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Abstract

Mechanisms of colorectal cancer (CRC) development can be roughly divided into three
categories: genetic, epigenetic, and aberrant immunologic signaling pathways, all of which may be
triggered by an imbalanced intestinal microbiota. Aberrant gut microbial composition, termed
“dysbiosis”, has been reported in inflammatory bowel disease patients who are at increased risk
for CRC development. Recent studies indicate that it is feasible to rescue experimental models of
colonic cancer by oral treatment with genetically engineered beneficial bacteria and/or their
immune-regulating gene products. Here, we review the mechanisms of epigenetic modulation
implicated in the development and progression of CRC, which may be the result of dysbiosis, and
therefore, may be amenable to therapeutic intervention.
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A role for the microbiota in colorectal cancer development

Colorectal cancer (CRC) is one of the leading contributors to cancer death and morbidity in
the United States, and is the fourth most commonly diagnosed cancer in the world, with
more than one million new cases diagnosed annually [1, 2]. CRC begins with the formation
of polyps, masses of cells protruding from the bowel wall, which subsequently progress to
dysplastic adenomas, and ultimately, to colonic carcinoma [3]. The mechanisms of CRC
pathogenesis have been widely investigated and current evidence indicates that genetic
mutations, epigenetic changes, and aberrant immunologic signaling pathways are major
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contributors to CRC [4]. Mutations in tumor suppressor genes or oncogenes of colonic
epithelial cells lead to dysregulated signaling networks that control cellular metabolism,
differentiation, proliferation, and survival, resulting in the transformation of normal cells
into cancer cells [5]. In addition to genetic mutations, epigenetic modulation of tumor
suppressor genes, oncogenes, or pro-inflammatory mediators represent other important
mechanisms whereby homeostatic balance is lost. Host chromatin can be altered
epigenetically by covalent modification of histones (e.g., acetylation, methylation,
phosphorylation, and ubiquitylation), or of DNA (e.g., cytosine methylation); additionally,
chromatin can be regulated by nucleosome positioning that governs accessibility of trans-
acting factors to DNA and the presence of non-coding RNAs [6]. Various epigenetic profile
analyses comparing healthy and neoplastic cells indicate that epigenetic regulation plays a
key role in tumor initiation and progression in CRC [5].

Cancer development and progression is a complex process involving a myriad of host-tumor
interactions and countless molecular and cellular elements in the tumor microenvironment
[7]. Recently, data have established a link between alterations in the commensal bacteria of
the gut, termed the “microbiota”, and the pathogeneses of inflammatory bowel disease
(IBD) and colitis-associated colorectal carcinoma (CAC) [8]. This is not surprising, as the
gut microbiota is a pivotal component of the gastrointestinal ecosystem, wherein the
microbes maintain complex interactions with host mucosal epithelial and immune cells.
Microbial surface antigens and bacterial metabolic end-products can trigger downstream
signaling pathways resulting in the activation of immune cells and the production of
cytokines. Thus, a balance between immunostimulation against potential pathogens and
immunosuppression against gut commensal microbes and dietary antigens is required for
intestinal homeostasis [9].

This homeostasis is lost in IBD, a chronic autoinflammatory syndrome manifesting as
Crohn's disease (CD) or ulcerative colitis (UC). CD is characterized by discontinuous,
transmural lesions in the intestinal wall [10], while UC presents with diffuse, continuous,
superficial inflammation in the colon [11]. Gradually, this chronic inflammation in the gut
may provide a suitable microenvironment for aberrant molecular events [12]. For example,
patients with IBD, especially UC, have an increased risk for developing CRC, and this risk
is directly proportional to the extent of the colonic inflammation [9, 13]. Furthermore, a
pathologic role for gut luminal bacteria in mucosal inflammation has been demonstrated in
interleukin (IL)-2 and IL-10 gene knockout models of colitis [14]; and mice that are
genetically susceptible to developing CRC have fewer tumors when living in germ-free
conditions than when housed conventionally [2]. Thus, the importance of the intestinal
microbiota during CRC development and progression is gaining significant attention.

It is thought that, in most patients, the progression of normal colonic mucosa to CRC
requires a stepwise accumulation of genetic and epigenetic alterations [15]. The approximate
amount of time for the malignant transformation of normal mucosa into adenomatous polyps
and, finally, into invasive carcinoma is thought to be 5-15 years [16, 17]. This window of
time provides an opportunity for early detection and therapeutic intervention [15]. Here, we
review evidence for the role of epigenetic regulation in the development and progression of
CRC and consider how an altered microbiota plays a role in these processes and may even
represent a platform for intervention.

