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Abstract

The etiology of colorectal cancer (CRC) is multifactorial with genetic, molecular, inflammatory,
and environmental risk factors. Recently, the gut microbiota is recognized as a new environmental
contributor to CRC in both animal models and human studies. An additional interplay of the gut
microbiome with inflammation is also evident in studies that have demonstrated that inflammation
alone or the presence of bacteria/bacterial metabolites alone is not enough to promote
tumorigenesis. Rather, complex interrelationships with the gut microbiome, inflammation,
genetics, and other environmental factors are evident in colorectal tumor progression.
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Introduction

The last decade has brought a revolution in the understanding of microorganisms viz-a-viz
their environment/mammalian hosts. These radical changes in thought not only challenge
ideas that dominated biological and medical sciences for over a hundred years, but at a
visceral level call into question the very definition of the human identity. The emergence of
the germ theory of disease in the late 19th century, highlighted by the propagation of Robert
Koch’s famous postulates, and the ensuing discovery of antibiotics some decades later,
exemplify the view of microorganism as a foreign ‘other’ with disease-causing potential
(pathogens) that often need to be treated via medical eradication. In the common parlance
germs are bad and not to be spread. Although there was a movement recognizing the
potential for bacteria to benefit their host (probiotics) during the 20t century, it was only in
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the last decade or so that the true extent, complexity and intimacy of this relationship have
taken form.

It is now generally accepted that bacteria are (critical to their ecosystems) ubiquitous and
colonizers of all exposed human body surfaces including the entire alimentary tract. In fact,
bacterial organisms living in/on a human host outnumber that host’s native cells by a factor
of 10. These bacterial communities (microbiota) become a part of us from birth and
participate in what is now regarded as a relationship of symbiotic mutualism, whereby the
human provides a nutrient-enriched tailored living environment. In return, bacteria play a
critical role for the health and development of the human species. There is evidence, for
example, that the presence of the bacterial microbiome is integral for modulation of the
human immune system, digestion of dietary nutrients otherwise impervious to human
enzymes, and prevention of pathogenic bacterial disease. Given the above, some go as far as
to characterize the human and his corresponding microbiota as parts of a vastly greater
super-organism. At a minimum, it is clear that mammals and microorganisms have
coevolved to produce an intricate and vital symbiotic relationship.

Reminiscent of the inextricable linkage between the invention/popularization of the
microscope and the discovery of microorganisms, both attributed to Van Leeuwenhoek (late
17t century), the recent charge to characterize whole populations of bacteria and viruses
was permitted by advances in experimental techniques and laboratory sciences. These
include advancements in bioinformatics, biological analytics and DNA/RNA collection and
sequencing techniques that allow for high throughput approaches to specify and quantitate
myriads of different bacteria. While a single strain of bacteria may be held accountable as an
etiologically specific cause for diseases, such as Clostridium difficile for pseudomembranous
colitis, perhaps the more pertinent question is: what changes in the usually protective
microbiome (dysbiosis) allowed for such infection? In the above example the answer would
be antibiotic-induced dysbiosis. Moreover, the state of microbiota has been associated with
conditions such as diabetes, skin disease, obesity, inflammatory bowel disease and even
cancer, all of which are commonly regarded as non-infectious processes.

Although inflammatory, infectious and neoplastic diseases are often considered
categorically distinct processes, evidence has shown significant overlap between them. In
fact, it is estimated that 15% of worldwide cancer is of infectious nature, with human
papillomavirus, hepatitis B virus, hepatitis C virus, human herpesvirus-8, and Helicobacter
pylori recognized as the definitive cause of cervical cancer, liver cancer, Kaposi’s sarcoma
and stomach cancer/lymphoma, respectively. Furthermore, direct causation of cancer by
chronic inflammatory conditions is very well documented. The association of inflammatory
bowel disease (IBD) with increased risk of colon cancer is a case in point. Thus, it should
come as no surprise that alterations of the microbiome may lead to infectious, inflammatory
and ultimately cancerous disease. It is the focus of this review to detail the interrelationship
between colorectal cancer (CRC) and the gut microbiome.
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Background

CRC is the second leading type of cancer in females and the third in males worldwide with
over 1.2 million new cases and over 600,000 estimated deaths in 2008 [1]. In the United
States, an estimate of 142,820 new cases of CRC with over 50,000 deaths occur annually
[2]. However, both incidence and mortality rates of CRC in the United States have steadily
declined, and this decrease may be attributed to prevention, early screening, detection, and
treatment of CRC [3].

