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Abstract \
Accumulating evidence suggests that intestinal bacteria play an important role in the pathogenesis of colorectal cancer (CRC). Due
to the complexity of the intestinal microbiome, identification of the specific causative microbial agents in CRC remains challenging,
and the search for the causative microbial agents is intense. However, whether bacteria or their products can induce inflammation
that results in tumorigenesis or directly causes CRC in humans is still not clear. This review will mainly focus on the progress of
bacterial infection and CRC, and introduce the microbial contribution to the hallmarks of cancer. This article uses Salmonella and its
chronic infection as an example to investigate a single pathogen and its role in the development of CRC, based on laboratory and
epidemiological evidence. The bacterial infection leads to an altered intestinal microbiome. The review also discusses the dysfunction
of the microbiome and the mechanism of host-microbial interactions, for example, bacterial virulence factors, key signaling
pathways in the host, and microbial post-translational modifications in the tumorigenesis. Colonic carcinogenesis involves a
progressive accumulation of mutations in a genetically susceptible host leading to cellular autonomy. Moving forward, more human
data are needed to confirm the direct roles of bacterial infection in CRC development. Insights into the inhibiting infection will help
to prevent cancer and develop strategies to restore the balance between host and microorganisms.
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Introduction

Colorectal cancer (CRC) is one of the cancers that have a
major impact on the lives of the world population. It
accounts for >0.57 million deaths worldwide.!"! It is the
third most common cancer in the world and the second
most common cancer in China. CRC progresses in the
stepwise process which begins when healthy tissue
develops into the precancerous polyps or adenoma in
the colon.””! The colon is the natural habitat for a dynamic
and highly competitive bacterial community and contains
up to 100 trillion organisms. The intestinal microbiome is
the entire habitat in the intestine, including the micro-
organisms (bacteria, viruses, archaea, and fungi), their
genomes (ie, genes), and the surrounding environmental
conditions. Dysfunction of the microbiome in the intestinal
microbiome could foster chronic inflammation and the
production of carcinogenic metabolites, leading to neopla-
sia.** However, the links between microbial colonization
and CRC risk are starting to be unraveled. Evidence to
support a direct link of intestinal bacteria and its virulence
factors to human sporadic CRC is still limited.
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About 20% of human cancers are linked to infection by
virus, bacterial, or parasites.!”! However, the majority of
the research papers and books focused on viral infection
and cancer; limited topics of bacterial infection in cancer
are mainly Helicobacter pylori and gastric cancer. Gram-
negative Salmonella enterica is an intracellular pathogen to
both humans and animals, posing a major public health
concern worldwide. It is reported that antibody levels
against Salmonella flagellin were higher in CRC and pre-
cancer cases than controls in two distinct populations in
the US and the Netherlands.!®! This study has shown that
smoking and dietary intake (ie, iron) is one of the
mediating factors, suggesting a possible link of Salmonella
to CRC. We have discovered that Salmonella with
bacterial AvrA-expression increased the incidence of
colorectal tumors in a mouse CRC model.l”"®! Further-
more, our data showed that bacterial AvrA is more often
found in human tumor-adjacent mucosa than in colorectal
mucosa of non-cancer patients.!”>*!

The current review will highlight the progress of infection
and the emerging roles of the microbiome in the
pathophysiology of CRC. This review uses Salmonella
infection as a sample to discuss the microbial contribution
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to the development of CRC and the mechanism of
host-microbial interactions in the tumorigenesis. In cancer
treatment, inhibiting infection, inhibiting chronic inflam-
mation, and reversing malnutrition are reasonable strate-
gies to restore the balance between host and
microorganisms. A better understanding of the role of
bacteria in inflammation and cancer will lead to more
targeted strategies in which specific pathways of mamma-
lian cells are selectively affected.

