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Abstract: Despite the wide medical knowledge about the direct role of many viruses in the
pathogenesis of certain cancers, there is still ambiguity and hazy vision about the direct role of
bacteria in cancer incidence. Understanding the role of bacteria in carcinogenesis is no longer
a scientific luxury, but it has become an urgent and extremely important necessity to realize the
pathogenesis of cancer caused by oncogenic bacteria as an attempt to overcome the oncogenic
mechanisms exhibited by these oncogenic bacteria. This review shed the light on the indirect
role of the host’s inflammatory and immunological responses in the pathogenesis of bacteria-
induced cancer. Also, this review discussed the indirect role of the bacterial toxins and
virulence factors in the induction of common gastrointestinal cancers, such as gallbladder
cancer (GBC), colorectal cancer (CRC), and gastric cancer (GC). Finally, this review dealt with
the debate about the possibility of bacterial DNA integration into the human genome and
cancer incidence.
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Introduction

The authors constructed this review in response to the obvious escalating number of
gastrointestinal tract (GIT) cancer cases in Egypt every day in an attempt to sound
the alarm and remind of the urgent need to prevent infection by oncogenic bacteria.
Also, this review aimed to resolve the debate about the role of the integration of
bacterial DNA into the human genome and cancer incidence. Microbial pathogens
are involved in a variety of chronic human diseases. Currently, one of the most
important diseases of concern to the medical community is cancer which arises
from microbial origin.! Microbial infection was found to cause 20% of all human
tumors in which viral infection by oncogenic viruses constitutes the most tumors
that develop from microbial origin. On the other hand, the role of bacteria in
oncogenesis has been largely neglected® for this reason, the current review was
established to discuss the role of bacteria in the cancer incidence with particular
emphasis on the mechanisms of bacterial carcinogenesis. To the best of our knowl-
edge from cited literature, most studies solely attribute bacterial carcinogenesis to
host inflammatory response without discussing the role of bacterial factors in
carcinogensis in which many bacteria can exploit their host in various phases
during their infection cycle with subsequent cell defects that affect cellular integrity
and normal cellular functions resulting in cancer.?
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In the current review, well-reported oncogenic bacteria
in addition to bacterial and host factors contributing to
cancer incidence were covered.Within this topic, the role
of bacteria in the incidence of common GIT cancers like
colorectal cancer (CRC), gallbladder cancer (GBC), and
gastric cancer (GC) were mentioned. Besides, this review
referred to the medical dispute about the possibility and
role of the bacterial DNA integration into the human
genome in cancer incidence also, the author’s point of

view about this issue was mentioned.

Ethical Consideration Statement

All illustrated figures presented in this review are original
and not published before in which the figures were created
by Biorender® software after obtaining the paid license for
the permission for publication .

Transmissibility of Cancer
The idea of cancer transmissibility was adopted in the 16™
century, but this idea was hazy until the late 20" century in
which widespread scientific progress has confirmed the
validity of the previous theory that was proposed in the
16™ century.® Determination of the specific role of bacteria
in carcinogenesis is difficult and challenging due to the
following reasons (i) human colon harbors at least 500
bacterial species,® (ii) the variable gap period between
the incidence of bacterial infection and cancer presentation
makes it is difficult to identify the culprit bacterial agent
that caused the cancer.’

It has become certain that infection with some bacterial
genera leads to the occurrence of different types of cancers
that will be listed through this review, for instance, it was
proved that the infection with Helicobacter pylori
(H. pylori) is associated with gastric cancer,” while the
infection with enterotoxigenic Bacteroides fragilis (ETBF)
is associated with CRC.

The proposed etiology for the possibility of cancer-
associated bacterial infection is attributed to both bac-
terial factors and host immune response.”* According
to the data obtained from cited literature, it has become
obvious that the incidence of cancer in the human
being may arise from the chronic infection with certain
types of bacteria that create a persistent inflammatory
response with subsequent release of proinflammatory
and tissue injuryleading to

cytokines cancer

incidence.’

