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Abstract

More than 100 trillion microorganisms inhabit the human intestinal tract and play important roles
in health conditions and diseases, including cancer. Accumulating evidence demonstrates that
specific bacteria and bacterial dysbiosis in the gastrointestinal tract can potentiate the development
and progression of gastrointestinal tract neoplasms by damaging DNA, activating oncogenic
signaling pathways, producing tumor-promoting metabolites such as secondary bile acids, and
suppressing antitumor immunity. Other bacterial species have been shown to produce short-chain
fatty acids such as butyrate, which can suppress inflammation and carcinogenesis in the
gastrointestinal tract. Consistent with these lines of evidence, clinical studies using metagenomic
analyses have shown associations of specific bacteria and bacterial dysbiosis with gastrointestinal
tract cancers, including esophageal, gastric, and colorectal cancers. Emerging data demonstrate
that intestinal bacteria can modulate the efficacy of cancer chemotherapies and novel targeted
immunotherapies such as anti-CTLA4 and anti-CD274 therapies, the process of absorption, and
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the occurrence of complications after gastrointestinal surgery. A better understanding of the
mechanisms by which the gut microbiota influence tumor development and progression in the
intestine would provide opportunities to develop new prevention and treatment strategies for
patients with gastrointestinal tract cancers by targeting the intestinal microflora.
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Introduction

Cancer in the gastrointestinal tract is a leading cause of death worldwide [1]. Accumulating
evidence indicates that gastrointestinal tract cancers develop through the accumulation of
genetic and epigenetic alterations, which are influenced by host immunity, diet, and
environmental and microbial exposures [2].

The human intestinal microbiome encompasses at least 100 trillion microorganisms, which
can influence the immune system and health conditions, including cancer [3-5]. A growing
body of evidence indicates that diet, lifestyle, and drugs can influence the composition of the
gut microbiota and that the gut microbiota can modulate the development and progression of
gastrointestinal tract neoplasms [6,7]. Recent data have shown that some bacterial species
produce tumor-promoting metabolites such as secondary bile acids, which potentiate the
development and progression of gastrointestinal tract neoplasms, whereas other species
produce short-chain fatty acids (SCFAS) such as butyrate, which can suppress inflammation
and carcinogenesis in the gastrointestinal tract [8,9].

Here, we review clinical studies on intestinal bacteria in relation to gastrointestinal tract
cancers, including esophageal, gastric, and colorectal cancers. In addition, we describe
emerging evidence for roles of intestinal bacteria in the efficacy of cancer chemotherapies
and novel targeted immunotherapies such as anti-CTLA4 and anti-CD274 therapies, the
process of absorption, and the occurrence of complications after gastrointestinal surgery.

Mechanisms by which intestinal bacteria influence the development and
progression of gastrointestinal tract neoplasms

1. Bacterial genotoxins

Intestinal bacteria have been shown to potentiate carcinogenesis through specific toxins that
induce DNA damage. Colibactin is encoded by the polyketide synthase island, which is
expressed by Escherichia colifrom phylogroup B2, and has been shown to induce DNA
damage, affect genomic instability [10,11], and promote colon carcinogenesis in /207~
mice [12,13].

Enterococcus faecalis has been shown to produce extracellular superoxide that induces DNA
damage and genomic instability in colonic epithelial cells [14-16], and activates
macrophages to produce 4-hydroxy-2-nonenal, which promotes colon carcinogenesis in
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/1707~ mice [17,18]. In human gastric cancer cells, infection with Enterococcus faecalis
causes reactive oxygen species (ROS) production and DNA damage [19,20].

Cytolethal distending toxin, which is produced by Gram-negative bacteria, including
Escherichia coli from phylogroup B2 and the Helicobacter species, can cause DNA damage
in mammalian cells [21-24].

2. Other microbial virulence factors

Helicobacter pylori expresses the cytotoxin-associated gene A (CagA) protein, a virulence
factor that has been shown to promote cell proliferation through the activation of the PI13K-
AKT, WNT, and NFKB signaling pathways [25-27], and reduce epithelial cell apoptosis by
the inhibition of TP53 [28]. In addition, accumulating evidence suggests that CagA can
activate stemness properties and induce the epithelial-mesenchymal transition in gastric
epithelial cells [29-35]. Helicobacter pylori expresses the vacuolating cytotoxin A (VacA),
which has been shown to suppress host immunity through the inhibition of T-cell activation
and the induction of regulatory T cells [36—39].

Enterotoxigenic Bacteroides fragilis express the Bacteroides fragilis toxin, which is a
virulence factor that activates the WNT and NFKB signaling pathways in colonic epithelial
cells [40-42].

Fusobacterium nucleatum expresses the FadA virulence factor on the bacterial cell surface,
which has been shown to bind to CDH1, activate the WNT signaling pathway in colorectal
carcinoma cells, and promote colorectal tumor growth [43]. The Fap2 protein of
Fusobacterium nucleatum has been shown to interact with T cell immunoglobulin and ITIM
domain (TIGIT) receptor and inhibit the activities of NK cells and T cells [44]. Emerging
evidence indicates that the Fap2 protein can potentiate the attachment of Fusobacterium
nucleatumto colorectal cancers that express host polysaccharide Gal-GalNAc [45].

3. Microbial metabolites

Intestinal bacteria produce diverse metabolites that can influence the development and
progression of gastrointestinal tract tumors [4]. Polyamines, which are produced by host
cells and gut bacteria, play important roles in diverse biologic and pathologic processes,
including translation, gene regulation, stress resistance, and cell proliferation and
differentiation [46]. Polyamines have been shown to suppress antitumor immunity and
potentiate the proliferation of cancer cells, invasion and metastasis [47]. Colonic mucosal
biofilms have been associated with up-regulation of polyamine metabolites that can enhance
the proliferation of colon cancer cells [48].

Accumulating evidence indicates a link between secondary bile acids and the development
of gastrointestinal tract tumors. Cholic acid and chenodeoxycholic acid, which are primary
bile acids, are produced in the liver from cholesterol, conjugated to glycine or taurine and
excreted into the duodenum to facilitate fat digestion. In the distal small intestine and colon,
conjugated bile acids can be deconjugated by the gut microbiota to produce secondary bile
acids, namely, lithocholic and deoxycholic acid. Clinical studies have shown that high-fat
diets can increase bile secretion [49] and that high faecal concentrations of bile acids are
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found in colorectal cancer patients [50]. Experimental studies have shown that lithocholic
and deoxycholic acid can activate the NFKB signaling pathway in colonic epithelial cells
[51,52] and that deoxycholic acid can potentiate the development of colorectal tumors in rats
receiving azoxymethane (AOM), a colorectal carcinogen [53]. A study based on a mouse
model suggests that deoxycholic acid can promote the development of Barrett’s esophagus
and esophageal adenocarcinoma by damaging DNA [54].

Accumulating evidence indicates that SCFASs such as butyrate, which are produced by the
gut microbiota, can suppress colonic inflammation and carcinogenesis by blocking
activation of the NFKB signaling pathway and inducing the differentiation of regulatory T
cells and IL10-producing T cells [55-57]. Experimental studies have shown that butyrate
can function as a histone deacetylase inhibitor to inhibit cell proliferation, stimulate
apoptosis, and suppress colonic tumor development [58-61]. In contrast, emerging data
demonstrate that low concentrations of butyrate may promote the growth of colonic tumors
that exhibit DNA mismatch repair deficiencies in a mouse model [62].

4. Modulation of host innate and adaptive immunity

Innate immunity is a rapid immune response that recognizes conserved microbial structures
in a non-specific manner, typically through the action of pattern recognition receptors
(PRRs) expressed on host cells, including Toll-like receptors (TLRs) and the nucleotide-
binding oligomerization domain (NOD)-like receptors (NLRs) [63]. Accumulating evidence
indicates that TLRs contribute to the development and progression of gastrointestinal tract
tumors through the activation of the NFKB and STAT3 signaling pathways [64]. The
activation of TLR4, which is the receptor for lipopolysaccharide produced by the gut
microbiota, in colonic epithelial cells has been shown to potentiate colorectal tumor
development through the up-regulation of PTGS2 expression and activation of the EGFR
signaling pathway in a mouse model receiving AOM [65]. Additionally, activation of the
STAT3 signaling pathway has been shown to up-regulate TLR2 expression in gastric
epithelial cells, which promote gastric tumor development, in a mouse model [66].