Microbial Contribution to the Hallmarks of Cancer

The hallmarks constitute an organizing principle for
ratronahzm]g the complexities of cancer. Hanahan and
Weinberg!®' reviewed the hallmarks of cancer in 2000.
These comprise six biological capabilities acquired during
the multistep development of tumors. They include
sustaining proliferative signaling, evading growth sup-
pressors, resisting cell death, enabling replicative immor-
tality, inducing angiogenesis, and activating invasion and
metastasis. In 2011, Hanahan and Weinberg!'”! further
summarized the emerging hallmarks of cancer and added
two emerging hallmarks of potential generality to this list-
reprogramming of energy metabolism and evading
immune destruction. Underlying these hallmarks is
genome instability, which generates the genetic diversity
that expedites their acquisition and inflammation, which
fosters multiple hallmark functions. Tumors contain a
repertoire of recruited, ostensibly normal cells that
contribute to the acquisition of hallmark traits by creating
the “tumor microenvironment.” %! Interestingly, microbes
contribute to the multistep development of tumors and can
make the microenvironment in favor of tumor growth. We
can detect enhanced bacteria (eg, Bacteroides fragilis) in
the tumors of colon cancer patients and in the experimental
animal model.l"

Colonic carcinogenesis involves a progressive accumula-
tion of mutations in a genet1call¥ susceptible host leading
to eventual cellular autonomy.!'*) Many common cancers
develop as a consequence of chronic inflammation and/or
infectious. Patients with inflammatory bowel disease (IBD)
are at increased risk of developing CRC. The presence of
bacteria in the gut appears to be of crucial importance in
the pathogenesis of CRC. However, whether bacteria can
induce inflammation that results in tumorigenesis or
directly causes CRC in humans is not known. The nature
and regulation of host-bacterial interactions in the gut
are areas of intense scientific and clinical interest. The
pathogens have used bacterial effectors and/or microbial
metabolites to manipulate the signaling pathways in the
host for their benefit. The pathways involved include the
pS53, adenomatous polyposis coil (APC)/B-catenin, and
nuclear factor kappa-B (NF-«kB).

Our recent book entitled “Inflammation, infection, and
microbiome in cancers: evidence, mechanisms, and
implications” has discussed the progress in bacterral
infection and microbiome 1r1 various cancers.''¥ In this
book, Bleich and Arthur™! have a chapter on the
microbiome and hallmarks of cancer, which discusses
mechanisms for how microbiota promote tumorigenesis in
the intestine through crosstalk with the host, interactions
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between other microbes, and the role of microbial
localization in relation to carcrnog] enesis, using the hall-
marks of cancer as a framework.!"* Briefly, host-microbe
interactions and the microbe-microbe interactions influ-
ence host physiology and microbial community dynamics.
Microbes act as a community and influence one another
both through physical (proximity) and chemical (metabo-
lite) interactions and signaling. There is also constant
communication and feedback between members of this
community and the host.""*! In the following sections, we
will mainly discuss the roles and mechanisms of bacteria,
such as Salmonella, B. fragilis, and C. rodentium, in the
development of CRC.

Salmonella infection and gastrointestinal cancer

More than 1 million people in the US acquire Salmonella
infection annually as a foodborne illness mainly from eggs,
meats, dairy, and other contaminated non-animal
foods.|1S! I Widespread use of antibiotics in recent years!'®!
is likely to contribute to this high infection rate.!"*"
Salmonella belongs to the class of Gammaproteobacteria
that includes the Enterobacteriaceae family, similar to
Escherichia coli. It is an intracellular pathogen that infects
both humans and a wide range of animals. Outcomes of
Salmonella infection vary widely, ranging from mild self-
limiting gastroenteritis to a severe systemic infection that
can be fatal. Some of these acute infections result in a
chronic carrier state with excretion of bacteria in stool and
urine without symptoms, which represents another
transmission mechanism to other humans.!"*! In an animal
model, recurrent infection with Salmonella (S.) enterica
results in a progressive decline in protection against
intestinal inflammation through the accelerated molecular
aging of a protective host enzyme.!!”!

Seroepidemiological studies based on in-house immuno-
assays have revealed that the incidence of non-typhoid
Salmonella mfectron is much higher (~600 times) than
actually reported,!! rangrng from 56 per 1000 person-
years 1n Finland to 547 in Poland during the years 2003—
2008"°! and rising from 13 per 1000 person-years to
217 in Denmark from 1983 to 1999.1*°! Furthermore,
salmonellosis, primarily caused by its major serotypes,
Salmonella serotype (S. ser.) Typhimurium and S. ser.
Enteritidis, has also been implicated in the development of
various chronic se(%uelae including irritable bowel syn-
drome!®" and IBD.