Intestinal microbiota are necessary for a healthy immune system

As most pathogens gain entry by breaching a mucosal surface, the mucosal epithelia and
resident immune cells of the gastrointestinal, respiratory, and urogenital tracts play critical
roles in the protection of the host against infection [18]. Within the healthy intestine, the
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normal commensal microbiota and the cells of the intestinal mucosa co-exist in a mutualistic
relationship, whereby the commensal microorganisms help to shape the local and systemic
immune response, and the intestinal mucosal cells modulate the habitat and composition of
the microbiota [9]. In particular, the colon is the most heavily colonized tissue in the body,
containing an estimated 1014 bacteria and over 70% of all the microorganisms that reside in
the host [19]. Obligate anaerobic bacteria belonging to the two phyla Bacteroidetes and
Firmicutes dominate the human digestive tract where more than 50 different phyla reside
[20]. Other phyla, including Proteobacteria, Verrucomicrobia, and Actinobacteria, are
present in the gut to a much lesser extent. An imbalance in this composition of commensal
microbes, or “dysbiosis”, is characterized by a considerable decrease in the resident obligate
anaerobic bacteria, and an increase in facultative anaerobes such as Enterobacteriaceae [21].
For example, adherent-invasive Escherichia coli (AIEC), which are Enterobacteriaceae, are
isolated more frequently from the intestinal mucosa of patients with CD than from healthy
individuals [22]. Interestingly, the endoplasmic reticulum-localized stress response
chaperone, Gp96, is abnormally expressed on the apical surface of epithelial cells in the
ileum of patients with CD, and acts as a receptor for the OmpA of AIEC to promote this
bacterium's pathogenic invasion [23].

It is important to note that the composition of the microbiome of the murine gut is very
similar to that of humans [24]; therefore, mouse experimental models of gastrointestinal
disease likely have translational relevance [25]. The gut microbiota of both species can
further be divided according to their location in the gut, namely whether the microbes are
present in the intestinal lumen or penetrate the mucus layer overlying the intestinal
epithelium [26]. A thick mucin layer protects mucosal enterocytes from excessive exposure
to bacteria and dietary antigens throughout the length of the intestines, particularly in the
colon, thus preventing immune hypersensitivity responses [27].

Microbial colonization of the human gut is thought to begin at birth via commensal
microbes from the maternal skin, vagina, and feces, as well as the external environment of
the neonate [28, 29]. Emerging data also suggest that the environment in utero is not sterile,
as Enterococcus fecalis, Staphylococcus epidermidis, and E. coli have been isolated from the
meconium of healthy neonates [30]. The establishment of a diverse and balanced microbiota
plays a critical role in the development and maturation of a healthy immune system. This
has been demonstrated using germ-free animals raised in bacteria-free conditions that
exhibit physical and functional immune abnormalities, including defects in the formation of
the spleen, lymph nodes, and Peyer's patches [18]. Additionally, there are significant
reductions in the number of IgA-producing plasma cells and CD4* T cells, as well as
decreased immunoglobulins and imbalanced cytokine levels [18]. Germ-free mice also have
few, if any, pro-inflammatory Th17 cells in the intestinal lamina propria [31]. Thus,
exposure to commensal bacteria greatly affects gut health and immunity. This microbial
exposure is tightly regulated, as limited or no bacterial interaction significantly impairs
development of the host immune system, while excessive bacterial contact can result in
exaggerated immune responses and autoinflammatory disease [27]. The critical role of the
microbiota in overall gut health and the extent of the deleterious consequences of dysbiosis
speak to the importance of understanding the molecular interactions between the microbiota
and the cells of the host.

Control of intestinal inflammation and tolerance by the gut microbiota

While a basal level of inflammation is needed to recognize and eliminate invading
enteropathogens, the gastrointestinal tract must also coexist with the diverse and abundant
commensal bacteria and the daily estimated 130-190 grams of ingested protein replete with
dietary antigens [32]. To maintain intestinal homeostasis both locally and systemically,
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tolerance must be achieved by the induction of anti-inflammatory molecules. Commensal
microbes are critical regulators of the immune system, and can maintain homeostasis by
stimulating antibody production and activating immune cells, as well as inducing anti-
inflammatory cytokine responses (Figure 1A). The microbial pattern sensors, Toll-like
receptors (TLRs), play particularly important roles in microbe recognition, homeostasis, and
immune defense in the gut [33]. In the healthy gut, TLR3 and TLR5 seem to be
constitutively expressed. In contrast, TLR2 and TLR4 are expressed at very low levels,
suggesting that the expression of these two receptors is regulated to avoid autoinflammatory
immune activation in response to commensal microbes [27]. However, current data reveal
that microbiota-mediated TLR signal transduction is complex. For example, constitutive
TLR4 signaling in intestinal epithelium reduced tumor burden by increasing apoptosis in
Apc Mi* mice, an experimental model of CRC in which Min (multiple intestinal neoplasia)
is a mutant allele of the mouse ortholog of the tumor suppressor gene, APC (adenomatous
polyposis coli) [34].