Bacterial Infection and Oncogenesis
For several decades, it was reported that there is
a relationship between certain bacterial species and var-
ious cancers (Figure 1) in which the prevailing belief is
that there is a direct or indirect association between bac-
terial infection and the incidence of malignancy’ for
instance, H. pylori indirectly contribute to GC and muco-
sal-associated lymphoid tissue (MALT) lymphoma via
chronic inflammation of the gastric mucosa.'*"
Complementing the previously mentioned association
between infection by certain bacterial species and the
incidence of certain cancers, it was reported that
associated with CRC,12
Salmonella enterica serovar Typhimurium is associated
with GBC,"? Borrelia burgdorferi (B. burgdorferi) is asso-
ciated with cutaneous B cell lymphoma,'* Escherichia coli

Fusobacterium spp. are

(E. coli) is associated with esophageal and prostate can-
cers, Mycoplasma spp. are associated with lung cancer,'
Clostridia spp. and Ruminococcaceae are associated with
and Chlamydia
Mycoplasma genitalium are associated with ovarian

cancer. 15

breast cancer,'® trachomatis  and

Bacterial Factors Contributing to

Carcinogenesis

Under this title, we will shed the light on the bacterial factors
(Figure 2) that are confirmed to induce human carcinogen-
esis. It was reported that estrogen-metabolizing enzymes
such as B-glucuronidases produced by Clostridia spp. con-
tribute to the incidence of breast cancer.'® It was also reported
that the cytolethal distending toxin (CDT) produced by
E. coli"® and the downregulation of cyclin-dependent kinase
inhibitor 2A (CDKN2) gene by uropathogenic E. coli'’ con-
tribute to the incidence of CRC and prostate cancer as
described in the previous literature.'

Also, it is reported that lipopolysaccharide (LPS) and
CDT of S. typhi contribute to the incidence of GBC,"
while lipopeptides, DNA, and RNA of E. coli contribute to
the incidence of esophageal cancer.'® The role of LPS in
cancer incidence is mediated via the induction of the host
immune response with subsequent release of specific cyto-
kines including IL-1B, chemokine receptor 5 (CCRS5), and
IL-10 after the recognition of LPS by toll-like receptor
(TLR). The released cytokines induce chronic inflammatory
response that can result in somatic mutations with a subse-
quent great incidence of carcinogenesis.'” Among other bac-
terial factors that confirmed in the carcinogenesis is the
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Figure | Reported human cancers by oncogenic bacteria. Created in ©BioRender.com.

production of bacterial oncogenic proteins such as cytotoxin-
associated gene A (CagA) protein which encoded by cyto-
toxin-associated gene (cag) gene in H. pylori resulting in
gastric adenocarcinoma via increased cellular proliferation
and production of IL-8.>**2! In this context, no data are
available about the bacterial factors that contribute to the
incidence of lung and ovarian cancers."

Also, it was found that microRNAs (miRNAs) are
considered as the key inflammatory mediators that induce
cancer through their effects on cell proliferation, cell
death, DNA methylation, and DNA mutation resulting in
carcinogensis via the host DNA damage.”” ** Altogether,
the induced chronic inflammatory response by certain

The Hypothesis of Chronic

Irritation and Carcinogenesis

It is well known to all that, the history of the relationship
between cancer and inflammation harkens back to 1800
years ago when Galenus postulated that the neoplastic
tissue arose from tissue injury due to chronic inflammatory
response.”>?° Seventeen centuries after, Virchow con-
firmed the hypothesis of Galenus in which chronic inflam-
mation was found to cause lymphoreticular infiltration at
the site of inflammation with subsequent malignant
transformation,”® in which lymphoreticular infiltration
was found to be related to pancreatic, esophageal and
colon cancers in patients who suffered from chronic pan-

bacterial pathogens can accelerate DNA mutagenesis and  creatitis, chronic esophagitis, and chronic colitis,
induce cancer development.? respectively.
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Host Factors Contributing to

Carcinogenesis

During the last decade, the potential role of bacteria in
carcinogenesis was described by the British microbiologist
Milton Wainwright®” in which it is proposed that about
20-25% of all cancers® that affect humans arise from

chronic  inflammatory

28

response due to persistent
infection.