The NLR family is a group of receptor proteins that respond to intracellular fragments of
bacterial peptidoglycan and initiate the NFKB and MAPK signaling pathways in intestinal
epithelial cells [67]. Studies have shown that activation of NOD-like receptor family pyrin
domain containing 6 (NLRP6) in colonic epithelial cells can induce inflammation through
the up-regulation of chemokine CCL5 and promote colorectal tumor development through
the up-regulation of IL6 expression in the tumor microenvironment [68,69]. In the mouse
model of colorectal cancer liver metastases, NLRP3 in Kuppfer cells increase the production
of 1L18, which can activate the function of NK cells and suppress colon cancer metastatic
growth in the liver [70]. On the other hand, NOD2 can induce microbial dysbiosis and
potentiate the development of inflammation-induced colorectal tumors through up-
regulation of IL6 expression in colonic epithelial cells, suggesting a protective role for
NOD?2 in the maintenance of the composition of the gut microbiota [71].

Adaptive immunity is specific to the type of pathogen that is encountered by B and T cells
with subsequent generation of memory cells [72]. The microbiota play an important role in
the differentiation of T cells [4]. Evidence suggests that the gut microbiota produce butyrate,
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which can induce the differentiation of regulatory T cells and 1L10-producing T cells
through interactions with GPR43, activation of histone deacetylase inhibition, and up-
regulation of IL10 expression [55]. Accumulating evidence indicates that T helper 17
(TH17) cells, which produce 1L17 and IL22, can promote tumor development and
progression in the gastrointestinal tract [73-75]. Enterotoxigenic Bacteroides fragilis
induces T 17 cells, which activate the STAT3 signaling pathway in tumor cells in the
ApcMin’+ mouse model of colon cancer [76,77]. Ty 17 cells also produce 1L22, which has
been shown to promote colorectal tumor development and progression [78,79]. 1L23, which
is mainly produced by tumor-associated myeloid cells that are likely to be activated by
bacterial products, has been shown to promote colorectal tumor development and
progression through the induction of T17 cells in the microenvironment [75,80,81].
Fusobacterium nucleatum may inhibit T-cell-mediated immune responses against colorectal
tumors through the recruitment of myeloid-derived suppressor cells into the tumor
microenvironment in the ApcMi* mouse model [44,82]. Recent study has shown an inverse
association between the amount of tissue Fusobacterium nucleatum DNA and CD3* T-cell
density in human colorectal cancer tissue specimens [83].

These findings from the experimental studies described here provide insights into strategies
for targeting the gut microbiome towards the prevention and treatment of gastrointestinal
tract cancer. Probiotics and prebiotics may restore the balance of normal gut microbiota,
leading to a reduction in bacterial genotoxicity and tumor-promoting metabolites and to
suppression of oncogenic signaling pathways. Antibiotics may be utilized to target genotoxic
or deoxycholic acid-producing bacteria that have been shown to potentiate the development
of gastrointestinal tract tumors. Hence, future investigations may be warranted to examine
the potential influence of modifiable factors such as diet, probiotics and prebiotics, and
antibiotics, on the intestinal bacteria and tumorigenic processes.

Clinical studies on associations of specific bacteria and bacterial dysbiosis

with gastrointestinal tract cancers

1. Esophageal cancer

Esophageal carcinoma consists of two main histological types: esophageal squamous cell
carcinoma (ESCC) and esophageal adenocarcinoma (EAC). ESCC constitutes the large
majority of esophageal cancer cases worldwide and more than 90% of the cases in high-risk
areas, such as China, Iran, and Japan [1]. EAC is one of the most rapidly increasing cancers
in the United States [84]. Clinical studies have suggested associations of specific bacteria
and bacterial dysbiosis (the condition of having imbalances in the microbial communities)
with the development of ESCC and EAC (Table 1).

Clinical studies in China have shown that low microbial diversity (number of bacterial
genera per sample) in saliva or esophageal tissues is associated with the presence of ESCC
and esophageal squamous dysplasia, which is the precursor lesion of ESCC [85,86]. One
study has shown that the composition of the gastric microbiota differs in stage | ESCC, stage
Il ESCC, and esophageal squamous dysplasia from that in healthy controls [87].
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Meta-analyses demonstrate an inverse association between infection with Helicobacter
pyloriand risk of EAC [88,89]. Although the mechanisms underlying this inverse
association remain unclear, one study suggests that infection with Helicobacter pyloriis
associated with a decreased prevalence of aneuploidy, which is a measure of genomic
instability, in EAC [90].

Zaidi et al. have reported that a high amount of Escherichia coli in esophageal tissues is
associated with Barrett’s esophagus, EAC, and increased expression of TLRs [91]. A high
amount of Campylobacter concisus in esophageal tissues is associated with Barrett’s
esophagus and increased expression of 1L18, which is associated with carcinogenesis [92].

Yamamura et al. have reported that high amount of Fusobacterium nucleatum is associated
with shorter cancer-specific survival and overall survival in esophageal cancers, including
ESCC and EAC, and that the amount of Fusobacterium nucleatum correlates with tumor
expression of chemokine CCL20. These results suggest that Fusobacterium nucleatum may
contribute to the acquisition of aggressive tumor behavior through activation of chemokines
in esophageal carcinomas [93].

2. Gastric cancer

In prospective epidemiological studies, chronic infection with Helicobacter pylori, which is
a Gram-negative pathogen that selectively colonizes the gastric epithelium, has been
associated with a greater than two-fold increased risk of gastric cancer overall [94].
Helicobacter pyloriis categorized as a class | carcinogen by the International Agency for
Research on Cancer. In addition to the infection with Helicobacter pylori, metagenomic
studies have highlighted a potential link between gastric microbiota and gastric cancer
(Table 2).

Metagenomic analyses have shown a gradual decrease in microbial diversity from non-
atrophic gastritis to intestinal metaplasia to gastric cancer [95]. Among patients infected
with Helicobacter pylori, microbial diversity is higher in gastric cancer compared with
chronic gastritis or intestinal metaplasia [96,97].

3. Colorectal cancer

Clinical evidence suggests possible roles for specific bacteria and bacterial dysbiosis in the
development and progression of colorectal tumors (Table 3).

Case-control studies have shown that microbial diversity in tumor tissue or stool specimens
is higher in colorectal adenomas and carcinomas cases than in controls [98-107]. These
findings suggest an association between bacterial dysbiosis and the development of
colorectal tumors. Studies have revealed an enrichment of Fusobacterium nucleatum in
human colorectal adenomas and carcinomas compared with adjacent normal tissues
[83,108-116]. Recent studies have demonstrated that a high amount of tissue Fusobacterium
nucleatum is associated with advanced disease stage [108,109,117], a lower density of T
cells in colorectal carcinoma tissue [83], and worse patient survival [111]. Several studies
have demonstrated that the proportions of colorectal cancers with specific molecular features
such as microsatellite instability (MSI)-high, CpG island methylator phenotype (CIMP)-
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high, and BRAFand PIK3CA mutations gradually increase along the bowel subsites from
the rectum to the ascending colon [118-121]. The proportion of colorectal cancer enriched
with Fusobacterium nucleatum increases linearly along the bowel subsites from the rectum
to the cecum, suggesting a continuum model of pathogenic influences of intestinal bacteria
on colorectal carcinogenesis [122]. Low fiber consumption and high meat intake have been
associated with altered bacterial and metagenomic profiles [123,124]. Emerging data have
shown that low fiber consumption and high fat intake are associated with an increased
amount of Fusobacterium nucleatum measured by PCR in the stool [125]. Ingestion of non-
digestible carbohydrates, such as fiber, has been shown to increase colonic fermentation, and
increase the transit of gut contents, and decrease the pH of the intestinal lumen [8], which
might influence colonic colonization by Fusobacterium nucleatum, although further
investigations are required.