Major risk factors of CRC have also been established. In sporadic CRC, age is a risk factor
with increased incidence between the ages of 40-50 with 90% of cases occurring after the
age of 50 [4]. In the United States, men have a 25% higher incidence of CRC than women,
and African Americans have a 20% higher incidence than Caucasians.

Genetic risk factors are evident in hereditary CRC syndromes such as familial adenomatous
polyposis (FAP) and hereditary nonpolyposis colorectal cancer (HNPCC). In FAP, the
adenomatous polyposis coli (APC) gene located on chromosome 5 is mutated and accounts
for less than 1% of CRCs [5]. HNPCC accounts for 3-5% of CRCs and has a germline
mutation in one allele of a mismatch repair gene including hMLH1, hMSH2, hMSHS6, or
PMS2, with inactivation of the second allele by loss of heterozygosity, somatic mutation, or
promoter hypermethylation [5,6]. HNPCC-related CRCs present with KRAS mutations and
do not have BRAF mutations [7]. Additional risk factors include personal or family history
of CRC or adenomatous colon polyps [8, 9]. (Figure 1)

The majority of CRCs are sporadic with tumorigenesis that involves mutations in APC (5q),
DNA hypomethylation, and acquisition of multiple additional alterations, especially in
KRAS2 (12p), DCC (18q), and p53 (17p) [10, 11]. BRAF mutations are especially prevalent
in sporadic CRC of smokers [12].

At least three molecular pathways have been outlined in colorectal tumorigenesis. The
chromosomal instability (CIN) pathway is seen in FAP as well as in sporadic CRC and is
characterized by chromosomal abnormalities including deletions, insertions, and loss of
heterozygosity [13]. The mutator phenotype/mismatch repair pathway is represented by
HNPCC as outlined above. The third hypermethylation phenotype, hyperplastic/serrated
polyp pathway, includes epigenetic changes including hypermethylation of some CpG
islands. This alteration may result in hypermethylation of the promoter region of mismatch
repair enzymes such as MLH1 [14].

IBD including ulcerative colitis (UC) and Crohn disease also predispose to CRC. Although
the pathogenesis of CRC in the setting of IBD is poorly understood, studies suggest that
there are differences from sporadic CRC. In contrast to sporadic CRC, mutations in the ras
protooncogene are less frequently observed in CRC associated with UC and occur as a late
event [15-17]. In CRC associated with IBD, loss of heterozygosity for p53 and SRC
activation occur earlier [15, 17].

In addition to genetic factors, environmental factors also predispose individuals to CRC. In
particular, diet has been linked to CRC. Some studies have shown that high intake of red and
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processed meats, highly-refined grains and starches, sugars, fat, and alcohol are associated
with an increased risk of CRC [18, 19].

Lastly, microorganisms such as bacteria have been suggested as links to CRC. One example
is the association of Streptococcus bovis with CRC that has been previously recognized [20].
However, the etiological nature of this association is unclear. The gut microbiota is an
emerging environmental contributor to CRC that has led to various investigations in both
animal and human models, which will be further discussed.

Normal Bacterial Microbiota

The colon contains an estimated load of 1013-1014 microorganisms that is composed of
more than 1,000 different bacterial species [21, 22]. These microorganisms collectively
comprise the microbiota [23, 24]. The normal colonic microbiota includes anaerobes such as
Bacteroides, Eubacterium, Bifidobacterium, Fusobacterium, Peptostreptococcus, and
Atopobium [24, 25]. Facultative anaerobes include Lactobacilli, Enterococci, Sreptococci,
and Enterobacteriaceae and are present at approximately 1,000-fold lower levels [24].
However, the exact number and variability of bacterial species among individuals remain to
be characterized [24, 26].

