., 2022).

The etiology of CRC can be influenced by a multitude of factors,

including sporadic mutations, pre-existing chronic inflammation,

and hereditary factors (Mármol et al., 2017). However, if these

factors are closely examined, a common denominator may be

identified in all individuals regardless of the age of onset and

origin: the gut microbiome. Under conditions of dysbiosis, a

change in the microbiome potentially induced by these factors,

members of the microbiota can invade the intestinal epithelial cell

(IEC) barrier, inducing damage, inflammation, and the formation

of biofilms (Chew et al., 2020). Recently, Dejea et al. (2018) found

evidence of a spatial association of B. fragilis and E. coli in biofilms,

as well as a synergistic pro-carcinogenic involvement between these

predominant bacterial species of the gut microbiota (Dejea et al.,

2018). While the exact mechanism of microbial-induced CRC has

yet to be elucidated, the Alpha bug model (Sears and Pardoll, 2011)

and driver-passenger model (Tjalsma et al., 2012) provide some

explanation of how the microbiota may induce carcinogenesis in

general. This review focuses on the roles of B. fragilis and E. coli in

the presence and absence of disease, and the current evidence

associating each bacterium with CRC individually and in

synergism with one another.
Gut microbiome and biofilms

Microbiota are extensive communities of microorganisms

distributed throughout the human body, with the gastrointestinal

tract being one of the most densely populated environments. The

microbiome includes the genes harbored by these microorganisms

(Turnbaugh et al., 2007). With its array of functions and critical

roles in many different aspects of human health, the microbiome is

sometimes regarded as its own organ (Baquero and Nombela,

2012). The human gut microbiome can house over 35,000

bacterial species and constitutes approximately 70% of the total

microorganisms present in humans (Sekirov et al., 2010). Under

normal healthy conditions, gut microbiota exist in a commensal

relationship with the host, aiding in digestion, metabolism, and

immunity. However, in conditions of dysbiosis, disease can quickly

ensue from alterations or imbalances in the composition of the

microbiota. Opportunistic and/or pathogenic bacteria can

outcompete the commensal bacteria and subsequently invade the

IEC barrier, causing inflammation and the development of a

possible pre-malignant environment.

A vast majority of the microorganisms present in the gut exist in

the intestinal lumen; however, some are also found in the mucosal

layer of the epithelium (Van den Abbeele et al., 2011). When

bacteria interact and invade the mucin layer, making contact with

the epithelium, they can induce structural changes to IECs, resulting

in intestinal inflammation and changes to the surrounding

microbial community, including the formation of biofilms (Tytgat

et al., 2019; Chew et al., 2020). Biofilms, bacterial aggregates or

polymicrobial communities, originate as small aggregates of

adhered bacteria that evolve into mature biofilms upon enclosure
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in a matrix of secreted polysaccharides, proteins, and nucleotides,

collectively known as the extracellular polymeric substances (EPS)

(Flemming and Wingender, 2010; Tytgat et al., 2019). The EPS

matrix functions to promote adhesion and aggregation of bacteria,

serves as a protective layer for the biofilm community, and acts as a

nutrient source (Flemming and Wingender, 2010). While gut

biofilms can include pathogenic or nonpathogenic bacterial

species with a propensity for beneficial or detrimental roles, they

appear to be potential markers for disease development (Tytgat

et al., 2019), and it has been suggested that microbial-induced CRC

is dependent on the formation of biofilms in the gut (Dejea et al.,

2014; Chew et al., 2020). The pathogenicity of biofilms can be

attributed to their ability to localize bacteria to mucosal surfaces,

promote interactions and cooperation between bacterial species,

and protect bacteria from harm (Tytgat et al., 2019).