Two studies from Scandinavian countries have found that
the probability of new IBD diagnosis following an episode
of non-typhoid Salmonella infection (all subspecies
combined) particularly within the first 10 years, signifi-
cantly increases (2-3 folds) compared with the general
population.?®2% S, ser. Typhi carrier status is well
recognized to increase the risk of gallbladder cancer. A
meta-analysis of 22 studies by Koshiol et al'**! demon-
strated the summary odds ratios of 4.6 and 5 for
gallbladder cancer according to serology and culture,
respectively. Moreover, antibody titers to Salmonella ser.
Typhimurium were higher in colorectal tumor cases than
controls in the US and the Netherlands and that smoking
and dietary iron is one of the mediating factors, suggesting
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a possible link of non- ty]phoid Salmonella infection to
intestinal tumorigenesis.'® Impotently, this observation
was recently confirmed by an independent population-
based linkage study in the Netherlands. The investigators
analyzed cancer registry and public health surveillance
data and found an increased incidence of CRC, compared
with the general population, among residents who were
reported for enteric (not systemic) salmonellosis caused by
Salmonella Enteritidis.*®" In this nationwide registry
study, age difference and location of tumors are also
reported. The increased risk of CRC was observed among
patients who had reported (severe) Salmonella infection
between 20 years and 60 years of age when compared with
the baseline CRC risk in the Dutch population./*®! This
increased risk was significant following infection with S.
Enteritidis and for the proximal part of the colon.
Moreover, it was shown that among CRC patients, the
risk of having had a previously notified Salmonella
infection was higher for individuals with pre-infectious
IBD.*°! A recent study conducted a populatlon based
cohort study using four health registries in Denmark.!*”!
Person-level demographic data of all residents were linked
to laboratory-confirmed non-typhoidal salmonellosis and
to CRC diagnoses in 1994 to 2016. Hazard ratios for
cancer (overall/proximal/distal) associated with salmonel-
losis were estimated. However, it found no increased risk
of CRC >/=1-year post- -infection. Although stratifying by
serovar, there was a significantly increased risk of proximal
CRC >/=1-year post-infection with serovars other than
Enteritidis and Typhimurium. CRC risk was significantly
increased in the first-year post-infection, which could be
explained by increased stool testing around the time of
cancer diagnosis. The association between proximal CRC
and non-Enteritidis/non-Typhimurium serovars is unclear.
Thus, epidemiological evidence for Salmonella infections
warrants further investigation, maybe depending on the
studied populations.

In the animal models, we have established an S. enterica
serotype Typhimurium (S. Typhimurium) chronic infec-
tion model by only gavaging mice once with S.
Typhimurium and observmg the chronic role of bacterial
infection in the host.!*®! This model allows us to examine
the correlation between chronic infection and cancer
development Our data have shown that infection in the
wild-type mice rising in a specific pathogen-free facility will
not develop CRC post-chronic Salmonella infection.!*®!
However, using an azoxymethane (AOM)/dextran sodlum
sulfate (DSS) mouse model of inflammatory CRC model!”!

or an APC-deficient model (unpublished data), we have
revealed that colorectal tumor incidence indeed signifi-
cantly increased in the Salmonella- 1nfected mice, compared
with mice without bacterial infection.!”! In support of this
observation, we have demonstrated that Salmonella
protein AvrA was immunohistochemically detectable in
human colorectal mucosa from CRC patients more often
than that from patients with no colorectal pathologies.!*!
A higher risk of colon carcinoma formation after infection
with wild-type Salmonella strams in APC+/— mice
genetically predisposed to cancer.*®! These data suggest
that chronic infection allow may not induce tumorigenesis
in a host with a healthy innate and adaptive immune
system that efficiently fights with the pathogens. However,
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if the hosts have defects in key signaling, for example, APC/
B-catenin, or have accumulated mutations, the risks of
tumorigenesis are vigilantly high.

Bacterial Virulence Factors

The bacterial type 3 secretion system (T3SS) directly injects
effectors into the host cytoplasm usmg 1ts ﬁlament like-
needle, in a finely coordinated manner."*'-*?! The Salmo-
nella %nome contains up to 23 pathogen1c1ty islands
(SPIs).#33%! These SPIs encode a wide range of virulence
factors and secretion system apparatuses. 33361 T35S is
encoded by SPI1 and SPI2 as major virulence determinants
of Salmonella infection, synthesizing over 60 effectors.”!
The primary role of SPI is in epithelial invasion and
inflammation and the primary role of SPI2 in intracellular
proliferation and survival.[3%:38:37