Clinical studies with a limited sample size suggest that the amount of Escherichia coliis
higher in colorectal carcinoma tissue than in adjacent normal tissue and that a higher amount
of Escherichia coli may be associated with advanced disease stage [126,127]. A few human
studies have suggested a potential link between enterotoxigenic Bacteroides fragilis and
colorectal cancer. Studies suggest that enterotoxigenic Bacteroides fragilis is detected
significantly more often in the colon mucosa tissue or stool specimens of colorectal cancer
cases than in the controls and that a higher amount of enterotoxigenic Bacteroides fragilis is
associated with advanced disease stage [116,128,129]. Although experimental studies
suggest that Enterococcus faecalis may promote the development of gastric and colorectal
tumors [14-18], one clinical study has suggested that Enterococcus faecalis is detected
significantly more often in the stool specimens of colorectal cancer cases than in the controls
[130]. Studies have demonstrated that the amount of Streptococcus gallolyticusin human
colorectal carcinomas is higher than in control tissue and that the amount of Strepfococcus
gallolyticus is correlated with the expression of PTGS2 (cyclooxygenase-2) in colorectal
cancer tissue [131-133]. These findings suggest a potential role of Streptococcus
gallolyticus in the development of colorectal tumors through inflammation.

These clinical studies have linked specific bacteria and bacterial dysbiosis to gastrointestinal
tract cancers, including esophageal, gastric, and colorectal cancers. However, there are
considerable study-to-study differences regarding reported bacterial species associated with
colorectal carcinogenesis, which may be due to limitations including small sample sizes,
undefined tissue sampling sites, and limited data on clinical features and tumor molecular
features.

Gut microbiota, chemotherapy, and immunotherapy

Emerging data demonstrate that intestinal bacteria can modulate the efficacy of cancer
chemotherapies. Colorectal cancers with unresectable distant metastases are treated with
chemotherapy regimens that are based on oxaliplatin and irinotecan combined with
molecularly targeted therapies such as a humanized monoclonal antibody against VEGFA
(bevacizumab) and anti-EGFR antibodies (cetuximab or panitumumab) [134]. ROS are
important for DNA damage and apoptosis in response to oxaliplatin [135]. The
administration of oxaliplatin to germ-free mice or antibiotic-treated mice has been shown to
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reduce oxaliplatin-mediated tumor cytotoxicity by down-regulating the production of ROS
in myeloid cells, suggesting that the gut microbiota may influence the efficacy of oxaliplatin
for gastrointestinal cancer by modulating the production of ROS in myeloid cells in the
tumor microenvironment [136]. Irinotecan is converted to its active metabolite 7-ethyl-10-
hydroxycamptothecin (SN38), which is subsequently detoxified to an inactive,
glucuronidated form, SN38-glucuronide (SN38G), by hepatic uridine diphosphate
glucuronosyltransferase 1A1 [137,138]. The bacterial B-glucuronidase then deconjugates
SN38G to SN38, the active form, in the gut, which can cause severe diarrhea [139].
Bacterial B-glucuronidase-selective inhibitors have been shown to reduce the incidence of
irinotecan-induced diarrhea in mice [140]. Cyclophosphamide, which is a prominent
alkylating anticancer agent and one of several clinically important cancer drugs, can promote
the differentiation of Ty17 cells that may stimulate antitumor immunity in melanoma [141].
In a mouse model of melanoma, cyclophosphamide has been shown to induce the
translocation of several Gram-positive bacterial species, including Lactobacillus johnsonii,
Lactobacillus murinus, and Enterococcus hirae, to secondary lymphoid organs, and the
administration of cyclophosphamide to germ-free mice or antibiotic-treated mice has been
shown to reduce the antitumor effects of cyclophosphamide by inhibiting the differentiation
of TH17 cells and the accumulation of tumor-infiltrating CD3* T cells, suggesting that the
gut microbiota may influence cyclophosphamide-mediated anticancer immunity [142].
These findings suggest that the gut microbiota can influence the efficacy and toxicity of
cancer chemotherapy.

Therapeutic antibodies specific for immune checkpoint molecules, including CTLA4,
PDCD1 (programmed cell death 1; PD-1), and CD274 (programmed cell death 1 ligand 1;
PD-L1) can effectively enhance antitumor T-cell activity in various cancers, underscoring an
important role of T-cell-mediated adaptive immunity in inhibiting tumor progression [143—
145]. Studies using a mouse model have shown that the oral administration of Bacteroides
thetaiotaomicron or Bacteroides fragilis to germ-free mice can enhance the anticancer effect
of the therapeutic antibody specific for CTLA4 [146] and that the oral administration of
Bifidobacterium can potentiate the anticancer effect of the therapeutic antibody specific for
CD274 [147]. These findings suggest that manipulating the gut microbiota may modulate
the efficacy of cancer immunotherapy.

Evidence suggests that the gut microbiome develops early in life and that once established,
the composition of the gut microbiota is relatively stable throughout adult life [148].
However, diet, lifestyle, pharmacological factors (including antibiotics), and probiotics and
prebiotics have been shown to influence the composition of the gut microbiota [149-153].
Although further studies using human tumor tissue specimens are required for clinical
application, we hope to utilize the gut microbiota to modulate the efficacy and toxicity of
cancer chemotherapies in the future.

Gut microbiota and surgery for gastrointestinal tract cancers

Surgery for gastrointestinal tract cancers and intestinal reconstructions has been shown to
influence the composition of the gut microbiota. Patients after Roux-en-Y gastric bypass
(RYGB) are at increased risk of malabsorption, trace element deficiency, and dumping
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syndrome [154]. In a mouse model of RYGB, the amount of Bacteroidetes,
Verrucomicrobia, and Proteobacteria in stool increased, and transfer of the gut microbiota
from RYGB-treated mice to non-operated, germ-free mice resulted in weight loss and
decreased fat mass in the recipient animals, suggesting that altered gut microbiota may
trigger weight loss after RYGB [155].

In a rat model after colon resection and anastomosis, the amount of Escherichia and/or
Shigellaand Enterococcus at the anastomotic segment of the colon increased [156]. In a
mouse model of small bowel resection, changes in the ileal microbial community were
observed up to 90 days after surgery [157]. The intestinal microbiota may influence
anastomotic leak after gastrointestinal surgery. In a rat model of anastomotic leakage in
which rats underwent preoperative radiation, distal colon resections, and intestinal
inoculation with Pseudomonas aeruginosa, only the rats with both radiation exposure and
intestinal colonization by Pseudomonas aeruginosa developed clinical anastomotic leaks
[158]. Emerging data suggest that Enterococcus faecalis may contribute to anastomotic leak
after colectomy by producing collagenases and activating MMP9 [159].

Postoperative complications have been associated with tumor recurrence and a worse patient
survival in gastrointestinal tract cancers [160-165]. Manipulating the gut microbiota by diet,
lifestyle, antibiotics, and probiotics and prebiotics might become useful towards preventing
the occurrence of postoperative complications and improving postoperative recovery after
gastrointestinal tract surgery.

Future directions

Accumulating evidence indicates that intestinal bacteria can influence the tumor
development and progression in the gastrointestinal tract. Considering that diet, lifestyle,
pharmacological factors (including antibiotics), and probiotics and prebiotics can influence
the composition of the intestinal microbiota, future investigations may be warranted to
examine the potential influences of these modifiable factors on the intestinal microflora and
tumorigenic processes.

The main cause of gastrointestinal tract cancer-related death is distant metastasis, and the
liver is commonly affected by distant metastases from primary gastrointestinal cancers. The
liver is exposed to the gut microbiome via blood from the portal vein and hepatic artery and
has many immune cell types, including T cells and macrophages [166]. Colorectal cancer
patients with high-level T-cell infiltration in liver metastasis tissues exhibit high sensitivity
to anticancer agents and have good prognosis [167]. Furthermore, emerging data have shown
that there is a higher amount of Fusobacterium nucleatum in liver metastatic lesions from
colorectal cancer compared with non-cancerous liver tissue [45]. Hence, intestinal bacteria
might inhibit the anticancer immune response, and contribute to the formation of liver
metastases from gastrointestinal tract cancers.