Biofilms are present in both healthy individuals and CRC

patients, although more frequently seen in the latter (13% in

healthy and 50% in CRC populations) (Dejea et al., 2014; Chew

et al., 2020). Biofilms associated with CRC have been shown to harbor

different bacterial species, including those from Veillonellaceae,

Lachnospiraceae, Coriobacteriaceae, Bacteroidetes, and Firmicutes

(Dejea et al., 2014; Drewes et al., 2017). The transfer of microbiota

from biofilm-positive mucosa, obtained from both healthy

individuals and patients with CRC, to germ-free mice led to the

development of CRC (Tomkovich et al., 2020). Both tumor and non-

tumor tissues harboring biofilms revealed reduced expression of E-

cadherin in crypt cells, increased polyamine production, increased

interleukin 6 (IL-6) expression and activation of signal transducer

and activator of transcription (STAT3) in IECs, and increased IEC

proliferation (Figure 1) (Dejea et al., 2014; Chew et al., 2020). E-

cadherin is a tumor suppressor protein that forms adherens

junctions, and loss of E-cadherin correlates with increased tumoral

invasiveness and metastasis (Vleminckx et al., 1991). Interleukin-6

and its pro-inflammatory effects contribute to immunosuppression,

angiogenesis, and increased tumor cell proliferation, survival, and

metastasis. Interleukin-6 also activates STAT3 signaling, further

promoting tumor proliferation and carcinogenesis. Biofilm

organization may also show spatial preference, as biofilms have

been associated with 89% of right-sided tumors versus only 12% of

left-sided tumors (Dejea et al., 2014).

With an increase in research focused on the role of the gut

microbiome in disease development, an association between specific

members of the microbiota and CRC has been revealed (Cheng et al.,

2020; Abdulla et al., 2021). For example, B. fragilis has been shown to

induce epithelial-mesenchymal transition (EMT) in the colon; cleave

E-cadherin through B. fragilis toxin (BFT); activate the Wnt, nuclear

factor-kB (NF-kB), STAT3, and mitogen-activated protein kinase

(MAPK) signaling pathways; activate production of pro-

inflammatory cytokines; and enhance expression of oncogenes

(Abdulla et al., 2021). Escherichia coli alters cell cycle progression

through induction of DNA damage by its virulence factor, colibactin

(Abdulla et al., 2021). Fusobacterium nucleatum has also been shown

to trigger EMT in the colon, activate NF-kB and the production of

pro-inflammatory cytokines, and inhibit anti-tumor immunity, all

contributing to inflammation and tumorigenesis (Abdulla et al.,

2021). Peptostreptococcus anaerobius alters Toll-like receptors 2 and
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4 (TLR2 and TLR4) signaling, leading to accumulation of reactive

oxygen species (Abdulla et al., 2021). Streptococcus gallolyticus has

been implicated in activation of Wnt signaling and upregulation of

oncogenes (Abdulla et al., 2021). While these associations have been

influential in further elucidating the relationship between microbiota

and CRC, how these bacteria interact with each other specifically in

the context of inflammation and CRC development must be

examined to fully uncover the mechanisms underlying microbial-

induced CRC. B. fragilis and E. coli are the first of these bacterial

species discovered to exist in a synergistic interaction affecting the

development of CRC. Hence, we will focus our discussion on B.

fragilis and E. coli.
Bacteroides fragilis

The Bacteroides species are Gram-negative, obligate anaerobic

bacteria that represent approximately 25% of all anaerobes in the

gut microbiota (Wexler, 2007). Bacteroides spp. mostly exist in a

commensal relationship with their host and serve key roles in

nutrition and immunity (Wexler, 2007; Sears, 2009; Zafar and

Saier, 2021). However, some strains can be opportunistic

pathogens, causing widespread disease if they escape the gut. B.

fragilis is one of the most widely studied of these strains due to its

opportunistic nature and high virulence. Furthermore, B. fragilis is

the most commonly isolated anaerobe from clinical cases of

diarrhea, sepsis, and extra-intestinal infections (Haghi et al., 2019).

Strains of B. fragilis are characterized based on the presence or

absence of a 20-kDa protein toxin called B. fragilis toxin (BFT), or
Frontiers in Bacteriology 03
fragilysin (Moncrief et al., 1995; Wu et al., 1998; Wu et al., 2004).