Microbiota and Carcinogenesis in Colon

The population of microbiota in healthy adults is relatively stable over time with fluctuations
occurring in response to environmental and pathological events [24, 27]. An association
between colon cancer and specific bacterial species including Sreptococcus bovis,
Bacteroides, and Clostridia has been established [24, 28-30]. Interestingly, other bacterial
strains such as Lactobacillus acidophilus and Bifidobacterium longum have been shown to
inhibit tumorigenesis [24, 31, 32]. Hence, the microbiota appears to be a balance between
beneficial and “harmful” bacteria with shifts influencing carcinogenesis.

Adherent/invasive Escherichia coli strains were abundant in the colonic mucosa of patients
with CRC and adenoma but not in those with normal colonic mucosa [33]. Other studies
have reported microbiome maps generated from late-stage CRC tissue. A relative abundance
of Bacteroidaceae, Streptococcaceae, Fusobacteriaceae, Peptostreptococcaceae,
Veillonellaceae, and Pasteurellaceae and a significantly lower level of Lachnospiraceae,
Ruminococcaceae, and Lactobacillaceae have been found in cancerous tissues compared to
the intestinal lumen [24, 34]. Chen et al. examined 16S rRNA genes to profile the
microbiota present in patients with CRC compared to healthy controls and found
considerable differences between the two groups. The mucosa-adherent microbiota,
Bifidobacterium, Faecalibacterium, and Blautia, were reduced in CRC patients, whereas
Porphyromonas and Mogibacterium were enriched [24, 34]. In the lumen,
Erysipelotrichaceae, Prevotellaceae, and Coriobacteriaceae were also increased in CRC
patients and suggest that intestinal lumen microflora increases CRC risk through direct
interactions with the host [24, 34].

In a study by Gueimonde et al., quantitative reverse transcriptase polymerase chain reaction
was used to analyze colonic mucosa samples obtained from 21 patients with CRC, 9 patients

Clin Lab Med. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Choetal.

Page 5

with diverticulitis, and 4 patients with inflammatory bowel disease. The CRC patients had
significantly lower levels of B. longum and Bifidobacterium bifidum when compared to the
other patients [35]. In a study by Shen et al., sequencing of 335 clones for phylogenetic and
taxonomic analyses of adherent bacteria present in 21adenoma and 23 non-adenoma subjects
showed higher numbers of Proteobacteria and lower numbers of Bacteroidetes in adenoma
subjects [36]. Sobhani et al. analyzed stool bacterial DNA using pyrosequencing and
subsequent PCA to detect shifts in the composition of the microbiota of CRC patients and
found Bacteroides/Prevotella species to be more abundant in cancer patients than in control
subjects [37]. These studies show a complex association of gut microbiota with CRC
development.

Fusobacterium, a Gram-negative anaerobe that is often associated with periodontal disease
[38], has received heightened attention recently after several groups demonstrated its link to
CRC. Early studies revealed that Fusobacterium is more abundant in human CRC tissue
than in adjacent normal tissue [39, 40] but a late study found that even in normal rectal
mucosa, Fusobacterium is enriched in CRC case subjects compared with control subjects
[34]. The difference is also evident in stool samples [41,42]. The enrichment of
Fusobacterium can also be identified in colorectal adenoma, the precursor of CRC [42, 43].
CRC patients with high Fusobacterial levels had a significantly longer overall survival time
than patients with low and moderate levels of the bacterium [42]. CRC with high level of
Fusobacterium is associated with CpG island methylator phenotype, TP53 wild-type,
hMLH1 methylation positivity, microsatellite instability, and CHD7/8 mutation [44]. FadA
adhesin of Fusobacterium can mediate bacterial adherence and invasion and induce
oncogenic and inflammatory responses to stimulate growth of CRC cells by activation of -
catenin signaling via FadA binding to E-cadherin [45].

Several animal studies have shown bacterial strains to be implicated in colorectal
carcinogenesis. The first reported link between the gut microbiota and CRC development
was in 1975 by Reddy et al. [46] where 93% of conventionally maintained rats developed
chemically-induced CRC and only 20% of germ-free rats developed CRC. In carcinogen-
treated rats, Streptococcus bovis and its antigens extracted from the bacterial cell wall led to
increased expression of proliferation markers and formation of aberrant, hyperproliferative
colonic crypts [24, 47].