Experimental studies suggest that the gut microbiota may influence the efficacy of cancer
chemotherapies and immunotherapies. Because the relationship between the complex gut
microbiome and tumor cells in humans cannot be completely recapitulated in the mouse
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model, analysis using human cancer tissue is required for clinical application. Hence,
interdisciplinary research in relation to oncology, microbiology, immunology,
gastroenterology, pathology, and surgical oncology would provide valuable data for the
development of new prevention and treatment strategies for gastrointestinal tract cancers by
targeting the gut microbiome. A better understanding of the roles of the gut microbiota in the
process of absorption after gastrointestinal reconstruction and the occurrence of
complications after gastrointestinal surgery may provide new opportunities to utilize the gut
microbiota for postoperative recovery in patients with gastrointestinal tract cancers.
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TLR Toll-like receptor
VacA vacuolating cytotoxin A

References

1. Siegel RL, Miller KD, Jemal A. Cancer Statistics, 2017. CA Cancer J Clin. 2017; 67:7-30.
[PubMed: 28055103]

2. Song M, Garrett WS, Chan AT. Nutrients, foods, and colorectal cancer prevention.
Gastroenterology. 2015; 148:1244-1260e1216. [PubMed: 25575572]

Surg Oncol. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mima et al.

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Page 11

. Garrett WS. Cancer and the microbiota. Science. 2015; 348:80-86. [PubMed: 25838377]
. Rooks MG, Garrett WS. Gut microbiota, metabolites and host immunity. Nat Rev Immunol. 2016;

16:341-352. [PubMed: 27231050]

. Wang J, Jia H. Metagenome-wide association studies: fine-mining the microbiome. Nat Rev

Microbiol. 2016; 14:508-522. [PubMed: 27396567]

. Sonnenburg ED, Smits SA, Tikhonov M, et al. Diet-induced extinctions in the gut microbiota

compound over generations. Nature. 2016; 529:212-215. [PubMed: 26762459]

. Zhernakova A, Kurilshikov A, Bonder MJ, et al. Population-based metagenomics analysis reveals

markers for gut microbiome composition and diversity. Science. 2016; 352:565-569. [PubMed:
27126040]

. Louis P, Hold GL, Flint HJ. The gut microbiota, bacterial metabolites and colorectal cancer. Nat Rev

Microbiol. 2014; 12:661-672. [PubMed: 25198138]

. O’Keefe SJ. Diet, microorganisms and their metabolites, and colon cancer. Nat Rev Gastroenterol

Hepatol. 2016; 13:691-706. [PubMed: 27848961]

. Nougayrede JP, Homburg S, Taieb F, et al. Escherichia coli induces DNA double-strand breaks in
eukaryotic cells. Science. 2006; 313:848-851. [PubMed: 16902142]

Cuevas-Ramos G, Petit CR, Marcq |, et al. Escherichia coli induces DNA damage in vivo and
triggers genomic instability in mammalian cells. Proc Natl Acad Sci U S A. 2010; 107:11537—
11542. [PubMed: 20534522]

Arthur JC, Perez-Chanona E, Muhlbauer M, et al. Intestinal inflammation targets cancer-inducing
activity of the microbiota. Science. 2012; 338:120-123. [PubMed: 22903521]

Arthur JC, Gharaibeh RZ, Muhlbauer M, et al. Microbial genomic analysis reveals the essential
role of inflammation in bacteria-induced colorectal cancer. Nat Commun. 2014; 5:4724. [PubMed:
25182170]

Huycke MM, Abrams V, Moore DR. Enterococcus faecalis produces extracellular superoxide and
hydrogen peroxide that damages colonic epithelial cell DNA. Carcinogenesis. 2002; 23:529-536.
[PubMed: 11895869]

Wang X, Huycke MM. Extracellular superoxide production by Enterococcus faecalis promotes
chromosomal instability in mammalian cells. Gastroenterology. 2007; 132:551-561. [PubMed:
17258726]

Wang X, Allen TD, May RJ, et al. Enterococcus faecalis induces aneuploidy and tetraploidy in
colonic epithelial cells through a bystander effect. Cancer Res. 2008; 68:9909-9917. [PubMed:
19047172]

Wang X, Yang Y, Moore DR, et al. 4-hydroxy-2-nonenal mediates genotoxicity and bystander
effects caused by Enterococcus faecalis-infected macrophages. Gastroenterology. 2012; 142:543—
551e547. [PubMed: 22108198]

Wang X, Allen TD, Yang Y, et al. Cyclooxygenase-2 generates the endogenous mutagen trans-4-
hydroxy-2-nonenal in Enterococcus faecalis-infected macrophages. Cancer Prev Res (Phila). 2013;
6:206-216. [PubMed: 23321929]

Strickertsson JA, Desler C, Martin-Bertelsen T, et al. Enterococcus faecalis infection causes
inflammation, intracellular oxphos-independent ROS production, and DNA damage in human
gastric cancer cells. PL0oS One. 2013; 8:63147. [PubMed: 23646188]

Strickertsson JA, Rasmussen LJ, Friis-Hansen L. Enterococcus faecalis Infection and Reactive
Oxygen Species Down-Regulates the miR-17-92 Cluster in Gastric Adenocarcinoma Cell Culture.
Genes (Basel). 2014; 5:726-738. [PubMed: 25170597]

Nesic D, Hsu Y, Stebbins CE. Assembly and function of a bacterial genotoxin. Nature. 2004;
429:429-433. [PubMed: 15164065]

Ge Z, Rogers AB, Feng Y, et al. Bacterial cytolethal distending toxin promotes the development of
dysplasia in a model of microbially induced hepatocarcinogenesis. Cell Microbiol. 2007; 9:2070-
2080. [PubMed: 17441986]

Guidi R, Guerra L, Levi L, et al. Chronic exposure to the cytolethal distending toxins of Gram-
negative bacteria promotes genomic instability and altered DNA damage response. Cell Microbiol.
2013; 15:98-113. [PubMed: 22998585]

Surg Oncol. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mima et al.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 12

Graillot V, Dormoy I, Dupuy J, et al. Genotoxicity of Cytolethal Distending Toxin (CDT) on
Isogenic Human Colorectal Cell Lines: Potential Promoting Effects for Colorectal Carcinogenesis.
Front Cell Infect Microbiol. 2016; 6:34. [PubMed: 27047802]

Suzuki M, Mimuro H, Kiga K, et al. Helicobacter pylori CagA phosphorylation-independent
function in epithelial proliferation and inflammation. Cell Host Microbe. 2009; 5:23-34. [PubMed:
19154985]

Murata-Kamiya N, Kurashima Y, Teishikata Y, et al. Helicobacter pylori CagA interacts with E-
cadherin and deregulates the beta-catenin signal that promotes intestinal transdifferentiation in
gastric epithelial cells. Oncogene. 2007; 26:4617-4626. [PubMed: 17237808]

Brandt S, Kwok T, Hartig R, et al. NF-kappaB activation and potentiation of proinflammatory
responses by the Helicobacter pylori CagA protein. Proc Natl Acad Sci U S A. 2005; 102:9300-
9305. [PubMed: 15972330]

Wei J, Noto JM, Zaika E, et al. Bacterial CagA protein induces degradation of p53 protein in a
pl4ARF-dependent manner. Gut. 2015; 64:1040-1048. [PubMed: 25080447]

Bessede E, Staedel C, Acuna Amador LA, et al. Helicobacter pylori generates cells with cancer
stem cell properties via epithelial-mesenchymal transition-like changes. Oncogene. 2014;
33:4123-4131. [PubMed: 24096479]

Kountouras J, Kapetanakis N, Zavos C, et al. Helicobacter pylori might contribute to cancer and/or
bone marrow-derived stem cell-related gastrointestinal oncogenesis. Oncogene. 2015; 34:670.
[PubMed: 24469039]