Concerning host factors that induce carcinogenesis
(Figure 2), it was found that continuous production of cyto-
kines, reactive oxygen species, reactive nitrogen species, and
growth factors from the recruited inflammatory cells at the
inflammatory microenvironment can disturb normal biologi-
cal and physiological processes leading to genomic instabil-
ity with subsequent increased risk of cancer development.”

The induction of carcinogenesis by inflammatory med-
iators, immune cells, and pattern recognition receptors
(PRRs) like TLR is reported worldwide in which increased
expression of TLR-1,2, 3,6,7, and 9 is reported in esopha-
geal cancer.'> Also, increased level of Th17 and Treg is
reported in CRC caused by ETBF infection.*® Also, it was
reported that increased expression of chemokine genes such
as chemokine ligand 20 (CCL20) and increased activation
of Thl cells are associated with GC, while increased pro-
duction of prostaglandin E2 (PGE2) and IL-8 are associated

with  CRC due to infection by Streptococcus bovis
(S. bovis).>'2

Among the other host factors contributing to carcino-
genesis is cytokine production by host immune cells like
IL-6, IL-8, IL-10, interferon y (INF-y), and granulocyte/
macrophage-colony stimulating factor (GM-CSF) that
were reported to participate inthe incidence of ovarian

cancer due to infection by M. genitalium."

Common GIT Cancers Associated
with Bacterial Infection
Infection by S. typhi and Incidence of GBC

One of the well-documented oncogenic bacteria is
Salmonella enterica serovar Typhi (S. Typhi). The relation-
ship between the infection by S. typhi and the incidence of
GBC was investigated in Chile by Koshiol et al'* who
reported a high antibody titer for Vi antigen among
patients with GBC than the combined control group.
Since S. Typhi was not isolated from all clinical specimens
collected from GBC patients, it was proposed that chronic
infection with S. Typhi could contribute to the incidence of
GBC in which typhoid fever was endemic in Chile until
the 1990s.>"

It was reported that S. Typhi can cause genome instabil-
ity and chromosomal defects™ through the production of
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Figure 3 Mechanism of GBC by S. Typhi.Created in ©BioRender.com.
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cytolethal distending toxin (CDT) that gain the access to
the nucleus of the host cell in murine gallbladder
model'>>* as shown in (Figure 3).

In addition to CDT, it was found S. #yphi produces
certain mutagenic metabolites that stimulate the activation
of mitogen-activated protein kinase (MAPK) and AKR
thymoma (Akt) protein kinase pathways that induce and
sustain malignant transformation.'> Among other carcino-
gens produced by S. #yphi are nitroso compounds, glucur-
onidase, and secondary bile salts that are produced by the
action of S. typhi on primary bile salts. It is thought that
bacterial by-products and secondary bile salts play
a pivotal role in the incidence of GBC.*>°

In addition to the aforementioned above, it is believed
that the polysaccharide capsule of S. typhi contributes to
the incidence of GBC by suppression of the acute mucosal
inflammatory response and shifting to the sustained
chronic inflammatory response.’’ The authors strongly
confirm that chronic typhoid carriers are more susceptible

to GBC than healthy individuals based on our conviction

Enterotoxigenic B. fragilis

(ETBF)

v
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that high endemicity with typhoid fever in Chile during the
1990s was correlated with a high incidence of GC.