Enterotoxigenic B. fragilis (ETBF) contain this toxin, while non-

enterotoxigenic B. fragilis (NTBF) do not. BFT is transcribed from

the B. fragilis toxin gene (bft) and is one of three different isotypes,

BFT-1, BFT-2, and BFT-3 (Franco et al., 2002). BFT functions as a

zinc-dependent metalloprotease that cleaves E-cadherin and causes

its degradation (Wu et al., 1998; Wu et al., 2004). E-cadherin is

necessary for maintaining the mechanical integrity of the IEC

barrier and proper maturation of Paneth and goblet cells, and

reduced levels of E-cadherin has been linked to both ulcerative

colitis and Crohn’s disease (Schneider et al., 2010). BFT-induced

cleavage of E-cadherin stimulates the opportunistic nature of ETBF

and promotes disease pathogenesis. ETBF and its toxic properties

were initially described in lamb diarrheal disease and later spread to

other livestock, such as piglets, foals, and calves (Myers et al., 1984;

Myers et al., 1985; Myers and Shoop, 1987; Myers et al., 1987a;

Collins et al., 1989). It was further described in cases of diarrhea in

children (Myers et al., 1987b; Sack et al., 1992; Sack et al., 1994;

Durmaz et al., 2005). It has since been established as a global cause

of diarrhea (Sears, 2009).

Bacteroides fragilis toxin induces morphological changes in

IECs including loss of cell-cell adhesions, rounding, swelling, and

alterations to the actin cytoskeleton (Weikel et al., 1992; Donelli

et al., 1996). It enhances expression of chemokines (interleukin 8

(IL-8), transforming growth factor beta (TGF-b), epithelial

neutrophil-activating protein 78 (ENA-78), and growth-regulated

alpha protein (GRO-a)) (Sanfilippo et al., 2000; Kim et al., 2001);

secretory response factors in the gut (cyclooxygenase-2 (COX-2)

and prostaglandin E2) (Kim et al., 2006); leukocyte recruitment
FIGURE 1

Proposed role of gut biofilm in CRC. Investigation of gut biofilms has revealed numerous changes to the IEC barrier and local inflammatory
environment. Increased polyamine production leads to a myriad of functions regulated by the gut microbiota. Loss of E-cadherin results in a breach
in the tight junction integrity of the IEC barrier. Increased IL-6 expression and STAT3 activation results in IEC proliferation, invasiveness, and
angiogenesis. Combined, these effects reveal the pro-carcinogenic potential of gut biofilms in the development of CRC.
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proteins (intercellular adhesion molecule 1 (ICAM-1)) (Roh et al.,

2011); and anti-inflammatory mediators (heme oxygenase-1 (HO-

1)) (Ko et al., 2016; Ko et al., 2020). BFT activates NF-kB, b-catenin,
and MAPK signaling (KIM et al., 2002; Kim et al., 2005) and plays a

role in the upregulation of the DNA damage marker,

phosphorylated H2AX (g-H2AX), and production of ROS

through spermine oxidase (SMO) (Goodwin et al., 2011).

Recently, Allen et al. (2022) utilized whole-genome and whole-

exome sequencing on mouse tumors after colonization with ETBF

and found that ETBF did not produce a unique mutational profile

(Allen et al., 2022). ETBF-induced tumors followed a similar

mutational pattern as spontaneous tumors, resulting from errors

in DNA mismatch repair machinery and homologous

recombination. Interestingly, B. fragilis was significantly enriched

in mismatch repair-deficient (dMMR) CRC but not mismatch

repair-proficient (pMMR) CRC (Hale et al., 2018).

B. fragilis has also been shown to modulate the anti-tumor

immune response to immunotherapy (Vétizou et al., 2015). Mouse

tumors grown in germ-free conditions or with broad-spectrum

antibiotics were unresponsive to cytotoxic T-lymphocyte-associated

antigen 4 (CTLA-4) blockade; however, when B. fragilis was

recolonized in mice, these tumors regained responsiveness to

CTLA-4 treatment in a manner consistent with an elevated T

helper 1 (Th1) response and maturation of intratumoral dendritic

cells (DCs) (Vétizou et al., 2015). These findings not only suggest

the need of gut microbiota for the efficacy of some

immunotherapies, but also the protective, anti-cancer properties

of B. fragilis in bolstering immunotherapy.