Bessede E, Dubus P, Megraud F, et al. Helicobacter pylori infection and stem cells at the origin of
gastric cancer. Oncogene. 2015; 34:2547-2555. [PubMed: 25043305]

Tsugawa H, Suzuki H, Saya H, et al. Reactive oxygen species-induced autophagic degradation of
Helicobacter pylori CagA is specifically suppressed in cancer stem-like cells. Cell Host Microbe.
2012; 12:764-777. [PubMed: 23245321]

Bartfeld S, Bayram T, van de Wetering M, et al. In vitro expansion of human gastric epithelial stem
cells and their responses to bacterial infection. Gastroenterology. 2015; 148:126-136e126.
[PubMed: 25307862]

McCracken KW, Cata EM, Crawford CM, et al. Modelling human development and disease in
pluripotent stem-cell-derived gastric organoids. Nature. 2014; 516:400-404. [PubMed: 25363776]

Cristescu R, Lee J, Nebozhyn M, et al. Molecular analysis of gastric cancer identifies subtypes
associated with distinct clinical outcomes. Nat Med. 2015; 21:449-456. [PubMed: 25894828]

Boncristiano M, Paccani SR, Barone S, et al. The Helicobacter pylori vacuolating toxin inhibits T
cell activation by two independent mechanisms. J Exp Med. 2003; 198:1887-1897. [PubMed:
14676300]

Sundrud MS, Torres VJ, Unutmaz D, et al. Inhibition of primary human T cell proliferation by
Helicobacter pylori vacuolating toxin (VacA) is independent of VacA effects on IL-2 secretion.
Proc Natl Acad Sci U S A. 2004; 101:7727-7732. [PubMed: 15128946]

Gebert B, Fischer W, Weiss E, et al. Helicobacter pylori vacuolating cytotoxin inhibits T
lymphocyte activation. Science. 2003; 301:1099-1102. [PubMed: 12934009]

Oertli M, Noben M, Engler DB, et al. Helicobacter pylori gamma-glutamy! transpeptidase and
vacuolating cytotoxin promote gastric persistence and immune tolerance. Proc Natl Acad Sci U S
A. 2013; 110:3047-3052. [PubMed: 23382221]

Wu S, Morin PJ, Maouyo D, et al. Bacteroides fragilis enterotoxin induces c-Myc expression and
cellular proliferation. Gastroenterology. 2003; 124:392-400. [PubMed: 12557145]

Wu S, Rhee KJ, Zhang M, et al. Bacteroides fragilis toxin stimulates intestinal epithelial cell
shedding and gamma-secretase-dependent E-cadherin cleavage. J Cell Sci. 2007; 120:1944-1952.
[PubMed: 17504810]

Wu S, Powell J, Mathioudakis N, et al. Bacteroides fragilis enterotoxin induces intestinal epithelial
cell secretion of interleukin-8 through mitogen-activated protein kinases and a tyrosine kinase-
regulated nuclear factor-kappaB pathway. Infect Immun. 2004; 72:5832-5839. [PubMed:
15385484]

Surg Oncol. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mima et al.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Page 13

Rubinstein MR, Wang X, Liu W, et al. Fusobacterium nucleatum promotes colorectal
carcinogenesis by modulating E-cadherin/beta-catenin signaling via its FadA adhesin. Cell Host
Microbe. 2013; 14:195-206. [PubMed: 23954158]

Gur C, Ibrahim Y, Isaacson B, et al. Binding of the Fap2 protein of Fusobacterium nucleatum to
human inhibitory receptor TIGIT protects tumors from immune cell attack. Immunity. 2015;
42:344-355. [PubMed: 25680274]

Abed J, Emgard JE, Zamir G, et al. Fap2 Mediates Fusobacterium nucleatum Colorectal
Adenocarcinoma Enrichment by Binding to Tumor-Expressed Gal-GalNAc. Cell Host Microbe.
2016; 20:215-225. [PubMed: 27512904]

Igarashi K, Kashiwagi K. Modulation of cellular function by polyamines. Int J Biochem Cell Biol.
2010; 42:39-51. [PubMed: 19643201]

Soda K. The mechanisms by which polyamines accelerate tumor spread. J Exp Clin Cancer Res.
2011; 30:95. [PubMed: 21988863]

Johnson CH, Dejea CM, Edler D, et al. Metabolism links bacterial biofilms and colon
carcinogenesis. Cell Metab. 2015; 21:891-897. [PubMed: 25959674]

Ou J, DeLany JP, Zhang M, et al. Association between low colonic short-chain fatty acids and high
bile acids in high colon cancer risk populations. Nutr Cancer. 2012; 64:34-40. [PubMed:
22136517]

Barrasa JI, Olmo N, Lizarbe MA, et al. Bile acids in the colon, from healthy to cytotoxic
molecules. Toxicol In Vitro. 2013; 27:964-977. [PubMed: 23274766]

Muhlbauer M, Allard B, Bosserhoff AK, et al. Differential effects of deoxycholic acid and
taurodeoxycholic acid on NF-kappa B signal transduction and 1L-8 gene expression in colonic
epithelial cells. Am J Physiol Gastrointest Liver Physiol. 2004; 286:G1000-1008. [PubMed:
14726307]

Payne CM, Weber C, Crowley-Skillicorn C, et al. Deoxycholate induces mitochondrial oxidative
stress and activates NF-kappaB through multiple mechanisms in HCT-116 colon epithelial cells.
Carcinogenesis. 2007; 28:215-222. [PubMed: 16887864]

Summerton J, Goeting N, Trotter GA, et al. Effect of deoxycholic acid on the tumour incidence,
distribution, and receptor status of colorectal cancer in the rat model. Digestion. 1985; 31:77-81.
[PubMed: 4039693]

Quante M, Bhagat G, Abrams JA, et al. Bile acid and inflammation activate gastric cardia stem
cells in a mouse model of Barrett-like metaplasia. Cancer Cell. 2012; 21:36-51. [PubMed:
22264787]

Smith PM, Howitt MR, Panikov N, et al. The microbial metabolites, short-chain fatty acids,
regulate colonic Treg cell homeostasis. Science. 2013; 341:569-573. [PubMed: 23828891]

Singh N, Gurav A, Sivaprakasam S, et al. Activation of Gpr109a, receptor for niacin and the
commensal metabolite butyrate, suppresses colonic inflammation and carcinogenesis. Immunity.
2014; 40:128-139. [PubMed: 24412617]

Thangaraju M, Cresci GA, Liu K, et al. GPR109A is a G-protein-coupled receptor for the bacterial
fermentation product butyrate and functions as a tumor suppressor in colon. Cancer Res. 2009;
69:2826-2832. [PubMed: 19276343]

Donohoe DR, Collins LB, Wali A, et al. The Warburg effect dictates the mechanism of butyrate-
mediated histone acetylation and cell proliferation. Mol Cell. 2012; 48:612-626. [PubMed:
23063526]

Donohoe DR, Holley D, Collins LB, et al. A gnotobiotic mouse model demonstrates that dietary
fiber protects against colorectal tumorigenesis in a microbiota- and butyrate-dependent manner.
Cancer Discov. 2014; 4:1387-1397. [PubMed: 25266735]

Buda A, Qualtrough D, Jepson MA, et al. Butyrate downregulates alpha2betal integrin: a possible
role in the induction of apoptosis in colorectal cancer cell lines. Gut. 2003; 52:729-734. [PubMed:
12692060]

Clarke JM, Topping DL, Bird AR, et al. Effects of high-amylose maize starch and butyrylated
high-amylose maize starch on azoxymethane-induced intestinal cancer in rats. Carcinogenesis.
2008; 29:2190-2194. [PubMed: 18701436]

Surg Oncol. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mima et al.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Page 14

Belcheva A, Irrazabal T, Robertson SJ, et al. Gut microbial metabolism drives transformation of
MSH2-deficient colon epithelial cells. Cell. 2014; 158:288-299. [PubMed: 25036629]

Thaiss CA, Zmora N, Levy M, et al. The microbiome and innate immunity. Nature. 2016; 535:65—
74. [PubMed: 27383981]