Animal studies have also shown a link between the effects of the microbiota on metabolites
and progression to CRC. Many carcinogenic compounds are metabolized in the liver and
then conjugated to glucuronic acid before being excreted via the bile into the small intestine
[24]. In the colon, bacterial B-glucuronidase hydrolyzes the conjugates and releases the
parent compound and activated metabolite [48]. One example is seen with the colon
carcinogen, dimethylhydrazine (DMH), which is metabolized in the liver. Small amounts of
the procarcinogenic conjugate of the activated metabolite, methylazoxymethanol (MAM),
are excreted in the bile and released in the colon through hydrolysis by bacteria [49]. Germ-
free animals treated with DMH had fewer colon tumors when compared to conventional
animals, and microflora-derived -glucuronidase played an important role in the etiology of
CRC [24, 49].
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Intestinal microbiota also plays an important role in the metabolism of bile acids. The
process of 7a-dehydroxylation involves the conversion of cholic to deoxycholic acid (DCA)
and chenodeoxycholic to lithocholic acid (LCA) [24, 50]. In an animal model, infusion of
DCA caused intestinal mucosal damage and led to increase in cell proliferation [51], and
DCA-induced DNA damage also triggered calcium ion-dependent apoptosis independent of
p53 [24, 52]. In a rat model, the capacity for DCA to enhance colon tumor development was
shown to be attenuated by all-trans retinoic acid [53]. Secondary bile acids may also lead to
progression of CRC by supporting apoptosis-resistant cells or by mediating interactions with
important secondary messenger signaling systems known to be activated in CRC [24, 54].

Enterotoxigenic Bacteroides fragilis (ETBF) belongs to a group of bacterial drivers of CRC
that are defined as intestinal bacteria with procarcinogenic features that may initiate CRC
development [24]. One mechanism for this process involves the production of DNA-
damaging compounds [24, 55]. For example, certain E. coli strains that harbor a polyketide
synthetase island, which encodes a genotoxin called colibactin, can induce single-strand
DNA breaks and lead to tumorigenesis [24, 55].

Furthermore, gut microbiota also appears to induce chronic inflammation and generate
reactive metabolites and carcinogens leading to development of CRC [56].

Several experimental models have been used to study the role of microorganisms during the
development of inflammation and CRC. ETBF can secrete a B. fragilistoxin (BFT) which
can cause human inflammatory diarrhea and stimulate cleavage of the tumor suppressor
protein, E-cadherin [57]. Loss of membrane-associated E-cadherin in HT29/C1 cells triggers
the nuclear localization of B-catenin, which then binds with T cell factor-dependent
transcriptional activators to induce expression of c-Myc and cyclin D1, which results in
persistent cell proliferation [24, 58].

A mouse model of ETBF-induced colitis and carcinogenesis demonstrated enhanced
tumorigenesis through induction of infiltration of the lamina propria by IL-17-producing
CD4+ T cells (Th17) and y8-T cells via STAT3 signaling [24, 59]. IL-17 can also promote
tumor growth in vitro and in vivo via the production of IL-6 by IL-17 receptor-bearing tumor
cell lines [60]. Both NF-«xB [61] and STAT-3 [62] are key mediators of inflammation-driven
carcinogenesis via their putative antiapoptotic and cell cycle activity in colonic epithelial
cells and their promotion of procarcinogenic mediators by immune cells [24].