Bacterial proteins regulate epithelial and immunological
cells to dampen the inflammatory response, which helps
bacterial survive and maintains self-limited chronic
inflammation in the host. AvrA represents the least
characterized effector from the SPI1 which is originally
thought to be non-virulent.*”) A common aspect of
infection-related cancer is the induction of chronic
inflammation through various mechanisms.*>*! On the
other hand, acute inflammation is a short-term response
that either clears the pathogenic bacteria from the host
through recruitment of immunological cells or results in
fatal consequences (host death) if the host immune
response is excessive. Thus, it does not lead to the
development of cancer. Whereas most bacteria induce
inflammation in the host, some pathogenic bacteria have
evolved the ability to temper the inflammatory response to
create a suitable niche for their survival and proliferation in
the host, not killing the host or host cells they infected. This
is an important characteristic common in many T3SS
pathogens with numerous virulence factors that 1nduce
strong proinflammatory reactions, such as Salmonella.!*
AvrA is the major anti-inflammatory protein from SPI-1 of
S. enterica, which plays a crucial role in establishing
chronic infection for pathogen survival in the host.

AvrA is a close homolog to a family of acetyltransferases
expressed in several enteric pathogens, including Yop]/P in
Yersinia pseudotuberculoszs and VopA in Vibrio para-
haemolyticus.*3) AvrA exerts anti-inflammatory activities
through inhibition of NF-kB and c-Jun N-terminal kinase
(JNK) pathways, resultlnig in reduced secretion of
inflammatory mediators.**! The AvrA gene is present in
most S. enterica isolates from humans and animals. This is
particularly the case for non-typhoid Salmonella as its
prevalence was reported to be 98%-100% (514/523 and
185/185),1454¢! whereas it was absent in typhoid strains,
which has been linked to gallbladder cancer. On the
contrary, AvrA protein expression is known to vary
markedly with clinical presentation. AvrA protein is not
often produced by clinical isolates from systemic disease
but it is often detectable in those from limited enteritis.[*7]
Interestingly, whereas expressions of most effectors from
SPI1 are controlled at the transcriptional level.[**! It is now
clear that expression of bacterial proteins, such as AvrA,
are regulated in a post-transcriptional manner and that
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ace constitutively in all AvrA-
as AvrA remains silent when

mRNA transcription takes
positive bacterial strams
cloned into E. coli.®

gl

S. enterica is equipped with the carbon storage regulator
(Csr) system, consisting of a small RNA- b1nd1n rotein
(CrsA) and non-coding RNAs (CsrB/CsrC).P'" CsrA
binding to the 5" untranslated and/or early codmg regions
of mRNAs alters mRNA translation, turnover, and/or
transcript elongation, leading to either decay or stabiliza-
tion of specific mRNA targets, whereas CsrB/CsrC
containing multiple CsrA-binding sites bind and sequester
CsrA, thereby antagonizing CsrA activities.>'** Over-
expression of either CsrA or CsrB shuts down AvrA
expression, but that constitutional CsrA expression was
required for AvrA expression.*”!

An AOM-DSS animal model is to replicate the colitis-
associated CRC in humans. In the AOM-DSS mice, we
showed that colorectal tumor incidence indeed significant-
ly increased (almost doubled) in the AvrA+ Salmonella
Typhimurium-infected mice, compared with mice
without bacterial _infection or mice infected with
AvrA—Salmonella.”! In human tumor samples, AvrA
protein was immunohistochemically detectable in colorec-
tal mucosa from CRC patients more often than that from
patients with no colorectal pathologies.!*”! A higher risk of
colon carcinoma formation after infection with wild-type
vs. AprgH mutant Salmonella Typhimurium (lacking the
T3SS) strains.!*®! Other bacterial factors are also shown
novel roles in the development of cancer, as reviewed in
recently published papers.!

Microbial Post-Translational Modifications and
Carcinogenesis

The process of tumorigenesis is initiated when a replica-
tion-competent cell (stem cell or partially differentiated
descendent of a stem cell) acquires a mutation in a
“gatekeeping” pathway that endows it with a selective
growth advantage. In some cancers, the gatekeeper has
been identified (eg, APC, RB1, and NFI in tumors of the
colon, eye, and nervous system, respectlvely) 2 Mutation
of the apc gene appears to be a “gate keeper” event.’¥!
APC negatively regulates the expression of 3-catenin, a
transcriptional regulator of crypt cell proliferation. With
inactivating mutations in APC, §-catenin is upregulated
and translocates to the nucleus to bind Tcf-4. Loss of APC
and increased 3-catenin induce several pro-inflammatory
and tumor-promoting genes, including c-Myc, cychn D1,
and cyclooxygenase-2 (Cox-2).°*¢! Cyclin D1 is a key
cell cycle regulator required for G1-S transition. Cox-2 is
the rate-limiting biosynthetic enzyme for prostaglandins
that participate in a wide range of inflammatory and
neoplastic processes. Genetic polymorphisms that control
susceptibility to key mutations and that regulate inflam-
matory responses to these mutations are believed to
contribute to an individual’s risk of CRC.1*7>*8