It should be noted that Kordahi et al. (2021) recently discovered

a possible role of NTBF in CRC development, despite being the so-

called non-enterotoxigenic form. Researchers found that B. fragilis

isolates from patients with colonic polyps were colonized mostly

with NTBF, not ETBF, and NTBF was positively correlated with

levels of interleukin 12p40 (IL-12p40) and polyp size (Kordahi et al.,

2021). These NTBF isolates were enriched in genes related to

lipopolysaccharide (LPS) synthesis and were able to induce TLR4

signaling and a pro-inflammatory response (Kordahi et al., 2021).

Based on the findings by Kordahi et al. (2021), NTBF should not be

excluded as a plausible contributor to CRC development solely due

to its lack of BFT.
Escherichia coli

Escherichia coli is a Gram-negative, facultative anaerobe present

in the gut microbiome of over 90% of people (Martinson and Walk,

2020). Aside from a few select pathogenic strains, E. coli has a

commensal relationship with its host and maintains a myriad of

critical roles in the human gut, such as vitamin K production

(Suvarna et al., 1998) and protection against pathogenic microbes in

the gut (Richter et al., 2018). Furthermore, E. coli uses up oxygen

present in the gut, thus bolstering an anaerobic environment for

obligate anaerobes such as B. fragilis to thrive (Mueller et al., 2015).

The essential physiological roles and relative abundance of E. coli in

the human gut make it a great candidate for investigating microbial-

induced CRC.
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Escherichia coli strains are divided into four phylotypes, A, B1,

B2, and D (Friesen, 1988; Herzer et al., 1990; Clermont et al., 2000).

Most commensal strains belong to phylotype A, while most

pathogenic strains belong to phylotype B2 and D (Bingen et al.,

1998; Boyd and Hartl, 1998; Picard et al., 1999; Johnson and Stell,

2000). Pathogenic strains of E. coli are common causes of urinary

tract infections, sepsis, meningitis, etc. (Johnson and Russo, 2002a;

Johnson and Russo, 2002b). The pathogenicity of certain E. coli

strains can be attributed to the presence of different virulence

factors and the ability to induce a genotoxic effect in cells. The

bacterial toxins that stimulate this genotoxic effect are termed

cyclomodulins (Nougayrède et al., 2005). Cyclomodulins interfere

with the eukaryotic cell cycle through induction of DNA damage

and genomic instability, both of which can contribute to

carcinogenesis (Gagnière et al., 2016).

The B2 phylotype of E. coli possesses a genomic island called the

polyketide synthetase (pks) island (Nougayrède et al., 2006;

Nowrouzian and Oswald, 2012) which carries the information to

produce a polyketide-peptide toxin called colibactin (Nougayrède

et al., 2006; Nowrouzian and Oswald, 2012). The structure of

colibactin has recently been confirmed as containing an a-
dicarbonyl group and two electrophilic spirocyclopropyldihydro-

2-pyrrolone groups that can undergo ring-opening to attach to

DNA (Xue et al., 2019). Although the exact signaling mechanism of

colibactin has yet to be uncovered, its genotoxic activity in

eukaryotic cells has been examined. Like the other cyclomodulins

of E. coli, colibactin translocates to the nucleus where it induces

interstrand crosslinks and double-stranded DNA breaks

(Nougayrède et al., 2006; Dougherty and Jobin, 2021). Colibactin

has also been shown to trigger alkylation and formation of adenine

adducts in vitro and in vivo through the electrophilic cyclopropane

groups (Wilson et al., 2019).

It has been established that pks+ E. coli can induce a unique

mutational profile, providing evidence of the causality between

colibactin and mutations in IECs (Pleguezuelos-Manzano et al.,

2020). Whole genome sequencing (WGS) revealed a specific

mutational signature of colibactin characterized by single base

substitutions (SBS-pks), specifically T>N substitutions at ATA,

ATT, and TTT sites, as well as a small indel signature (ID-pks)

characterized by single T deletions within T homopolymers

(Pleguezuelos-Manzano et al., 2020). These same SBS-pks and ID-

pks mutational signatures were found enriched in CRC-derived

metastases compared to other solid cancer metastases

(Pleguezuelos-Manzano et al., 2020). Although further research is

necessary, taken altogether, these data may suggest that in respect to

the proposed models of the relationship between the microbiota

and CRC, pks+ E. coli may be the driver that initiates CRC

development while ETBF further promotes it via extra-

genomic mechanisms.