Rakoff-Nahoum S, Medzhitov R. Toll-like receptors and cancer. Nat Rev Cancer. 2009; 9:57-63.
[PubMed: 19052556]

Fukata M, Chen A, Vamadevan AS, et al. Toll-like receptor-4 promotes the development of colitis-
associated colorectal tumors. Gastroenterology. 2007; 133:1869-1881. [PubMed: 18054559]

Tye H, Kennedy CL, Najdovska M, et al. STAT3-driven upregulation of TLR2 promotes gastric
tumorigenesis independent of tumor inflammation. Cancer Cell. 2012; 22:466-478. [PubMed:
23079657]

Philpott DJ, Sorbara MT, Robertson SJ, et al. NOD proteins: regulators of inflammation in health
and disease. Nat Rev Immunol. 2014; 14:9-23. [PubMed: 24336102]

Hu B, Elinav E, Huber S, et al. Inflammation-induced tumorigenesis in the colon is regulated by
caspase-1 and NLRCA4. Proc Natl Acad Sci U S A. 2010; 107:21635-21640. [PubMed: 21118981]
Hu B, Elinav E, Huber S, et al. Microbiota-induced activation of epithelial IL-6 signaling links
inflammasome-driven inflammation with transmissible cancer. Proc Natl Acad Sci U S A. 2013;
110:9862-9867. [PubMed: 23696660]

Dupaul-Chicoine J, Arabzadeh A, Dagenais M, et al. The NIrp3 Inflammasome Suppresses
Colorectal Cancer Metastatic Growth in the Liver by Promoting Natural Killer Cell Tumoricidal
Activity. Immunity. 2015; 43:751-763. [PubMed: 26384545]

Couturier-Maillard A, Secher T, Rehman A, et al. NOD2-mediated dysbiosis predisposes mice to
transmissible colitis and colorectal cancer. J Clin Invest. 2013; 123:700-711. [PubMed: 23281400]
Honda K, Littman DR. The microbiota in adaptive immune homeostasis and disease. Nature. 2016;
535:75-84. [PubMed: 27383982]

Gaffen SL, Jain R, Garg AV, et al. The IL-23-1L-17 immune axis: from mechanisms to therapeutic
testing. Nat Rev Immunol. 2014; 14:585-600. [PubMed: 25145755]

Chae WJ, Gibson TF, Zelterman D, et al. Ablation of IL-17A abrogates progression of spontaneous
intestinal tumorigenesis. Proc Natl Acad Sci U S A. 2010; 107:5540-5544. [PubMed: 20212110]
Grivennikov SI, Wang K, Mucida D, et al. Adenoma-linked barrier defects and microbial products
drive IL-23/1L-17-mediated tumour growth. Nature. 2012; 491:254-258. [PubMed: 23034650]
Wu S, Rhee KJ, Albesiano E, et al. A human colonic commensal promotes colon tumorigenesis via
activation of T helper type 17 T cell responses. Nat Med. 2009; 15:1016-1022. [PubMed:
19701202]

Wang L, Yi T, Kortylewski M, et al. IL-17 can promote tumor growth through an IL-6-Stat3
signaling pathway. J Exp Med. 2009; 206:1457-1464. [PubMed: 19564351]

Huber S, Gagliani N, Zenewicz LA, et al. IL-22BP is regulated by the inflammasome and
modulates tumorigenesis in the intestine. Nature. 2012; 491:259-263. [PubMed: 23075849]
Kirchberger S, Royston DJ, Boulard O, et al. Innate lymphoid cells sustain colon cancer through
production of interleukin-22 in a mouse model. J Exp Med. 2013; 210:917-931. [PubMed:
23589566]

Zou W, Restifo NP. T(H)17 cells in tumour immunity and immunotherapy. Nat Rev Immunol.
2010; 10:248-256. [PubMed: 20336152]

Langowski JL, Zhang X, Wu L, et al. IL-23 promotes tumour incidence and growth. Nature. 2006;
442:461-465. [PubMed: 16688182]

Kostic AD, Chun E, Robertson L, et al. Fusobacterium nucleatum potentiates intestinal
tumorigenesis and modulates the tumor-immune microenvironment. Cell Host Microbe. 2013;
14:207-215. [PubMed: 23954159]

Mima K, Sukawa Y, Nishihara R, et al. Fusobacterium nucleatum and T Cells in Colorectal
Carcinoma. JAMA Oncol. 2015; 1:653-661. [PubMed: 26181352]

Brown LM, Devesa SS, Chow WH. Incidence of adenocarcinoma of the esophagus among white
Americans by sex, stage, and age. J Natl Cancer Inst. 2008; 100:1184-1187. [PubMed: 18695138]

Surg Oncol. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mima et al.

85.

86.

87.

88.

89.

90.

9L

92.

93.

94.

95.

96.

97.

98.

99.

Page 15

Yu G, Gail MH, Shi J, et al. Association between upper digestive tract microbiota and cancer-
predisposing states in the esophagus and stomach. Cancer Epidemiol Biomarkers Prev. 2014;
23:735-741. [PubMed: 24700175]

Chen X, Winckler B, Lu M, et al. Oral Microbiota and Risk for Esophageal Squamous Cell
Carcinoma in a High-Risk Area of China. PL0oS One. 2015; 10:0143603. [PubMed: 26641451]

Nasrollahzadeh D, Malekzadeh R, Ploner A, et al. Variations of gastric corpus microbiota are
associated with early esophageal squamous cell carcinoma and squamous dysplasia. Sci Rep.
2015; 5:8820. [PubMed: 25743945]

Islami F, Kamangar F. Helicobacter pylori and esophageal cancer risk: a meta-analysis. Cancer
Prev Res (Phila). 2008; 1:329-338. [PubMed: 19138977]

Nie S, Chen T, Yang X, et al. Association of Helicobacter pylori infection with esophageal
adenocarcinoma and squamous cell carcinoma: a meta-analysis. Dis Esophagus. 2014; 27:645-
653. [PubMed: 24635571]

Gall A, Fero J, McCoy C, et al. Bacterial Composition of the Human Upper Gastrointestinal Tract
Microbiome Is Dynamic and Associated with Genomic Instability in a Barrett’s Esophagus
Cohort. PL0S One. 2015; 10:20129055. [PubMed: 26076489]

Zaidi AH, Kelly LA, Kreft RE, et al. Associations of microbiota and toll-like receptor signaling
pathway in esophageal adenocarcinoma. BMC Cancer. 2016; 16:52. [PubMed: 26841926]
Blackett KL, Siddhi SS, Cleary S, et al. Oesophageal bacterial biofilm changes in gastro-
oesophageal reflux disease, Barrett’s and oesophageal carcinoma: association or causality?
Aliment Pharmacol Ther. 2013; 37:1084-1092. [PubMed: 23600758]

Yamamura K, Baba Y, Nakagawa S, et al. Human Microbiome Fusobacterium Nucleatum in
Esophageal Cancer Tissue Is Associated with Prognosis. Clin Cancer Res. 2016; 22:5574-5581.
[PubMed: 27769987]

Amieva M, Peek RM Jr. Pathobiology of Helicobacter pylori-Induced Gastric Cancer.
Gastroenterology. 2016; 150:64—-78. [PubMed: 26385073]

Aviles-Jimenez F, Vazquez-Jimenez F, Medrano-Guzman R, et al. Stomach microbiota composition
varies between patients with non-atrophic gastritis and patients with intestinal type of gastric
cancer. Sci Rep. 2014; 4:4202. [PubMed: 24569566

Eun CS, Kim BK, Han DS, et al. Differences in gastric mucosal microbiota profiling in patients
with chronic gastritis, intestinal metaplasia, and gastric cancer using pyrosequencing methods.
Helicobacter. 2014; 19:407-416. [PubMed: 25052961]

Wang L, Zhou J, Xin Y, et al. Bacterial overgrowth and diversification of microbiota in gastric
cancer. Eur J Gastroenterol Hepatol. 2016; 28:261-266. [PubMed: 26657453]