Another way in which intestinal bacteria affect the host is via the end-products of their
unique metabolism. For example, the short chain fatty acids (SCFAS), acetate, proprionate,
and butyrate, are products of microbial fermentation of dietary fiber in the colon and have
been reported to be effective in immune regulation [10]. These metabolites are important
sources of energy for colonic epithelial cells and are reportedly decreased in patients with
IBD [10]. While acetate is the most abundant SCFA found in the colon, butyrate has been
the subject of intense study because of its role in the preservation of mucosal health and its
anti-inflammatory and anti-tumorigenic properties [35]. The most widely studied function of
butyrate is as a histone deacetylase (HDAC) inhibitor that results in hyper-acetylation,
maintenance of an open euchromatic state, and the activation of genes involved in cellular
differentiation, apoptosis, and cell cycle arrest in tumor cells [36]. Butyrate has disparate
effects in normal colonocytes versus malignant cells because most of this SCFA is oxidized
to produce ATP in normal cells, resulting in cellular proliferation. Conversely, butyrate is
inefficiently oxidized in tumor cells, which rely on anaerobic metabolism, and is able to
reach the nucleus and function as a HDAC inhibitor [36]. Apart from this epigenetic
regulation, butyrate is also capable of suppressing the activation of the pro-inflammatory
transcription factor, nuclear factor-kappa B (NF-xB), which plays a central role in the host
immune responses to infection. Activated NF-xB translocates into the nucleus where it binds
to specific sequences of target genes and promotes the expression of a series of pro-
inflammatory factors [37]. Activation of NF-xB is one of the principal contributing factors
to the development of inflammation-associated CRC and its constitutive activation was
reported in 40% of excised CRC tissues and 67% of human CRC cell lines [35, 38]. These
mechanisms of butyrate action are important to limit the inflammatory response and to
maintain intestinal homeostasis (Figure 1B).

Intestinal pathogenesis elicited by altered microbiota composition

Discussions about whether the altered composition of the microbiota is a cause or
consequence of IBD and CAC are ongoing. A possibility is that alteration of either the
microbiome composition or the number of inflammatory stimuli, whichever occurs in excess
first, will tip the balance of homeostasis (Figure 2). As a consequence, changes in barrier
function of the epithelium, activation of the innate immune system via TLRs and other
microbial sensors, and polarization of T lymphocytes, will result in the release of
inflammatory mediators that lead to pathologic autoinflammation. A decreased diversity of
species in gut microbial communities is often associated with a high density of mucosal
surface colonization and epithelial invasion in areas with active disease [39]. Further
investigations have demonstrated that it is not only the alteration of microbial composition,
but also aberrant molecular signaling induced by metabolites of altered bacteria that are
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involved during the transformation from acute to chronic inflammation, IBD, or even colon
cancer [40]. This is not surprising, as an estimated 20-30% of cancers are associated with
chronic microbial infections, including gastric cancer (Helicobacter pylori), liver cancer
(hepatitis B and C viruses), urinary bladder cancer (Schistosoma hematobium),
cholangiocellular neoplasia (Opisthorchis viverrini), and cervical cancer (human papilloma
viruses) [41].

The connection between infection, inflammation, and carcinogenesis is explained, in part, by
oxidative and nitrative stress and the resulting pro-mutagenic DNA lesions: DNA-protein
crosslinks, depurination/depyrimidination, base and sugar modifications, and single- and
double-stranded breaks, all of which have been reported to play key roles in inflammation-
related carcinogenesis [3, 42]. For example, nitrative- and oxidative-induced DNA damage
have been identified at sites of carcinogenesis in animal models of chronic inflammation
induced by infection with the liver fluke, Opisthorchis viverrini [43]. The reactive oxygen,
nitrogen, and halogen species caused profound damage to cellular nucleic acids, proteins,
lipids, and carbohydrates, and resulted in the induction of pro-inflammatory molecules,
including IL-1, IL-6, tumor necrosis factor (TNF)-a, cyclooxygenase-2, and inducible nitric
oxide synthase (iNOS) [43].

Molecular mechanisms underlying infection-induced inflammation and colon cancer were
recently described using Helicobacter hepaticus-infected Rag2~~ mice [44]. This bacterium
colonizes the liver and colon of various mouse strains, but does not typically cause disease
in immunocompetent mice. However, it is linked with hepatitis and chronic colitis in several
immunodeficient murine models; the lack of Tregs in Rag2~/~ mice renders them unable to
achieve immune tolerance to this microbe [45]. In this study, liquid chromatography-
coupled tandem mass spectrometry (LC-MS/MS) was used to quantify DNA and RNA
damage products, revealing chlorinated nucleic acid (5-chlorocytosine, 5-CI-C) in the
colonic epithelium due to neutrophil-derived HOCI [44]. Lao et al. [46] reported that the 2-
deoxyribo-halogenated product, 5-CI-dC, mimics 5-methyl-dC and induces inappropriate,
increased CpG methylation that can silence tumor suppressor genes and initiate
carcinogenesis [44].

Another role for inflammatory cell-derived nitrogen species in the disruption of intestinal
homeostasis is the ability of certain microbes to use host inflammation-derived nitrate as a
terminal electron acceptor for anaerobic respiration. This gives the facultative anaerobe, E.
coli, a distinct growth advantage in the lumen of the inflamed intestine over commensal
obligate anaerobes, which cannot utilize nitrate and must rely on fermentation for energy
[47].