Colibactin has also been shown to exert its genotoxic effects on

the local microbial community. Infection of pregnant mice with the

genotoxic B2 phylotype of E. coli revealed microbial changes in the

guts of mouse offspring at two different time points: 15 and 35 days.

At day 15, the mice displayed increased abundance of

Lachnospiraceae, decreased abundance of Proteobacteria, and

significant alterations to the overall microbial profile despite no
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change in overall diversity (Tronnet et al., 2020). At day 35, the mice

displayed decreased abundance of Firmicutes and related taxa,

increased abundance of Deferribacteres and Tenericutes, increased

overall diversity, and enrichment in microbial DNA replication and

repair pathways (Tronnet et al., 2020). The findings from Tronnet

et al. (2020) reveal a significant role for colibactin in influencing and

modifying the surrounding microbial community. Further findings

from Chen et al. (2022) revealed that the genotoxic B2 phylotype of

E. coli reduced populations of Vibrio cholerae by three to five orders

of magnitude, inhibited the growth of other Vibrio species, of

Enterobacter aerogenes and Staphylococcus, and provided direct

evidence of colibactin-mediated reduction of B. fragilis (Chen

et al., 2022), thus emphasizing the role of colibactin in shaping

the gut microbiota and influencing the interactions with

invading pathogens.
Models of pathogenesis

The precise mechanism(s) of how the gut microbiome

contributes to carcinogenesis and the development of CRC is still

not completely understood, perhaps due to the vast array of

microorganisms present, extreme interpersonal heterogeneity, or

simply due to microbiome research being a somewhat newly

growing field. Previous studies have proposed two explanations

that attempt to shed light on the relationship between gut

microbiota and CRC: 1) the Alpha-bug model and 2) the driver-

passenger model (Figure 2).

The “Alpha-bug” model, proposed by Sears and Pardoll (2011),

refers to the pro-carcinogenic bacterium as an “Alpha-bug” that

demonstrates a three-fold potential in stimulating CRC

pathogenesis (Sears and Pardoll, 2011). First, the Alpha-bug can

induce carcinogenesis directly through its virulence or genotoxic
Frontiers in Bacteriology 05
metabolites. Second, the Alpha-bug can alter its local microbial

community to further promote the transition to an oncogenic state

and the genotoxic activity of the Alpha-bug. Third, the Alpha-bug

can inhibit anti-cancer microorganisms by “crowding out” these

protective species, thus further enhancing carcinogenesis (Sears and

Pardoll, 2011). This combination of inducing tumorigenesis

directly, remodeling the microbial community, and removing

anti-cancer bacteria is a potential model of microbial-involvement

in the development of CRC by an Alpha-bug. Both B. fragilis and E.

coli have the potential to be Alpha-bugs (Figure 2B).

The “driver-passenger” model, first proposed by Tjalsma et al.

(2012), distinguishes bacteria into two types based on their

temporal association with the development of CRC (Tjalsma

et al., 2012). First, the “driver” bacterium utilizes its genotoxins to

induce damage to the IEC barrier. This begins a cascade of changes

that eventually lead to CRC pathogenesis. The genotoxin-induced

epithelial changes cause alterations in the local microbiome,

allowing for opportunistic pathogens, the “passengers”, to thrive

and further promote carcinogenesis. Thus, in this model, two key

bacterial players contribute to disease pathogenesis (Figure 2C).