Infection by B. fragilis and Incidence of
CRC

B. fragilis is a strictly anaerobic Gram-negative bacterium
that inhabits the human colon and is considered one of the
normal human colon commensals. B. fragilis is classified
according to toxin production into two types; the first type
is non-toxigenic B. fragilis (NTBF), while the second type
is enterotoxigenic B. fragilis (ETBF) which constitutively
produce B. fragilis toxin (BFT) that is encoded by
a chromosomal gene known as B. fiagilis toxin (bff) gene.*®

Fragilysin, or the so-called BFT, is a 20-kDa zinc-
dependent metalloproteinase toxin which involved in colon
carcinogensis through biofilm formation and intestinal
inflammation that damages the tight junction of the intestinal
epithelium, leading to increased intestinal permeability. It has
been proven that chronic inflammation and tissue injury

enhance and accelerate the process of carcinogenesis.*® ™'
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Figure 4 The six mechanisms involved in colon carcinogenesis by Bacteroides fragilis toxin (BFT). Colon carcinogenesis due to BFT is mediated by the induction of T-cell
factor- dependent B-catenin pathway (TSF- B-catenin), cleavage of E-Cadherin, stimulation of IL-8 productionleading to the persistent proliferation of gut epithelial cells. BFT
induces the production of reactive oxygen species (ROS), DNA damage, and gut epithelial cell proliferation via the induction of spermine oxidase (SMO) and cellular inhibitor

of apoptosis protein-2 (c-lAP2). Created in ©BioRender.com.
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Colon carcinogenesis by BFT is mediated by six main
mechanisms involving the induction of the T-cell factor-
dependent B-catenin pathway (TSF- PB-catenin), cleavage
of E-Cadherin, stimulation of IL-8 production leading to
persistent proliferation of gut epithelial cells* (Figure 4).
Also, BFT induces the production of reactive oxygen spe-
cies (ROS), DNA damage, and gut epithelial cell prolifera-
tion via the induction of spermine oxidase (SMO) and
cellular inhibitor of apoptosis protein-2 (c-IAP2).*

BFT also cleaves the epithelial cadherin (E-Cadherin)
which is a calcium-dependent-adhesion protein, that is
responsible for the adherence and the junction between
epithelial cells, leading to loss of the cellular integrity and
morphological changes of gut epithelial cells and therefore
facilitating the spread of cancer cells to other sites.*'

Cleavage of E-Cadherin also results in an elevated
level of B-catenin inside the nucleus which in turn leads
to overexpression of cellular-myelocytomatosis (c-myc)
oncogene leading to persistent cell proliferation.**

In addition to the previously mentioned, the occurrence
of CRC by BFT can be mediated via the induction of
nuclear factor kappa-light-chain-enhancer of activated

Aberrant DNA
methylation

Double stranded DNA
breaks ( DSBs)

H pylori. \ (/)

B cells (NF-kB) through activation of Th17 leading to
myeloid-cell-mediated colon carcinogenesis.**

Another factor that contributes to the actiopathogenesis
of CRC is the increased expression of the proinflammatory
cytokine IL-8 that was proved to play a pivotal role in
colonic inflammation.*

Infection by H. pylori and Incidence of GC
H. pylori which formerly known as Campylobacter pylori
(C. pylori) was categorized by the International Agency for
Research on Cancer (IARC)* as class I carcinogen, in
which the previous studies revealed that approximately
75-78% of GC casses was attributed to H. pylori.>*"*
Numerous studies have been established to explore the
mechanisms by which H. pylori contributes to the incidence
of GC.>* In this context, light will shed on on the molecular
mechanisms of GC due to infection by H. pylori.