The means by which colonization with the gut commensal, E. coli NC101, promotes
invasive colorectal carcinoma in germ-free, colitis-susceptible 11-10~~ mice treated with the
colon-specific carcinogen, azoxymethane (AOM) was also recently investigated [48]. The
promotion of tumorigenesis was related to the DNA-damaging, polyketide synthase (pks)
pathogenicity island of the bacteria; and mucosal pks* E. coli were found in a high
percentage of IBD and CRC patients. These data suggest that colitis can promote
tumorigenesis by altering microbial composition and inducing the expansion of
microorganisms with the ability to damage DNA [48]. Additional evidence linking
microbial infection and CRC includes the capability of enterotoxigenic Bacillus fragilis
(ETBF) to trigger colitis and induce colonic hyperplasia and tumor initiation in Min mice
via induction of signaling transducer and activator of transcription (STAT)-3 activation and
a pro-inflammatory Th17 response [49]. Conversely, while non-toxigenic B. fragilis (NTBF)
also chronically colonized mice, it did not induce STAT-3 activation or colitis; importantly,
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these data reveal distinct roles for a commensal bacterium and adaptive immunity during
CRC pathogenesis [49].

It would stand to reason that in a mutualistic relationship, the gut microbiome could impact
the host's genetic and epigenetic structures. A supportive example of the role of diet and gut
commensals in host mucosal epigenetic and microbiomic changes came from Richard
Kellermayer's laboratory, where they demonstrated that a maternal diet supplemented with
methyl-donors (e.g., folic acid, vitamin B12, and choline) resulted in offspring with
increased susceptibility to dextran sodium sulfate (DSS)-induced colitis, due in part, to
aberrant methylation of anti-inflammatory genes [50].

Genetic regulation of colorectal carcinogenesis

For decades, genetic instability has been considered to underlie the multistep process of
tumor growth and metastatic dissemination [51]. An array of genetic mutations is found in
most, if not all, cancer subtypes (Figure 3). The most common gene mutation in CRC is the
inactivating mutation of the APC gene [52]. Approximately 70-80% of sporadic colorectal
adenomas and carcinomas have somatic mutations of APC, and nearly all of these mutations
result in premature truncation of the APC protein [5]. Inactivation of APC leads to
inappropriate and constitutive activation of the Wnt signaling pathway, a general mechanism
of CRC development [53]. APC mutations are found in even the earliest lesions, such as
microscopic adenomas consisting of a few dysplastic glands [5]. Several non-functional Apc
mutant mouse strains show similar CRC phenotypes, with polyps arising within the small
intestine or colon [54, 55]. Multiple mechanisms of APC inactivation have been reported,
including hypermethylation of CpG sites in the APC promoter and decreased translation due
to inhibition by microRNAS [52]. Interestingly, it was recently demonstrated that chronic
NF-xB activation within intestinal epithelial cells accelerates loss of heterozygosity at the
APC locus via increased nitrosative DNA damage, leading to spontaneous adenomas within
the small intestine and the colon [56]. TP53, the gene encoding the tumor suppressor
protein, p53, is also mutated with high incidence in CRC [57]. p53 is a cell cycle regulator
that induces cell growth arrest by holding the cell cycle at the G1/S regulation checkpoint.
TP53 mutations can lead to the inactivation of p53 or a 17p chromosomal deletion that
eliminates the second TP53 allele [58]. Not surprisingly, this abnormality often correlates
with colorectal tumorigenesis [59]. It has also been reported that the K-ras oncogene is
mutated in 30-60% of large adenomas and CRC; the mutated, constitutively active form of
this protein affects signaling pathways controlling cellular differentiation, motility,
proliferation, and apoptosis [17].

Epidemiologic data reveal that approximately 15% of all colorectal tumors demonstrate a
defect in DNA mismatch repair proteins resulting in insertions/deletions in repetitive
sequences (e.g., microsatellites) and microsatellite instability [60]. The most commonly
mutated DNA repair enzyme genes in CRC are MSH2 (bacterial mutS homolog 2), MLH1
(bacterial mutL homolog 1), and MSH®6 [61]. The subsequent colorectal tumors tend to occur
in the proximal or “right-sided colon,” are less invasive, occur in younger patients, and are
rather undifferentiated with fewer mutations in K-ras or TP53 [60]. Conversely, 55-70% of
colorectal tumors develop in the distal or “left-sided colon” [61]. Regardless of location,
most of these tumors demonstrate mutations that result in over-activation of the Wnt/j3-
catenin signaling pathway [52].