Although the driver bacterium initiates CRC development, it is the

opportunistic pathogens that maintain the diseased state.
Discussion

Colorectal cancer, B. fragilis, and E. coli –
the evidence

Before discussing the synergistic involvement of B. fragilis and

E. coli in the development of CRC, it is important to first discuss the

evidence for involvement of each bacterium in CRC individually. B.

fragilis has been extensively linked to CRC in vivo. Gnotobiotic mice
FIGURE 2

Proposed models of the relationship between gut microbiota and CRC. Under normal healthy conditions, gut microbiota exist in a commensal
relationship with the host (A). Under conditions of dysbiosis, opportunistic and/or pathogenic microbiota can invade the IEC barrier and promote an
inflammatory and pro-carcinogenic environment. The “Alpha-bug” model (B) describes the ability of the “Alpha-bug” (e.g., ETBF and pks+ E. coli) to
induce carcinogenesis directly by its respective genotoxins and indirectly by inhibiting anti-cancer microorganisms and altering the local
microbiome. The “driver-passenger” model (C) describes the ability of the “driver” to initiate carcinogenesis while the “passengers” maintain and
bolster the diseased state.
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developed intestinal ulcerations, edema, and inflammatory

infiltration after infection with BFT-producing ETBF, but not

NTBF (Nakano et al., 2006). Furthermore, ETBF was shown to

cause colitis independently (Rhee et al., 2009; Goodwin et al., 2011;

Wick et al., 2014; Hwang et al., 2020), worsen colitis induced by

dextran sodium sulfate (DSS) (Rabizadeh et al., 2007), induce colon

tumorigenesis in a Stat3/T helper 17 cell (Th17)-mediated manner

(Wu et al., 2009; Chung et al., 2018; Liu et al., 2020), increase

median amounts of colon tumors with increased duration of ETBF

colonization (DeStefano Shields et al., 2016), and promote polyp

formation and tumorigenesis in an azoxymethane (AOM)/DSS

mouse model (Hwang et al., 2020).

Several human observational studies have also demonstrated a

link between B. fragilis and CRC. A study by Toprak et al. (2006)

first provided the evidence for this association, with bft being

detected at a higher rate in stool samples of CRC patients

compared to the control group (Toprak et al., 2006). A later

study by Boleij et al. (2015) also detected bft at higher rates in

colon mucosal samples of CRC patients compared to the control

group (Boleij et al., 2015) and more so in late- versus early-stage

CRC, a finding that was supported by another study (Viljoen et al.,

2015). Other studies have shown an association between ETBF and

CRC; ETBF was detected at higher rates in tumors compared to

normal tissues and controls in 97 CRC patients from South China

(Zhou et al., 2016). Also, an association was found between ETBF

positivity and low-grade dysplasia, tubular adenomas, and serrated

polyps, indicating a possible role of ETBF in CRC development

(Purcell et al., 2017). Further studies have successfully reproduced

these findings of increased detection of B. fragilis in CRC patients.

Despite this, some studies have shown results contradictory to the

proposition that B. fragilis expression is enhanced in CRC (Dutilh

et al., 2013; Zeller et al., 2014; Lennard et al., 2016; Wirbel et al.,

2019; Piciocchi et al., 2021; Shariati et al., 2021). Whether due to

method design, confounding variables, etc., more research is needed

to compare studies and truly uncover the causative role of B. fragilis

in CRC development.

Escherichia coli has also demonstrated a role in colon

tumorigenesis in vivo. Germ-free Il10-/- mice colonized with pks+

or pks- E. coli developed severe colitis, and AOM-treated germ free

Il10-/- mice colonized with pks+ E. coli developed increased colonic

tumorigenesis (Arthur et al., 2012). Interestingly, AOM-treated

germ-free Il10-/-Rag2-/- mice, lacking functional T and B cells, did

not develop colonic inflammation or tumorigenesis when colonized

with pks+ E. coli, suggesting that pks+ E. coli requires inflammation

to promote tumorigenesis initiated by AOM. AOM/DSS-treated

mice also developed enhanced colonic tumorigenesis when

colonized with pks+ E. coli (Cougnoux et al., 2014). Furthermore,

multiple intestinal neoplasia (Min) mice, harboring a mutant allele

in the APC gene, colonized with pks+ E. coli developed increased

colonic polyps compared to uncolonized controls (Bonnet

et al., 2014).