Induction of DNA Damage by H. pylori

Infection
It is known that genome instability and accumulated
somatic mutations are the characteristic features of cancer

4 Expression of
activation-induced
cytidine deaminase
(AICDA)

Infection

[ B

Accumulation of 4 The expression
DSBs in the regions of of mismatch
active transcription repair genes
Figure 5 Genome instability due to H. pylori infection. Created in ©BioRender.com.
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development.®® Genome instability due to H. pylori infec-
tion (Figure 5) can be mediated by direct DNA damage,
failure of DNA repair mechanisms, or DNA methylation.*’

H. pylori was found to target all the previously mentioned
mechanisms via (i) induction of double-strand DNA breaks
(DSBs),”! (i) minimizing the expression of mismatch repair
genes, (iii) aberrant DNA methylation,” and (iv) maximiz-
ing the expression of activation-induced cytidine deaminase
(AICDA) which also known as single-stranded DNA cyto-
sine deaminase resulting in DNA mutation via deamination
of cytosine nucleotides.® Recently, a new characteristic
mechanism of DNA damage by H. pylori through the accu-
mulation of DSBs in the regions of active transcription near
to telomeres was reported.>*

Virulence Factors of H. pylori
Contributing to Gastric

Carcinogenesis
The
H. pyloricontributing to the incidence of GC are (i) cyto-

most  important  virulence factors of
toxin-associated gene A (CagA) protein,” (ii) vacuolating
cytotoxin A (VacA) protein,5 ® and (iii) outer inflammatory

protein A (OipA) protein.”’

Induction of GC by H. pylori CagA Protein
CagA protein is a 125-145 kDa protein encoded by a 40kb
DNA fragment known as Cag pathogenicity island (Cag
PI).® The CagA protein is one of the most important
oncoproteins produced by H. pylori which promotes gas-
tric carcinogenesis via activation of the oncogenic signal-
ing pathways and deactivation of tumor suppressor
signaling pathways.*> The first evidence for the onco-
genic role of CagA protein in the incidence of GC was
reported by Ohnishi et al who first generated CagA trans-
genic mice that showed significant elevation for GC
incidence.”

The Pathogenesis of Gastric

Carcinogenesis by CagA Protein

The Cag PI encodes also for the functional components of
the type IV secretion system (T4SS) which is a secretion
protein complex that involved in translocation of the onco-
genic CagA protein into the gastric epithelial cells through
the binding with asB; integrin receptor on the surface of
gastric epithelial cell.*®

After the binding of T4SS with a5, integrin receptor,

the CagA protein is injected inside the gastric epithelial

cells initiating the production of IL-8 and dysregulation of
the cell signaling via phosphorylation-dependent and phos-
phorylation-independent manners leading to induction of
G 48:60

The phosphorylated CagA which produced via the binding
of CagA protein with src homology phosphatase 2 (SHP2) in
addition to the growth factor receptor-bound protein 2
(Grb2)* lead to the activation of many oncoproteins (Figure
6) like extracellular signal-regulated kinase (ERK), mitogen-
activated protein kinase (MAPK), and CT10 (chicken tumor
virus No. 10) regulator of the kinase (Crk) Crk/Crk-linker

21,61

(Crk-L) signaling pathways that collectively lead to
abnormal epithelial cell proliferation and hence, GC.*®

On the other hand, the unphosphorylated portion of
CagA protein interact with Met, E-cadherin, Grb2, and
the polarity-regulating kinase partitioning-defective 1b
(Par1b)**¢%% signaling proteins resulting in activation of
NF-«B, rat sarcoma (RAS), wingless integration-1 (Wnt)/
B-catenin® and phosphatidylinositol 3-kinase/Akt path-
ways leading to morphological changes and increased

cell proliferation and therefore GC.**%°

The Dialectical Role of Bacterial DNA

Integration in Human Carcinogenesis

Cancers are characterized by uncontrolled cell division.
The main factor which enhances the transformation of
normal cells into cancerous cells is the accumulation of
somatic mutations.®® Integration of microbial DNA into
the human chromosome is one of the causes of accumu-
lated somatic mutations. The previous fact became
obvious after the study of Schiffman et al®’ which
declared that approximately 90% of human cervical
cancer genomes were found to harbor the DNA of
human papillomavirus (HPV) so, it is well recognized
that the viral DNA

mutagen.®’

integration is a well-known

In contrast to the confirmed possibility of viral DNA
integration to the human chromosome, most cancers that
are proposed to be caused by certain bacterial species
have been subjected to a major dispute in the medical
community because it is difficult to determine if the
established infection is a complication from the existing
cancer (Figure 7) or the existing bacterial infection is
the cause of the existing cancer.®®