Epigenetic regulation of colorectal carcinogenesis

The link between epigenetic modifications and cancer was first made in 1983 [62].
However, until recently, appreciation of epigenetic alterations has lagged behind genetic
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mutations in regard to their contributions to human cancer development. With the rapidly
increasing understanding of specific epigenetic mechanisms involved in gene expression
regulation, and the advent of techniques to study these changes, epigenetics has become a
favored area of research in the field of cancer biology. Epigenetic modifications are
heritable, potentially reversible, and regulate gene expression through post-replicative DNA
modification, post-translational histone modification, and chromatin remodeling without
affecting the sequence of nucleotides [63] (Figure 3). As epigenetic changes are reversible,
they are appealing targets for cancer therapy [64].

Discovered over 20 years ago, microRNAs (miRNAs) are small, non-coding RNAs
composed of approximately 18-24 nucleotides. miRNASs post-transcriptionally regulate
target gene expression by inhibiting translation or inducing the degradation of messenger
RNA (mRNA), depending on the amount of complementarity with the target sequence [65].
Mature miRNAs are incorporated into the RNA-induced silencing complex (RISC) where
they are able bind to the 3" untranslated region of the target mMRNA. [66]. miRNAs are
frequently dysregulated in tumors either by genetic or epigenetic factors, and are currently
being investigated for their potential as cancer biomarkers [67]. For example, miR-21 and
miR-106 are upregulated in stool samples from patients with CRC compared to normal
individuals, and higher levels of miR-144 are found in the stool of CRC patients with a
sensitivity of 74% and specificity of 87% [68]. Because of their small size, miRNA levels
are very stable in biologic samples [15], and investigators have recently demonstrated that
extracellular miRNAs are stable for at least one month, even in stool samples [69]. As there
is currently no FDA-approved blood screening test for CRC, there is increasing interest in
detectable, circulating markers of these tumors such as miRNA [15]. miR-21 is considered
to be an oncogenic miRNA or “oncomir” that is upregulated in many solid and
hematological cancers, including CRC [68].

Recently, it has been demonstrated that miR-18a reduces the repair of DNA double-strand
breaks by directly suppressing the translation of the multimeric Ataxia telangiectasia
mutated (ATM) repair enzyme [70]. Double-strand DNA breaks are an example of genetic
instability, are extremely cytotoxic, and result from endogenous, oxidative stress (e.g.,
inflammation) or exogenous sources such as ionizing radiation or genotoxic agents [70].
Once double-strand DNA breaks are detected by the Mrel1 sensor complex, ATM
undergoes autophosphorylation, which promotes its monomerization and kinase activity
[71]. This causes G1 cell cycle arrest by activating p53, with subsequent upregulation of the
cyclin-dependent kinase inhibitor, p21 [72]. Furthermore, there was a significant inverse
correlation between levels of miR-18a and ATM in 45 pairs of human rectal tumors and
adjacent normal tissues; this down-regulation of ATM was also observed in CRC cell lines
when compared to normal colon biopsies [70].

DNA methylation

DNA methylation is an important regulator of gene expression and was the first epigenetic
mechanism identified in cancer development [62]. In this process, a methyl group (CHs) is
covalently added by DNA methyltransferase (DNMT) enzymes to carbon 5 of the cytosine
base, usually in CpG dinucleotides [73]. Aberrant DNA hypermethylation at CpG-rich
regions near gene promoters has consistently been associated with the inactivation of target
genes. Since its postulation by Toyota et al. in 1999 [74], current investigations have
increasingly focused on what is known as the CpG island methylator phenotype (CIMP) of
tumor suppressor genes involved in CRC. More recent studies have revealed that numerous
genes are hypermethylated at their promoter regions and silenced in CRC [75-78]. These
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include regulators of DNA mismatch repair such as MLH1 and MGMT (O8-methylguanine-
DNA methyltransferase), and negative regulators of Wnt signaling such as Wnt inhibitory
factor 1 (WIF1) [79]. MGMT encodes a DNA repair protein that demethylates lesions that
result from alkylation at the O° position of guanine that are induced by dietary nitrosamines
or chemotherapeutic agents [80].

Hypermethylation of DNA can also lead to the silencing of genes encoding tumor
suppressors and transcription factors required for cellular homeostasis. Among these is
RUNX3 that codes for runt-related transcription factor 3, which modulates both the
transforming growth factor (TGF)-B [81] and the Wnt/B-catenin signaling pathways [82].
Runx3~"~ mice exhibit gastric epithelial proliferation due to decreased apoptosis and reduced
sensitivity to the growth inhibitory cytokine, TGF-B. They also demonstrate intestinal
hyperplasia due to enhanced Whnt signaling activity and upregulation of the Wnt target
genes, CMYC and cyclinD1 [83]. Thus, suppression of RUNX3 expression leads to aberrant
signaling of both pathways, which are commonly dysregulated in colonic carcinogenesis.
Loss of function of RUNX3 has significant and constitutive effects on the expression of its
target genes, which may then contribute to CRC development [76, 82]. Decreased
expression of RUNX3 mRNA due to epigenetic hypermethylation of the RUNX3 promoter
occurs in a range of human CRC cell lines [84]. Treatment of CRC cell lines with the
DNMT inhibitor, 5-aza-2" -deoxycytidine, restored the expression of RUNX3 mRNA,
suggesting that epigenetic inactivation of RUNX3 is due to aberrant promoter methylation
[84].