Microbiota and Inflammation in Colon

An inflammatory microenvironment has long been associated with contributing to and
increasing the risk of colorectal cancer (CRC). The prototypical inflammatory bowel
diseases, Cohn’s disease and ulcerative colitis, both carry an increased risk of malignancy
[63]. The interplay between the gut microbiome and inflammation is complex namely
because there are several microorganisms implicated acting either singly, concurrently, or
synergistically with each other. These microorganisms interact with a complex immune
system of which several cytokines, chemokines, factors, proteins and cells are implicated in
contributing to setting the stage for tumorigenesis.
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Chronic inflammation alters the microenvironment in several ways. It sustains an
environment that promotes DNA damage of epithelial cells by introducing and maintaining
the presence of nitric oxide and other reactive oxygen species. The cytokines and
chemokines produced by inflammatory cells, in response to a microorganism or a by-
product of its metabolism, act to eliminate the threat but at the same time suppress the
immune response against cells undergoing transformation. These include nitric oxide, TNF-
a, IL-1, IL-8, prostaglandin-2 derivatives as well as several molecules triggered in the
inflammatory signaling pathway. Cytokines and chemokines also enhance tumor survival by
promoting angiogenesis. Chief factors include TNF-a, IL-6, and IL-1. The transformation of
epithelial cells is modulated by both groups of factors.

Inflammation alone or the presence of bacteria/bacterial metabolites alone is not enough to
promote tumorigenesis. As an example, a series of experiments by Joshua et al in which
IL-10~"~ mice exposed to pro-carcinogenic compound azoxymethane (AOM) developed
colitis and colorectal carcinoma (CRC) whereas wild type mice were colitis free and
developed only low grade dysplasia [64]. Intestinal bacteria are needed to metabolically
activate AOM [65] and trigger IL-10 production [66, 67]. These experiments support a
mechanism of tumorigenesis in which induced chronic inflammation (by the microbiota) and
disruption of the balance between pro-inflammatory and tolerogenic mediators promote
disease.

In sporadic cases of CRC and experimental models of colitis associated cancer (CAC) the
inducible mediator of prostaglandin synthesis, COX2, is upregulated [68, 69]. The pro-
tumorogenic effects of COX2 upregulation lies in the synthesis of prostaglandin E; (PGE»)
[70, 71, 72, 73]. PGE, also promotes tumor survival and proliferation via -catenin
dependent signaling. COX2 inhibits apoptosis by increasing Bcl-2 expression via MAP-
kinase or PI3K/AKT signaling pathways [74, 75, 76]. It also enhances tumor survival by
inducing production of the pro-angiogenic factors VEGF and b-FGF [77].

Probiotic Effects on Carcinogenesis

The use of diet to alter the intestinal microbiota can be seen in the example of probiotics.
Probiotics are defined as live microorganisms which confer a health benefit to the host when
administered in adequate amounts [78]. Species include Lactobacillus rhamnosus,
Lactobacillus reuteri, and Lactobacillus acidophilus [24]. Probiotic mechanisms include
immunological modulation, providing bioactive metabolites, binding mutagens, inhibition of
intestinal bacterial enzymes, competition for limited nutrients, inhibition of harmful
bacterial mucosa adherence, and inhibition of epithelial cell invasion [79, 80]. Molecular
mechanisms involve macrophage activation, blocking of cytochrome P450, a reduction in
carcinogen generation, downregulation of Ras-p21 expression, promotion of cell
differentiation, inhibition of COX-2 upregulation, inhibition of nitric oxide synthase, an
increase in short-chain fatty acid production, and a reduction in intestinal pH due to a
decrease in the number of putrefactive bacteria [24, 79, 81].

Corthesy et al. summarized several studies that revealed that ingested probiotic strains may
persist for relatively short periods and do not become permanent members of the normal
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microbiota [82]. However benefits are seen as various studies have shown antiproliferative
effects of probiotic species in certain cancer cell lines [83, 84, 85]. In particular, Kim et al.
assessed the anticancer activity and bacterial enzyme inhibition of Bifidobacterium
adolescentis SPM0212 in human colon cancer cell lines [85]. This strain also was found to
inhibit harmful fecal enzymes, including B-glucuronidase, f-glucosidase, tryptophanase, and
urease [85]. There is, however, a need for more well-controlled clinical studies to elucidate
therapeutic and preventive effects of probiotics in various diseases. Even so, the beneficial
effects of certain probiotics have been documented in treatment of pouchitis, traveler’s, and
antibiotic-associated diarrhea, irritable bowel syndrome, and rotavirus enteritis [24, 86].
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Figure 1.
Overview of factors leading to colorectal carcinogenesis. The microbiome interacts with

inflammatory mechanisms as well as dietary factors in progression of tumorigenesis.
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