In contrast to the fact that viral DNA integration into the
human genome results in carcinogenesis, it has not been
confirmed yet the possibility of bacterial DNA integration
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Figure 6 Role of CagA protein in induction of GC by dysregulation of cell signaling pathways. Created in ©BioRender.com.
Abbreviations: ERK, extracellular signal-regulated kinase; MAPK, mitogen-activated protein kinase; SHP2, src homology phosphatase 2; Grb2, Growth factor receptor-
bound protein 2; RAS, rat sarcoma; Parlb, polarity-regulating kinase partitioning-defective Ib; Wnt/B-catenin, wingless integration- |/B-catenin; Crk/Crk-L, CT10 (chicken

tumor virus No. 10) regulator of kinase/Crk-linker.

into the human genome and cancer incidence, so the idea of
bacterial-induced carcinogenesis via DNA integration is still
only a hypothesis that needs further more studies.®’

It was proposed that bacterial carcinogenesis can occur
via lateral gene transfer (LGT) between the human and
bacteria.”® Only bacterial DNA and mRNA but not rRNA
are recognized by the PRRs of the human immune system
so, only bacterial mRNA and DNA molecules are attacked
by different immune mechanisms.'?

Based on the previous fact, only bacterial TRNA that is
not recognized by the immune system can integrate into the
human genome resulting in disruption and mutagenesis in
proto-oncogenes and/or tumor suppressor genes leading to
cancer.”* 7

The hypothesis of bacterial DNA integration into the
human genome has been taken into account after the report

of The Cancer Genome Atlas (TCGA) which declared the

detection of Acinetobacter-like DNA and Pseudomonas—
like DNA in the myeloid leukemia (ML) and stomach
adenocarcinoma clinical samples, respectively.”’

It is hard to differentiate if the presence of the integrated
bacterial DNA pieces on the human chromosome can result in
driver mutations that directly drive cancer initiation and

7073 or the existing mutations are just merely as

progression
passenger mutations that occurred during cancer progression””
in which the cancerous cells are more susceptible to mutation
during carcinogenesis than during the normal cellular state as

cancer cells are more permissive to LGT.”

Resolving the Controversy About
the Proper Aectiology of Bacterial
Carcinogenesis

Through what was mentioned through this review, the
authors strongly thought that the only confirmed real role of
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Figure 7 Ambiguous relationship between cancer and bacterial infection. Created in ©BioRender.com.

bacteria in the human carcinogenesis is mainly due to the
induced chronic inflammatory processes with subsequent
release of immune mediators that promote cell proliferation
and inhibition of apoptosis.

Finally, the idea of carcinogenesis via the integration of
bacterial DNA into the human genome is not accepted at least
for the authors in this review due to the followig three reasons
(1), the integration of the bacterial DNA into the human
genome if it could happened it may be initiated after the
cancer incidence by LGT as the DNA integration requires
internalization of bacterial DNA to the nucleus, (ii),bacteria
are mainly extracellular parasite in conrast viruses that are
normally obligate intracellular parasites (iii), extracellular
DNA is subjected to immune attack, (iv), all viruses are
intracellular parasites, but not all of them are oncogenic.

Conclusion

Bacterial carcinogenesis is mainly mediated by host's inflam-
matory and immunological responses and bacterial oncogenic
proteins. The hypothesis of bacterial carcinogenesis via DNA
integration into the host chromosome remains unconfirmed
and not acceptable as a predisposing factor for cancer

incidence, so many cancer genome projects on different types
of cancer should be encouraged to investigate such issues.
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