Moreover, the DNA mismatch repair enzyme gene, MLH1, has also been found to be
inactivated by the hypermethylation of its promoter region. Decreased expression of MLH1
results in a larger number of DNA mismatches and increased microsatellite instability, and
ultimately, increased carcinogenesis [85]. As discussed above, mutations of the APC gene
promote CRC onset by failing to negatively regulate the Wnt/p-catenin pathway. However,
it has also been suggested that functional but reduced expression of APC caused by
hypermethylation of its promoter can lead to CRC associated with over-expression of the
oncogene, CMYC, which is a downstream effector of the Wnt/B-catenin pathway [86].

In the case of genes lacking CpG-rich promoter regions, hypomethylation of the gene body
may contribute to cancer initiation [87]. Genome-wide DNA hypomethylation has been
detected in many human cancers. Unlike inactivation of tumor suppressor genes by
hypermethylation in CRC, global genomic hypomethylation plays a causal role in tumor
formation through the activation of proto-oncogenes [74] or by promoting chromosomal
instability [87, 88]. For instance, immunohistochemistry analyses indicated that the c-myc
oncoprotein was highly disseminated throughout the adenomatous polyps of the colonic
mucosa compared to normal colonic mucosa [89, 90], where c-myc was found to be solely
localized in the nuclei. Elevated levels of the c-myc protein correlated with the loss of
methylation of the third exon of the CMYC gene. In addition, parallel analyses of paired
normal-CRC human tissues indicated that global DNA hypomethylation occurs early in
carcinogenesis and that progression of this event is followed by several causative alterations,
including increased activity of DNMTSs and the appearance of hypermethylated sites [62,
63].

Histone modifications

Unlike the intensive studies aimed at understanding DNA methylation in tumor initiation,
much less is known regarding the potential contribution of aberrant histone post-
translational modifications and nucleosome positioning to the initiation and progression
CRC. The basic unit of chromatin is the nucleosome, which comprises a histone octamer (2
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copies each of H2A, H2B, H3, and H4) around which 147 base pairs of DNA are wrapped
[91]. Evidence suggests that accumulated loss of histone H4 lysine monoacetylation, which
is associated with loss of H4K16 and H4K20 trimethylation, may be a hallmark in human
tumor cells, including CRC [92]. Distinct post-translational methylation of the N-termini of
histones can play opposing roles in the expression of target genes. For example, H3K4
mono- and tri-methylation are generally considered to be markers for activation. However,
di- or tri-methylation of H3K9 or H3K27 are associated with repression [93]. The Polycomb
Repressive Complexes (PRC1 and PRC2) are histone-modifying complexes that set the
repressive mark tri-methylation of H3K27 [94]. Investigators have recently determined a
“DNA methylome” using murine ApcMi" adenoma as a model for cancer initiation. In this
study, a core panel of differentially methylated regions (DMRs) was conserved between
mouse adenomas and excised tissues from patients with advanced CRC. These patterns were
also distinct from the surrounding the intestinal epithelia, including intestinal stem cells,
indicating that the patterns were not pre-existing, but formed de novo [95]. Hypermethylated
DMRs were prevalent at PRC2 binding sites in both mice and humans tumors, suggesting
that increased PRC2 activity may be critical in the intestinal tumor-specific pattern of DNA
hypermethylation following the loss of APC [95].

Unlike histone methylation, acetylation of histone tails by histone acetyltransferases (HATS)
predominantly demarcates an active state. Addition of the acetyl group to lysines neutralizes
the positive charge of the histone. This disrupts interactions between the histone N-terminal
tails and the negatively charged DNA as well as interferes with higher-order compaction of
the chromatin fiber [96, 97]. In addition, histone acetylation recruits chromatin remodeling
activities that contain subunits with bromodomains that bind preferentially to acetylated
nucleosomes [98]. As a consequence, a more open chromatin structure is formed, often
accompanied by histone depletion that leads to higher accessibility to the DNA by
transcription factors [99]. Histone deacetylases (HDACs) are a class of enzymes that remove
acetyl groups from acetylated histones (as well as from some non-histone proteins such as
the transcription factors, Spl and Sp3) [100], reversing the open chromatin structure, and
resulting a condensed heterochromatic state and inactivation of transcription [101].
Consequently, HATs and HDACs collaboratively maintain the balance of histone
acetylation in vivo to achieve homeostasis [102]. In 2002, a link between DNA methylation
and histone modification in cancer was reported [103]. Genes that become hypermethylated
at their promoter CpG islands are often associated with histone hypoacetylation, loss of
active histone methylation marks, and gain of repressive marks [99]. Accumulating evidence
indicates that bacteria can directly interfere with DNA replication and repair, RNA splicing,
transcription, and chromatin remodeling [6]. Helicobacter pylori, which was first discovered
and identified in a chronic gastritis patient in 1982, was shown to be a potential causative
agent of gastric carcinogenesis due to altered DNA methylation [104] and histone
acetylation patterns [105].