Microbiota promote tumorigenesis in the intestine through
crosstalk with the host. Several proteobacteria have
evolved global regulation systems of post-transcriptional
gene expression for their various virulence factors to be
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responsive to changes in the environment and to flourish in
specialized host niches. In addition to Salmonella, infection
with the other bacteria, such as bacterium C. rodentium,
increases epithelial cell proliferation and promotes chemi-
cally initiated tumors in the colon of mice through the
B-catenin pathway.””! The Min mouse, which harbors a
germline mutation in one allele of APC, the tumor
suppressor gene, is a model for the early steps of human
CRC. APC Min mice infected with C. rodentium were
found to have a 4-fold increase in the number of colonic
adenomas, compared with uninfected Min mice. Most of
the colonic adenomas were in the distal colon, where
C. rodentium-induced hyperplasia occurs. These data
demonstrate that bacterial infection promotes colon tumor
formation in genetlcally susceptible mice.°”) In human
colonic epithelial cells, it is reported that B. fragilis toxin, a
bacterial toxin, triggers S-catenin nuclear localization.
Subsequently, c-myc transcription and translatron are
induced and persistent cellular proliferation ensues.!*”) We
have demonstrated that Salmonella-epithelial interactions
also influence f3-catenin signaling and its upstream
regulator Wnt in infection and development of
CRC.P3¢18SIEysobacterium  nucleatum is among the
significantly enriched bacteria in stools and tissue biopsies
of patients with CRC.!°®*”IE. nucleatum promotes
intestinal tumorigenesis through stimulating the B-catenin
signaling via its FadA adhesin. Our observation and that of
others indicated that bacteria may render the host
susceptible to oncogenic transformatlon in the colon
through the Wnt/B-catenin pathway.!®*

Post-Translational Modifications (PTMs) of proteins
provide highly versatile tools and tricks used by both
prokaryotic and eukaryotic cells to regulate the activity of
key proteins. PTMs include the addition of simple chemical
groups, such as phosphate, acetyl, methyl, or hydroxyl
groups; more complex groups, such as adenosine mono-
phosphate, adenosine diphosphate-ribose, sugars, or
lipids; and small polypeptides, such as ubiquitin or
ubiquitin-like proteins, as well as modifications of specific
amino acid side chains. PTMs are increasingly recognized
as key strategies used by many bacterial and wviral
pathogens to modulate host proteins critical for their
infection.!®®! Human oncoviruses which persist in host cells
and express latent gene products, such as human
papillomavirus (HPV), Kaposi’s sarcoma-associated her-
pesvirus, Epstein-Barr virus, human T-lymphotropic virus
type-1, hepatitis B virus (HBV), and adenovirus, common-
ly exp101t PTMs (specifically ublqurtlnatron/deub1qu1t1na-
tion) on host key signaling pathways.[®>7°! The best-
known example is p53 and Rb inactivation by HPV E6/E7.

Bacterial effectors (particularly from T3SS) have been
described to catalyze host PTMs directly, target host PTMs
indirectly, or exert PTMs on their own effectors.[”!”?!
Whereas Yop] of Yersinia, a homolog to AvrA, acts as
deubiquitinase and acetyltransferase, inhibiting host NF-
kB and mitogen-activated protein kinase (MAPK) path-
ways,”>7 we have discovered that Salmonella AvrA
possesses both deubiquitination and acetyltransferase
properties.[*21:63] Specific targets for deubiquitination
include inhibitor a of NF-kB (IkBa) and B-catenin, thus
inhibiting NF-kB pathways and activating the B—catenin
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pathway, the latter of which is expected to have a profound
effect on colorectal carcinogenesis.