Shen XJ, Rawls JF, Randall T, et al. Molecular characterization of mucosal adherent bacteria and
associations with colorectal adenomas. Gut Microbes. 2010; 1:138-147. [PubMed: 20740058]
Lu Y, ChenJ, Zheng J, et al. Mucosal adherent bacterial dysbiosis in patients with colorectal
adenomas. Sci Rep. 2016; 6:26337. [PubMed: 27194068]

100. Chen W, Liu F, Ling Z, et al. Human intestinal lumen and mucosa-associated microbiota in

patients with colorectal cancer. PLoS One. 2012; 7:€39743. [PubMed: 22761885]

101. Ahn J, Sinha R, Pei Z, et al. Human gut microbiome and risk for colorectal cancer. J Natl Cancer

Inst. 2013; 105:1907-1911. [PubMed: 24316595]

102. Wu N, Yang X, Zhang R, et al. Dysbiosis signature of fecal microbiota in colorectal cancer

patients. Microb Ecol. 2013; 66:462—470. [PubMed: 23733170]

103. Weir TL, Manter DK, Sheflin AM, et al. Stool microbiome and metabolome differences between

colorectal cancer patients and healthy adults. PLoS One. 2013; 8:670803. [PubMed: 23940645]

104. Zackular JP, Rogers MA, Ruffin MTt, et al. The human gut microbiome as a screening tool for

colorectal cancer. Cancer Prev Res (Phila). 2014; 7:1112-1121. [PubMed: 25104642]

105. Zeller G, Tap J, Voigt AY, et al. Potential of fecal microbiota for early-stage detection of

colorectal cancer. Mol Syst Biol. 2014; 10:766. [PubMed: 25432777]

106. Feng Q, Liang S, Jia H, et al. Gut microbiome development along the colorectal adenoma-

carcinoma sequence. Nat Commun. 2015; 6:6528. [PubMed: 25758642]

Surg Oncol. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mima et al.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Page 16

Yu J, Feng Q, Wong SH, et al. Metagenomic analysis of faecal microbiome as a tool towards
targeted non-invasive biomarkers for colorectal cancer. Gut. 2017; 66:70-78. [PubMed:
26408641]

Kostic AD, Gevers D, Pedamallu CS, et al. Genomic analysis identifies association of
Fusobacterium with colorectal carcinoma. Genome Res. 2012; 22:292-298. [PubMed: 22009990]

Castellarin M, Warren RL, Freeman JD, et al. Fusobacterium nucleatum infection is prevalent in
human colorectal carcinoma. Genome Res. 2012; 22:299-306. [PubMed: 22009989]

Ito M, Kanno S, Nosho K, et al. Association of Fusobacterium nucleatum with clinical and
molecular features in colorectal serrated pathway. Int J Cancer. 2015; 137:1258-1268. [PubMed:
25703934]

Mima K, Nishihara R, Qian ZR, et al. Fusobacterium nucleatum in colorectal carcinoma tissue
and patient prognosis. Gut. 2016; 65:1973-1980. [PubMed: 26311717]

Mira-Pascual L, Cabrera-Rubio R, Ocon S, et al. Microbial mucosal colonic shifts associated with
the development of colorectal cancer reveal the presence of different bacterial and archaeal
biomarkers. J Gastroenterol. 2015; 50:167-179. [PubMed: 24811328]

Kasai C, Sugimoto K, Moritani I, et al. Comparison of human gut microbiota in control subjects
and patients with colorectal carcinoma in adenoma: Terminal restriction fragment length
polymorphism and next-generation sequencing analyses. Oncol Rep. 2016; 35:325-333.
[PubMed: 26549775]

Kumar A, Thotakura PL, Tiwary BK, et al. Target identification in Fusobacterium nucleatum by
subtractive genomics approach and enrichment analysis of host-pathogen protein-protein
interactions. BMC Microbiol. 2016; 16:84. [PubMed: 27176600]

Vogtmann E, Hua X, Zeller G, et al. Colorectal Cancer and the Human Gut Microbiome:
Reproducibility with Whole-Genome Shotgun Sequencing. PLoS One. 2016; 11:e0155362.
[PubMed: 27171425]

Wei Z, Cao S, Liu S, et al. Could gut microbiota serve as prognostic biomarker associated with
colorectal cancer patients’ survival? A pilot study on relevant mechanism. Oncotarget. 2016;
7:46158-46172. [PubMed: 27323816]

Flanagan L, Schmid J, Ebert M, et al. Fusobacterium nucleatum associates with stages of
colorectal neoplasia development, colorectal cancer and disease outcome. Eur J Clin Microbiol
Infect Dis. 2014; 33:1381-1390. [PubMed: 24599709]

Yamauchi M, Morikawa T, Kuchiba A, et al. Assessment of colorectal cancer molecular features
along bowel subsites challenges the conception of distinct dichotomy of proximal versus distal
colorectum. Gut. 2012; 61:847-854. [PubMed: 22427238]

Phipps Al, Buchanan DD, Makar KW, et al. BRAF mutation status and survival after colorectal
cancer diagnosis according to patient and tumor characteristics. Cancer Epidemiol Biomarkers
Prev. 2012; 21:1792-1798. [PubMed: 22899730]

Rosty C, Young JP, Walsh MD, et al. PIK3CA activating mutation in colorectal carcinoma:
associations with molecular features and survival. PLoS One. 2013; 8:e65479. [PubMed:
23785428]

Phipps Al, Limburg PJ, Baron JA, et al. Association between molecular subtypes of colorectal
cancer and patient survival. Gastroenterology. 2015; 148:77-87e72. [PubMed: 25280443]

Mima K, Cao Y, Chan AT, et al. Fusobacterium nucleatum in Colorectal Carcinoma Tissue
According to Tumor Location. Clin Transl Gastroenterol. 2016; 7:e200. [PubMed: 27811909]
Cotillard A, Kennedy SP, Kong LC, et al. Dietary intervention impact on gut microbial gene
richness. Nature. 2013; 500:585-588. [PubMed: 23985875]

Le Chatelier E, Nielsen T, Qin J, et al. Richness of human gut microbiome correlates with
metabolic markers. Nature. 2013; 500:541-546. [PubMed: 23985870]

O’Keefe SJ, Li JV, Lahti L, et al. Fat, fibre and cancer risk in African Americans and rural
Africans. Nat Commun. 2015; 6:6342. [PubMed: 25919227]

Bonnet M, Buc E, Sauvanet P, et al. Colonization of the human gut by E. coli and colorectal
cancer risk. Clin Cancer Res. 2014; 20:859-867. [PubMed: 24334760]

Surg Oncol. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mima et al.

127.

128.

129.

130.

131

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Page 17

Kohoutova D, Smajs D, Moravkova P, et al. Escherichia coli strains of phylogenetic group B2 and
D and bacteriocin production are associated with advanced colorectal neoplasia. BMC Infect Dis.
2014; 14:733. [PubMed: 25540872]

Toprak NU, Yagci A, Gulluoglu BM, et al. A possible role of Bacteroides fragilis enterotoxin in
the aetiology of colorectal cancer. Clin Microbiol Infect. 2006; 12:782—786. [PubMed:
16842574]

Boleij A, Hechenbleikner EM, Goodwin AC, et al. The Bacteroides fragilis toxin gene is
prevalent in the colon mucosa of colorectal cancer patients. Clin Infect Dis. 2015; 60:208-215.
[PubMed: 25305284]

Balamurugan R, Rajendiran E, George S, et al. Real-time polymerase chain reaction
quantification of specific butyrate-producing bacteria, Desulfovibrio and Enterococcus faecalis in
the feces of patients with colorectal cancer. J Gastroenterol Hepatol. 2008; 23:1298-1303.
[PubMed: 18624900]

Gupta A, Madani R, Mukhtar H. Streptococcus bovis endocarditis, a silent sign for colonic
tumour. Colorectal Dis. 2010; 12:164-171. [PubMed: 19226366]