In a recent study that examined the dynamic interplay between host and gut microbiota
[106], wild-type and TIr2"~ mice were employed to evaluate epigenomic and metagenomic
differences in the colonic mucosa. Significantly modified DNA methylation patterns of host
genes involved in immune processes were identified. Alterations in the number and
composition of the mucosal microbiome were also shown with the use of next-generation
pyrosequencing of bacterial 16S rRNA. Collectively, these consequences of gut microbial
imbalance may result in epigenetic abnormalities that contribute to differential gene
expression and potentially trigger the onset and progression of inflammation-associated
carcinomas [106].
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Tumor therapy and protection by genetically modified bacteria

There are different causative mechanisms responsible for the generation and progression of
CRC. Based on our current knowledge, drugs approved by the Food and Drug
Administration (FDA) for use in CRC treatment, include Bevacizumab (an angiogenesis
inhibitor); Cetuximab (a monoclonal antibody against the epidermal growth factor receptor);
and Capecitabine (a drug precursor of the DNA synthesis inhibitor, 5-fluorouracil). These
drugs are designed for inhibiting and/or eliminating aberrant tumor cells. However, the
regular metabolism of normal cells is also disrupted by these drugs, which may result in
unwanted side effects. Although inhibitors with therapeutic potential are being designed
based on HDACs, HATSs, and DNMTSs [107], there will always be a major concern of how to
enhance the drug specificity in vivo while diminishing side effects.

Changes in the composition of the microbiota can lead to altered immunologic signaling;
thus, it is reasonable to speculate that oral administration of gut commensal bacteria could
enhance anti-inflammatory responses at the genetic, epigenetic, and/or immune cytokine
levels to rebalance disrupted homeostasis. Recently, our laboratory and other investigators
have provided supportive evidence that the gut microbiota plays an essential role in
intestinal epigenomic mechanisms of the host [108, 109]. We demonstrated that deletion of
lipoteichoic acid (LTA), a TLR2 ligand, normalizes innate and adaptive pathogenic immune
responses and causes regression of established colonic polyps in a novel transgenic mouse
model that develops multiple polyps in the colon and distal ileum as early as 5-6 months of
age. This study revealed the pro-inflammatory role of LTA and the ability of LTA-deficient
Lactobacillus acidophilus to suppress inflammation and protect against colon cancer [55].
Furthermore, this genetically modified gut commensal bacterium, LTA-deficient L.
acidophilus, could prevent and/or ablate established colitis [110] and polyposis [111],
downregulate downstream signalling [112], and upregulate tumor suppressor genes in CRC
cell lines [113] (Figure 4). These observations suggest that overt inflammation can be
reshaped by immune regulatory agents or even by natural microbial gene products, including
the bacterial surface layer proteins upon which our laboratory's focus is currently centered.

Although the beneficial effects of gut commensal bacteria have been demonstrated in a
number of experimental models [114, 115], little is known about the effect of these bacteria
on genomic stability or epigenetic regulation. Using an in vitro 3-dimensional intestinal
mucosal model consisting of human intestinal HT-29/B6 or T84 cell lines and peripheral
blood mononuclear cells (PBMC) from human healthy subjects, researchers demonstrated
that the commensal bacteria, Bifidobacterium breve and Lactobacillus rhamnosus GG,
inhibited the production of the pro-inflammatory cytokines, IL-17 and IL-23. Global DNA
methylation and histone acetylation were also evaluated to demonstrate that commensal
microbial treatment resulted in increased host DNA methylation and decreased histone
acetylation [116]. It is tempting to speculate about the status of DNA methylation and
histone acetylation at the promoter regions of IL-17 and I1L-23 in these experiments. Using
the commensal bacteria Lactobacillus and Bifidobacterium, as examples, the potential
strategy to restore the composition of the intestinal microbiota with genetically modified
bacteria appears feasible and promising. To this end, monoassociation and fecal flora
transfer studies using germ-free animal models of CRC may provide answers to several
unresolved questions (Box 1).

Concluding remarks

The mutualistic relationship between the host and the gut microbiome benefits the host in
many ways. With that said, any perturbation of this delicate balance caused by altered
microbial composition may induce aberrant intestinal signaling pathways and epigenetic
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modifications. The combinatorial impact of bacterial surface toxins and metabolic end-
products may stimulate severe inflammation that can progress to cancer due to disrupted
homeostasis. Instead of turning to drugs with obvious side effects for the treatment of
inflammation-associated disease, genetically modified bacteria or bacterial products may be
considered for a more specific correction of the original dysbiosis. At present, experimental
data using genetically modified bacteria and their products are promising, and some
beneficial commensal strains are currently being tested in clinical IBD cases. Although
progress has been made in understanding and utilizing gut commensal microbes for these
purposes, we are still at an early stage in the battle against CRC development. Additional
research is necessary to better understand the association between microorganisms and
carcinogenesis. Further investigation of the epigenetic regulation by natural and biologically
engineered bacteria or their immune regulatory gene products in the gut will lead to the
development of safer, targeted therapeutics for colorectal cancer.
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Box 1. Outstanding questions
» Isdysbiosisacause or consequence of CAC?