Furthermore, deubiquitinating enzymes regulate myriad
ubiquitin-mediated signaling pathways closely linked to
inflammation and cell deaths, such as Wnt, NF-kB, and
nucleotide oligomerization domain (NOD)-like receptors
1 and 2 (NOD1/2) pathways, besides rescuing target
proteins from degradation.[”>””® Host targets of AvrA O
(threonine)- and N¥(lysine)-acetylation include mitogen-
activated protein kinase kinase (MAPKK)””! and
p53.142839 Acetylation of critical amino acid residues in
MAPKK blocks MAPKK phosphorylation activities, thus
inhibitin]g downstream ¢-JNK and NF-kB signaling path-
ways.[**! This may in turn compensate by activating signal
transducer and activator of transcription 3 signaling and
inflammation as seen in the AvrA-induced colorectal
carcinogenesis model.'®!

TP53 is known to be muted in the majority of cancer,
acetylation of mutated or wild-type TP53 may have
potential consequences in cancer progression.®!! Acetyla-
tion of p53 has been shown to increase its stability and
transcriptional activities.!®?! Bacterial regulation of p53
was first discovered in the context of Salmonella infection
(first published on March 11, 2010).3%) We have shown
that bacterial AvrA can target acetylation of p53 for
bacterial survival in the intestinal epithelial cells.[®"!
Bacterial degradation of p53 was also reported in the
H. pylori-infected gastric epithelial cells (Epub on June 12,
2010).1%% Later, it is shown that H. pylori CagA protein
induces degradation of p53 protein in a pl4ARF-
dependent manner.®*

WWW.Cmj.0rg

A recent study reported the impact of Salmonella infection
on the early chromatin modifications occurring in the
human gut microenvironment, which influence down-
stream immune responses in epithelial cells and immune
cells.'®31S. Typhi-induced PTMs in histone methylation
and acetylation associated with epithelial cells, natural
killer T, mucosal-associated invariant T, T cell receptor-yd,
monocytes, and CD8+ T-cells that are related to both gene
activation and silencing. It found that arginine methylation
might regulate the early differentiation of effector-memory
CD4+ T-cells following exposure to S. Typhi. Thus,
bacterial infection involves various cell types in the
intestine for pathogens to overcome the host responses.!®’

CRC has its own dysfunctions of several signaling
pathways at the progression of CRC. A genetic model
for CRC has been proposed in which the sequential
accumulation of mutations in specific genes, including
APC, Kirsten-ras, and p53, drives the transition from
healthy colonic epithelia through increasingly dysplastic
adenoma to CRC."*®! Inflammation is likely to be involved
with sporadic as well as heritable CRC. The molecular
mechanisms by which inflammation promotes cancer
development are still being uncovered and could differ
between colitis-associated and other forms of CRC.*" It is
known that distinct immune cells, cytokines, and other
immune mediators are involved virtually in all steps of
colon tumorigenesis, including initiation, promotion,
progression, and metastasis. Now we know that bacterial
factors manipulate the host signaling pathways, including
DAN stability, Wnt/B-catenin, p53, transforming growth
factor-B, and other inflammatory responses, thus contrib-
uting to the development of CRC [Figure 1].
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Figure 1: Microbial contribution to the progression of CRC. Bacterial factors manipulate the host signaling pathways, including APC/beta-catenin, p53, and other inflammatory responses,
thus contributing to all steps of colon tumorigenesis, including initiation, promotion, progression, and metastasis. APC: Adenomatous polyposis coil; Cox-2: Cyclooxygenase-2; CRC:
Colorectal cancer; IL-6: Interleukin 6; TNF: Tumor necrosis factor; TGFBR: Transforming growth factor-@ receptor.
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Bacterial Infection and Altered Intestinal Microbiome

Gut bacteria, fungi, virus, and archaea reportedly play
important roles in the gut. These functions, among others,
include food digestion, production of essential vitamins,
absorption of nutrients, immune modulation, and resis-
tance of colonization by pathogenic microbes. 88 Micro-
biome (including specific microbes, signaling pathways,
and microbiota-related metabolites) contributes to the risk
of CRC.I*”l Changes in the intestinal microbiome can
mediate or modify the effects of environmental factors on
the risk of CRC (summarized in recent reviews!®®%%)).
Briefly, compositional alterations of stool and mucosal
microbiomes across stages of colorectal tumorigenesis are
characterized by ectopic overgrowth of oral é)atho(%ens and
depletion of multiple commensal species. Subse-
quent functional studies of CRC-enriched species have
further led to the identification of pivotal mutagenic
or tumor-promoting bacteria (eg, pks-positive E. coli,
F. nucleatum, and Peptostreptococcus anaerobms) that
may play direct causative roles in CRC.P1!

