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he microbiome has captured the

attention of scientists from multiple
research fields including ecology, immu-
nology, microbiology and cancer biology.
The microbial community living in the
gastrointestinal tract is the most abun-
dantand diverse niche of the human body
and it is not surprising that microbiome
research has predominantly focused upon
this organ system. In this addendum, we
summarize the latest developments in
microbiome research on inflammatory
bowel diseases and colorectal cancer. In
addition, we highlight our recent find-
ings that chronic intestinal inflammation
modulates microbial community compo-
sition and the development of colorectal
cancer. Our findings redefine the para-
digm of inflammation-associated cancer
by illuminating the key role of bacteria in
development of colorectal cancer.

Introduction

In the 19¢h century, the famous “patholo-
gist” Rudolf Virchow observed inflam-
matory cells (leukocytes) in neoplastic
lesions.! Although it was not possible at
that time to determine whether the pres-
ence of these inflammatory cells was the
consequence of tumor development or
cause of tumor progression, this simple
observation evolved into the current con-
cept that the inflammatory microenvi-
ronment represents a risk factor for cancer
development. A link is now firmly estab-
lished between inflammation and cancer
development, including gastric, liver and
colorectal cancer (CRC),* and impor-
tant gains of knowledge have been made
regarding the cellular and molecular
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mechanisms by which inflammation
fosters the development of cancer. In
the case of colitis-associated CRC, vari-
ous inflammatory mediators (e.g., TNF,
IL-17A, 1IL-23) and genotoxic substances
[e.g., reactive oxygen and nitrogen spe-
cies (ROS, RNS)] generated by different
cellular systems (immune cells, mesen-
chymal cells) act in concert to introduce
genetic and epigenetic modifications
that together ultimately lead to carcino-
genesis.>® Therefore, any events fueling
and maintaining inflammation could
be considered potential carcinogenic
contributors.

In intestinal pathologies such as
inflammatory bowel diseases (IBD), a
key initiator and perpetuator of intesti-
nal inflammation is the vast population
of commensal microorganisms inhabiting
the lower gastrointestinal tract, termed the
gut microbiota. The current research para-
digm for colitis-associated CRC is that the
gut microbiota promotes the development
of colitis, with intestinal inflammation
leading to tumorigenesis. This paradigm
does not take into account recent obser-
vations suggesting that host inflammation
impacts upon community composition
and functional capabilities of the gut
microbiota.®” A recent study from our
laboratory has demonstrated that the gut
microbiota and microbial genes play an
active role in the development of CRC.?

Inflammation, the Microbiota
and Colorectal Cancer

Infectious microorganisms have been

linked to various forms of cancer. For
example, Helicobacter pylori infection is
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strongly associated with development of
gastric cancer while hepatitis C virus is
linked with hepatocellular carcinoma.?’
In the case of CRC, infection with entero-
pathogenic strains of Streptococcus bovis
has been clinically associated with this
pathology,"1o!!

nature of this association remains unclear.

although the etiological

It is interesting to note that for years, the
endogenous, non-pathogenic gut micro-
biota has vastly been ignored as an envi-
ronmental contributor to CRC.

The colon, a primary site of carcino-
genesis, contains an estimated microbial
load of 10'*~10" and a collective genome
evaluated at 3 x 10° genes. This microbial
ecosystem resides in relative close proxim-
ity to the intestinal epithelium and con-
tributes essential functions involved in the
maintenance of host homeostasis such as
synthesis of essential vitamins, generation
of various nutrients from complex dietary
carbohydrates, toning and education of
the mucosal immune system as well as
ecological competition to fence off invad-
ing pathogenic microbes.>!'>'? Researchers
have begun to survey this vast ecosystem
of microorganisms to identify changes
associated with health and disease states,
including IBD and CRC. Because culture
conditions have not been established for
most of the microorganisms colonizing
our GI tract, investigators have turned
to the power of genomics, in particular
sequencing  targeting
ribosomal 16S bacterial genes, to profile
the biome of CRC patients.*>! Studies
evaluating the microbiota of CRC case
and control patients have provided new
insights into the unbalanced nature of the
CRC patient gut microbial community,
a phenomenon refered to as dysbiosis.
Applying microbiome analysis of intesti-
nal tissues and fecal materials, researchers
have identified microbial groups associ-
ated with CRC. Although these studies
have not etiologically linked a clear clus-
ter of microorganisms to the development
of CRC, these investigations have repro-
ducibly showed differences between the
microbiome of CRC patients with that
of healthy individuals. For example, the
stool of CRC patients has been shown
to harbor an increased abundance of
the anaerobic bacterial belonging to the
group Bacteroides-Prevotella  compared