Recent studies have demonstrated that dysbiosis induces a dysregulated
microenvironment, which may in turn, elicit pro-tumorigenic inflammation.

However, clinical data show changes in the composition of the gut
microbiota in patients with CAC, indicating that bacterial dysbiosis may
play a critical role in the developmental process of CAC. Studies are
ongoing to re-balance the condition of bacterial dysbiosis in order to elicit
healthy homeostasis to mitigate cancer development and/or progression.

» What are the potential epigenetic consequences of beneficial bacteria?

The epigenetic consequences may include DNA methylation, histone
modification in target gene regions (e.g., enhancer, promoter, etc.) and
dynamic chromosome remodeling across all of the gene elements.
Basically, the metabolites (e.g, small peptides and chemicals) and protein
components of beneficial bacteria are the major functional molecules. The
targets of these molecules in the gut are enzymes with epigenetic
modification activities. Acting naturally, as either antagonists or agonists of
those enzymatic activities, functional molecules can control the
physiological dynamics in vivo.

»  What are the advantages of the administration of engineered bacteria to CRC
patients?

Most commercial drugs available for CRC treatment are chemicals that
were originally designed to function as inhibitors of certain normal
physiological processes to inhibit tumor cell growth or to eliminate
neoplastic cells. But many of those drugs may initiate severe side effects.
Therefore, the continuous use of chemical drugs raises concerns about their
cell specificity in vivo. Beneficial bacteria have been widely accepted as
healthy supplements. Engineered beneficial bacteria may show more anti-
inflammatory properties and would restore gut homeostasis due to the
removal of their pro-inflammatory gene products. Because these bacteria
naturally reside in gut, their potential to cause severe side effects is much
less than that of drugs.
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Figure 1. Mechanisms for maintaining basal immune activation and tolerance

A. Commensal bacteria help to preserve a healthy gut environment. Abundant beneficial
microbes exist at the mucosal layer where epithelial cells can be stimulated by bacterial
antigens such as surface layer proteins and metabolic products. The release of signaling
molecules or the presentation of antigens by dendritic cells is able to induce the activation of
T and B lymphocytes, meanwhile recruiting more dendritic cells and macrophages. B.
Bacterial fermentation products such as SFCAs inhibit the NF-xB signaling pathway and
decrease HDAC activity to regulate homeostasis. HATS, acting as transcription co-
activators, can open chromosome structure by adding acetyl residues to histones, while
HDACs do the opposite. Inhibition of HDACs may lead to accessible chromatin. The
transcription of cell cycle arrest and apoptosis-related genes can result in suppression of
tumor development. Inhibition of the NF-«xB signaling pathway prevents its contribution to
pathogenic inflammation as well. SIpA, Surface Layer Protein A; SFCA, Short Fatty Chain
Acid; HAT, Histone Acetyltransferase; HDAC, Histone Deacetylase
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Figure 2. Interactions between the gut microbiota and the immune system maintain healthy
homeostasis

Either alteration of the gut microbiota composition or overactivation of the immune system
may disrupt the balance, and therefore, induce inflammation and even IBD or CRC. IBD,
Inflammatory Bowel Disease; UC, Ulcerative Colitis; CRC, Colorectal Cancer
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Figure 3. Genetic and epigenetic mechanisms of CRC pathogenesis

Mutation of genes (e.g., APC) involved in the Wnt signaling pathway plays a dominant role
in CRC pathogenesis. Genes that are related to cell cycle progression, DNA repair, and
cytokine signaling have also been shown to be crucial for CRC pathogenesis. DNA
hypermethylation of tumor suppressor gene promoter regions has been intensively studied to
demonstrate its pivotal role in gene silencing. Histone modification includes histone
methylation and deacetylation, both of which have been shown to be associated with DNA
methylation.
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Figure 4. Cascade of molecular reactionsinitiated by L TA-deficient L. acidophilus

Either component proteins or metabolic products from LTA-deficient L. acidophilus are
potential antigens that can be recognized by dendritic cells. Presentation of antigen to
recipient CD4* T cells induced the genesis of a population of Tregs that could further
differentiate into Th17 or Thl cells, depending on the microenvironment. Meanwhile,
several signaling pathways were triggered in dendritic cells by the recognition of antigens.
The MAPK-Erk1/2 pathway was shown to be crucial for the expression of the anti-
inflammatory cytokine 1L-10, and tumor suppressors, such as RUNX3 and TIMP3, were
also upregulated by the treatment of LTA-deficient L. acidophilus both in vitro and in vivo.
RNAP 11, RNA Polymerase Il; TIC, Transcription Initiation Complex.
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