The role of E. coli has also been reported by human

observational studies of CRC. In a study by Arthur et al. (2012),

the abundance of pks+ E. coli was significantly increased in 35 IBD

and 21 CRC patients (Arthur et al., 2012). Other studies

investigating the abundance of pks+ E. coli in patients with CRC
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or diverticulosis found higher percentages of E. coli in CRC patients

compared to patients with diverticulitis, although the percentages

varied slightly between studies (Buc et al., 2013; Bonnet et al., 2014;

Raisch et al., 2014). Elevated levels of pks+ E. colimarkers have also

been detected in stool samples of patients diagnosed with CRC

(Eklöf et al., 2017). Also, higher levels of pks+ E. coli were detected

in CRC patients compared to healthy controls (Prorok-Hamon

et al., 2014; Iyadorai et al., 2020). Some studies suggest E. coli B2

strains heavily associate with cancerous lesions more so due to a

result of tumorigenesis as opposed to a cause of tumorigenesis

(Brader et al., 2008; Stritzker et al., 2010; Kocijancic et al., 2016).

Again, more research and longitudinal studies are needed to

uncover the causative roles of pks+ E. coli in the development

of CRC.
B. fragilis-E. coli coinfection

The synergistic potential of B. fragilis and E. coli was initially

described in intra-abdominal infection (Rotstein et al., 1985).

Bacteroides fragilis-E. coli coinfection of intraperitoneal fibrin

clots in rats resulted in increased mortality compared to either

bacterium alone. Similarly, B. fragilis enhanced the severity and

persistence of E. coli-induced abscesses and vice versa (Rotstein

et al., 1989).

Based on the proposed models of the relationship between the

gut microbiota and CRC, it is unlikely for one microorganism to

individually affect the colon in the transition to an oncogenic state.

Considering both B. fragilis and E. coli are plausible “Alpha-bugs,”

the possibility that these two bacteria work together to contribute to

the development of CRC should not be excluded. Furthermore,

biofilms found in the colons of patients diagnosed with CRC are

commonly composed of both ETBF and E. coli, providing further

evidence of this profound interaction (Dejea et al., 2018).

Dejea et al. (2018) provided the first evidence of a possible

synergistic role between B. fragilis and E. coli in the development of

CRC (Dejea et al., 2018). Examination of the colonic mucosa of five

patients with familial adenomatous polyposis (FAP) revealed the

presence of biofilms. These FAP biofilms were found throughout

the colon and consisted of mainly B. fragilis and E. coli. Moreover,

the mucosal samples from 25 patients with FAP were significantly

associated with ETBF and pks+ E. coli compared to the mucosal

samples from healthy controls.

To investigate whether ETBF and pks+ E. coli coinfection

enhances tumorigenesis compared to either bacterium alone,

Dejea et al. utilized ApcMinD716/+ and AOM-injected wild-type

(WT) mice. Compared to infection with either bacterium alone,

AOM-treated WT mice developed more tumors when coinfected

with ETBF and pks+ E. coli, and coinfected ApcMinD716/+ mice had

shortened survival times. Interestingly, AOM-treated WT mice

developed few to no tumors when infected with ETBF or pks+ E.

coli alone, indicating the necessity for both bacteria to

synergistically induce carcinogenesis (Dejea et al., 2018).

Coinfected mice also displayed significantly increased colonic

hyperplasia and micro-adenomas compared to monoinfection

with either bacterium, and significantly increased inflammation
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compared to monoinfection with pks+ E. coli but not

monoinfection with ETBF (Dejea et al., 2018).

Dejea et al. also discovered that coinfected mice had a significantly

increased fecal IgA response to pks+ E. coli compared to mice infected

with pks+ E. coli alone, and displayed an increase in mucosal-associated

pks+ E. coli in the distal colon compared to only the colonic lumen in

monoinfection with pks+ E. coli (Dejea et al., 2018). This indicates that

increased tumorigenesis may be a result of a shift in the spatial

arrangement of pks+ E. coli from the lumen to the colonic mucosa.