Abdulamir AS, Hafidh RR, Bakar FA. Molecular detection, quantification, and isolation of
Streptococcus gallolyticus bacteria colonizing colorectal tumors: inflammation-driven potential
of carcinogenesis via IL-1, COX-2, and IL-8. Mol Cancer. 2010; 9:249. [PubMed: 20846456]
Boleij A, Tjalsma H. The itinerary of Streptococcus gallolyticus infection in patients with colonic
malignant disease. Lancet Infect Dis. 2013; 13:719-724. [PubMed: 23831427]

Kuipers EJ, Grady WM, Lieberman D, et al. Colorectal cancer. Nat Rev Dis Primers. 2015;
1:15065. [PubMed: 27189416]

Ozben T. Oxidative stress and apoptosis: impact on cancer therapy. J Pharm Sci. 2007; 96:2181—
2196. [PubMed: 17593552]

lida N, Dzutsev A, Stewart CA, et al. Commensal bacteria control cancer response to therapy by
modulating the tumor microenvironment. Science. 2013; 342:967-970. [PubMed: 24264989]
Meyerhardt JA, Mayer RJ. Systemic therapy for colorectal cancer. N Engl J Med. 2005; 352:476—
487. [PubMed: 15689586]

Stein A, Voigt W, Jordan K. Chemotherapy-induced diarrhea: pathophysiology, frequency and
guideline-based management. Ther Adv Med Oncol. 2010; 2:51-63. [PubMed: 21789126]
Takasuna K, Hagiwara T, Hirohashi M, et al. Inhibition of intestinal microflora beta-
glucuronidase modifies the distribution of the active metabolite of the antitumor agent, irinotecan
hydrochloride (CPT-11) in rats. Cancer Chemother Pharmacol. 1998; 42:280-286. [PubMed:
9744772]

Wallace BD, Wang H, Lane KT, et al. Alleviating cancer drug toxicity by inhibiting a bacterial
enzyme. Science. 2010; 330:831-835. [PubMed: 21051639]

Viaud S, Flament C, Zoubir M, et al. Cyclophosphamide induces differentiation of Th17 cells in
cancer patients. Cancer Res. 2011; 71:661-665. [PubMed: 21148486]

Viaud S, Saccheri F, Mignot G, et al. The intestinal microbiota modulates the anticancer immune
effects of cyclophosphamide. Science. 2013; 342:971-976. [PubMed: 24264990]

Vanneman M, Dranoff G. Combining immunotherapy and targeted therapies in cancer treatment.
Nat Rev Cancer. 2012; 12:237-251. [PubMed: 22437869]

Topalian SL, Hodi FS, Brahmer JR, et al. Safety, activity, and immune correlates of anti-PD-1
antibody in cancer. N Engl J Med. 2012; 366:2443-2454. [PubMed: 22658127]

Herbst RS, Soria JC, Kowanetz M, et al. Predictive correlates of response to the anti-PD-L1
antibody MPDL3280A in cancer patients. Nature. 2014; 515:563-567. [PubMed: 25428504]
Vetizou M, Pitt JM, Daillere R, et al. Anticancer immunotherapy by CTLA-4 blockade relies on
the gut microbiota. Science. 2015; 350:1079-1084. [PubMed: 26541610]

Sivan A, Corrales L, Hubert N, et al. Commensal Bifidobacterium promotes antitumor immunity
and facilitates anti-PD-L1 efficacy. Science. 2015; 350:1084-1089. [PubMed: 26541606]
Tamburini S, Shen N, Wu HC, et al. The microbiome in early life: implications for health
outcomes. Nat Med. 2016; 22:713-722. [PubMed: 27387886]

Surg Oncol. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mima et al. Page 18

149. Wu GD, Chen J, Hoffmann C, et al. Linking long-term dietary patterns with gut microbial
enterotypes. Science. 2011; 334:105-108. [PubMed: 21885731]

150. David LA, Maurice CF, Carmody RN, et al. Diet rapidly and reproducibly alters the human gut
microbiome. Nature. 2014; 505:559-563. [PubMed: 24336217]

151. Biedermann L, Zeitz J, Mwinyi J, et al. Smoking cessation induces profound changes in the
composition of the intestinal microbiota in humans. PLoS One. 2013; 8:59260. [PubMed:
23516617]

152. Jackson MA, Goodrich JK, Maxan ME, et al. Proton pump inhibitors alter the composition of the
gut microbiota. Gut. 2016; 65:749-756. [PubMed: 26719299]

153. Dethlefsen L, Huse S, Sogin ML, et al. The pervasive effects of an antibiotic on the human gut
microbiota, as revealed by deep 16S rRNA sequencing. PLoS Biol. 2008; 6:e280. [PubMed:
19018661]

154. Hammer HF. Medical complications of bariatric surgery: focus on malabsorption and dumping
syndrome. Dig Dis. 2012; 30:182-186. [PubMed: 22722436]

155. Liou AP, Paziuk M, Luevano JM Jr, et al. Conserved shifts in the gut microbiota due to gastric
bypass reduce host weight and adiposity. Sci Transl Med. 2013; 5:178ral41.

156. Shogan BD, Smith DP, Christley S, et al. Intestinal anastomotic injury alters spatially defined
microbiome composition and function. Microbiome. 2014; 2:35. [PubMed: 25250176]

157. Sommovilla J, Zhou Y, Sun RC, et al. Small bowel resection induces long-term changes in the
enteric microbiota of mice. J Gastrointest Surg. 2015; 19:56-64. discussion 64. [PubMed:
25183407]

158. Olivas AD, Shogan BD, Valuckaite V, et al. Intestinal tissues induce an SNP mutation in
Pseudomonas aeruginosa that enhances its virulence: possible role in anastomotic leak. PLoS
One. 2012; 7:e44326. [PubMed: 22952955]

159. Shogan BD, Belogortseva N, Luong PM, et al. Collagen degradation and MMP9 activation by
Enterococcus faecalis contribute to intestinal anastomotic leak. Sci Transl Med. 2015;
7:286ra268.

160. Baba Y, Yoshida N, Shigaki H, et al. Prognostic Impact of Postoperative Complications in 502
Patients With Surgically Resected Esophageal Squamous Cell Carcinoma: A Retrospective
Single-institution Study. Ann Surg. 2016; 264:305-311. [PubMed: 26670288]

161. Saeki H, Tsutsumi S, Tajiri H, et al. Prognostic Significance of Postoperative Complications After
Curative Resection for Patients With Esophageal Squamous Cell Carcinoma. Ann Surg. 2017;
265:527-533. [PubMed: 28169928]

162. Kataoka K, Takeuchi H, Mizusawa J, et al. Prognostic Impact of Postoperative Morbidity After
Esophagectomy for Esophageal Cancer: Exploratory Analysis of JCOG9907. Ann Surg. 2017
265:1152-1157. [PubMed: 27280509]

163. Kubota T, Hiki N, Sano T, et al. Prognostic significance of complications after curative surgery
for gastric cancer. Ann Surg Oncol. 2014; 21:891-898. [PubMed: 24254205]

164. Li QG, Li P, Tang D, et al. Impact of postoperative complications on long-term survival after
radical resection for gastric cancer. World J Gastroenterol. 2013; 19:4060-4065. [PubMed:
23840153]

165. Law WL, Choi HK, Lee YM, et al. Anastomotic leakage is associated with poor long-term
outcome in patients after curative colorectal resection for malignancy. J Gastrointest Surg. 2007;
11:8-15. [PubMed: 17390180]

166. Szabo G. Gut-liver axis in alcoholic liver disease. Gastroenterology. 2015; 148:30-36. [PubMed:
25447847]

167. Halama N, Michel S, Kloor M, et al. Localization and density of immune cells in the invasive
margin of human colorectal cancer liver metastases are prognostic for response to chemotherapy.
Cancer Res. 2011; 71:5670-5677. [PubMed: 21846824]

Surg Oncol. Author manuscript; available in PMC 2018 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Mima et al.

Page 19

Highlights
. Microorganisms can influence host immunity and human diseases, including
cancer.
. Microbial dysbiosis may influence gastrointestinal tract tumor progression.
. Gut microbiota may influence efficacies of cancer chemotherapy and
immunotherapy.
. Gut microbiota may influence complications after surgery for gastrointestinal

tract cancers.
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