S. Typhimurium causes acute gut inflammation by using
its virulence factors to invade the intestinal epithelium
and survive in mucosal macrophages. It is known
that acute infection changes the microbial community
temporally. Reactive oxygen species generated during
inflammation react with endogenous, luminal sulfur
compounds (thiosulphate) to form a new respiratory
electron acceptor, tetrathionate.!”?! The genes conferring
the ability to use tetrathionate as an electron acceptor
produce a growth advantage for S. Typhimurium over the
competi f% microbiota in the lumen of the inflamed
intestine.”?! Thus, the ability to trigger intestinal inflam-
mation is crucial for the biology of pathogens. S.
Typhlmurrum could harvest energy by Hy/fumarate
respiration in the microbiota-colonized intestine.”!
Moreover, chronic infection may permanently change
the profile and function of the microbiome in the intestine,
thus altering the microenvironment for risks of tumor
growth. Our published data have also shown that
pathogenic bacteria, B. fragilis, accamulated in the tumors,
based on the evidence from animal models and human
samples.!'!]

Butyrate-producing microbes decreased in adenoma and
CRC. Interestingly, bacterial metabolite butyrate is known
to downregulate the expression of 19 genes common to
both serovars by a factor of twofold or more, and 17 of
these genes localized to the SPI1. These included the SPI1
regulatory genes hilD and invF. Of the remaining two
genes, ampH has 91% homology to an E. coli penicillin-
binding protein and sopE2 encodes a type Ill-secreted
effector protein associated with invasion but located at a
separate site on the chromosome from SPI1.”*! Factors
that affect the risk of CRC also affect the intestinal
microbiome, including obesity, physical activity; and
dietary intake of fiber, whole grains, and red and processed
meat.®>?! These factors including Salmonella infec-
tion,”®! alter microbiome structure and function, along
with the metabolic and immune pathways that mediate
CRC development.
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Summary and Future Direction

Emerging evidence has shown the single pathogen and its
roles in promoting CRC, in the context of the micro-
ecology in the pathophysiology of CRC. The accumulated
data suggest that the risk associated with this infection
disproportionally affects individuals. IBD is a known risk
factor for both CRC and salmonellosis, as this chronic
condition is associated with recurrent episodes of intestinal
inflammation and increased susceptrblhty to infec-
tion.'””?8! We have made progress in understanding the
molecular mechanisms in bacterial infection and cancer,
for example, bacterial proteins directly manipulate the key
signaling pathways in the progression of CRC. In addition,
typhoid toxin belongs to CDT toxins that induce DNA
damage and cell cycle alternations'”®! and bile enhances
virulence of typhordal Salmonella, but not that of non-
typhoidal Salmonella,"°'F. nucleatum and Hungatella
hathewayi upregulated DNA methyltransferase 1n colomc
epithelial cells to drive intestinal tumorigenesis.”!! Based
on the current research, features of the enteric pathogens
and intestinal microbiome might be used for CRC
screening and modified for chemoprevention and treat-
ment. Integrated prospective studies are urgently needed to
investigate these strategies.!

The cutting-edge methods and tools, such as organoid
cultures and “Omics,” have helped us to understand the
molecular mechanisms and identify biomarkers for
diagnosis.®>1°! and targets for treatment. Researchers
have started to use organoids for modeling infection with
pathogens, such as S. enterica'°*'°% and gut-microbiota
interactions." 19! Organoids have been used to address
novel questions in host—-microbe interactions, infectious
diseases, and the resulting inflammatory conditions.
Higher abundances of putrefying bacteria in the carcinoma
stage of CRC. Acoustic reporter genes were used for non-
invasive imaging of microorganisms in mammalian hosts,
suggesting possible microbiome-based therapies to mini-
mize the adverse effects of the gut microbiome in enteric
diseases.!'*®!

In the future, more human data are needed to confirm the
direct roles of infection in CRC development. Multiple
disciplinary efforts are needed to further understand the
role of bacteria in infection and cancer. The new insights
will allow us to elucidate how enteric bacterial communi-
ties modulate tumorigenesis and identify novel approaches
to target specrﬁc pathways that contribute to intestinal
tumorigenesis.
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