ETBF alone or with pks+ E. coli significantly reduced the mucous depth

like the well-known colonic mucin-degrading bacterium, Akkermansia

muciniphila. However, coinfection of AOM-treated WT mice with A.

muciniphila and pks+ E. coli resulted in reduced tumorigenesis,

suggesting that alterations to the mucosa alone is insufficient in

promoting carcinogenesis and hinting at a potential additive effect of

B. fragilis in carcinogenesis. Additionally, DNA damage in IECs of

coinfected mice was significantly increased compared to mice infected

with each bacterium alone. Combined, these results indicate that

ETBF-induced mucosal degradation is necessary for enhanced pks+

E. coli colonization, possibly allowing colibactin to further damage

IECs. The data from Dejea et al. (2018) suggest a role for ETBF and pks

+ E. coli interactions in promoting carcinogenesis during coinfection of

the gut, and the direct evidence provided by Chen et al. (2022) for

colibactin-mediated reduction of B. fragilis further emphasize the

complex interactions between ETBF and E. coli and their potential

influence on gut pathogenesis. Further investigation into the targeted

killing of B. fragilis by colibactin-producing E. coli is needed to elucidate

these interactions and their possible effects on the gut microbiome.
Conclusion and future directions

Colorectal cancer is one of the most common and deadly cancer

types globally, and despite advancements in our understanding,

detection, and treatment, the incident risk for individuals under 50

years is increasing. While numerous risk factors are associated with

the development of CRC, more than 80% of cases contain microbial

signatures representative of dysbiosis (Drewes et al., 2017).

However, the role of the gut microbiome remains elusive.

Although several studies have examined the composition of the

gut microbiome and particular microbiota that may have a role in

the development of CRC, a definitive, direct causal role has yet to be

uncovered. Pathogenic strains of two bacteria that are normal

inhabitants of the gut microbiome, B. fragilis and E. coli, have

been shown to induce carcinogenesis in vivo and have been

associated with CRC in human observational studies. More

recently, however, a synergistic role of B. fragilis and E. coli has

been shown in mouse models, suggesting that analysis of both may

be of importance in future screening and preventive measures.

The synergistic activity of B. fragilis and E. coli in vivo presents

an interesting and exciting area for potential future research. But

how do we expand our understanding of potential pro-carcinogenic

synergisms between other species of the microbiota? The answer to

this question requires a retrospective view. The synergism between

ETBF and pks+ E. coli was investigated, in-part, due to their high

association in bacterial-biofilms of CRC. So, to uncover additional
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microbial associations and possible synergistic contributions with

CRC, biofilms must be at the forefront of investigation. Biofilms of

CRC patients frequently house Bacteroidetes, Lachnospiraceae,

Fusobacterium and Proteobacteria taxa (Dejea et al., 2014; Drewes

et al., 2017), so investigating biofilms may allow us to identify

possible, future synergistic candidates. Biofilms serve as one route to

further uncover the role of the microbiome in the development

of CRC.

So, how do we fill in this knowledge gap to further analyze the

gut microbiome to improve and develop new cancer prevention and

screening measures? First, and most importantly, more longitudinal

studies are needed on the gut microbiome and CRC to allow for

cross-study comparisons, which has been a limiting factor thus far.

Slight differences between in vivo studies, mostly methodology

related, have made cross-study comparisons challenging and

unclear, and human observational studies show mixed results.

Second, advanced sequencing technology has proved influential in

the discovery and analysis of microbiota when traditional culture

methods present problems. This technology needs to be further

employed in early-life studies of microbiota, as well as in identifying

additional biofilms and associated microbiota that may play a role

in CRC development. With that, we may be able to utilize these

CRC-associated biofilms and microbiota to predict disease risk and

clinical outcomes. Third, further studies and research should focus

on the development of therapeutics and treatments geared towards

the microbiome for improved CRC treatment and prevention. As

each individual has a unique, personalized gut microbiome,

personalized treatment strategies will be ideal in ensuring the best

clinical results. Overall, the gut microbiome has a wide range of

potential benefits in managing CRC from screening and predictive

biomarkers to prevention and treatments. As once stated by the

wise Dutch philosopher Desiderius Erasmus, “prevention is better

than cure” and this holds even more true in the present day and the

current state of the gut microbiome in CRC.
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