next-generation
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with healthy controls.*” Other groups
observed that the luminal compartment
of CRC patients showed higher prevalence
of the genera Enterococcus, Escherichia/
Shigella, Klebsiella, Streptococcus
Peptostreptococcus compared with con-

and

trols, while the family Lachnospiraceae
containing butyrate-producing bacteria
were less abundant.?*'® When
tigators surveyed the intestinal muco-

inves-

sal surface of patients with adenoma,
an increased abundance of Firmicutes,
Bacteroidetes
observed compared with non-adenoma

and  Proteobacteria was

subjects.”” Using resected tissues from
patients adja-
cent non-malignant sites, the genera

adenocarcinoma and
Coriobacteria, Roseburia, Fusobacterium
and Faecalibacterium were increased in
tumors compared with adjacent non-
tumor control tissue.'® The fusobacterium
genera is particularly intriguing since a
similar expansion was reported by mul-
tiple groups in rectal swab samples and
colonic tissues from CRC patients rela-

1921 Moreover,

tive to healthy controls.
the presence of Fusobacterium nucleatum
correlates with development of IBD.*

Although these efforts

have generated interesting observations

investigative

regarding microbial dysbiosis in CRC
patients, no clear picture has emerged
from these studies regarding a common
group of microorganisms associated with
the pathology. This highlights the need
to combine next-generation sequencing
technology with conventional microbi-
ology approaches (culture/isolation) and
animal models to evaluate the functional
impact of microorganisms on CRC initia-
tion and progression.

E. coli, IBD and CRC

Using culture-based methods and immu-
nohistological staining, researchers have
made an observation that ileal and colonic
mucosal surfaces of IBD and CRC patients
harbor increased numbers of adherent-
invasive Escherichia coli relative to healthy
control individuals.?**> Moreover, a num-
ber of studies employing metagenomic
analyses have reported an expansion
of Proteobacteria in patients with IBD,
especially  Enterobacteriaceae, to which
the E. coli species belong.* However,
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a higher prevalence of Proteobacteria/
Enterobacteriaceae/E. coli in inflamed tis-
sues could be a consequence, rather than a
cause of intestinal inflammation.

Inflammation Alters
the Composition of the Colonic
Microbiota

In a recent study, we sought to better
understand the interplay between inflam-
mation, CRC and the gut microbiota.?
We had previously shown that micro-
bial status influences the development of
inflammation and tumorigenesis in the
azoxymethane (AOM)///I0"- model of
colitis-associated CRC.?” In this model,
({107

develop chronic intestinal inflamma-

interleukin-10-deficient mice
tion due to lack of the immunosuppres-
sive cytokine IL-10 on effector T cells.
Chronic inflammation promotes tumori-
genesis that is initiated via injection of the
colon specific carcinogen AOM.

We hypothesized that inflammation
would alter microbial community com-
position in AOM/I/107" colitis-susceptible
mice relative to wildtype (WT) healthy
controls. /10"~ and WT 129/SvEv mice
born in germ-free (GF) conditions were
transferred to our specific pathogen free
(SPF) facility to time the onset of inflam-
mation. Although germ-free mice have
been shown to have an immature immune
system, this approach is ideal for micro-
biome studies since it nullifies microbiota
“legacy” effects, such as mother-to-pup
transmission, that can occur among mice
born in SPF conditions.?® Stool and distal
colon samples, representative of the lumi-
nal and mucosally-adherent microbiota
respectively, were collected from /107"
(colitis), AOM-treated /10" (colitis/can-
cer), WT (healthy) and AOM-treated W'T
(healthy) mice at 20 weeks post-transfer
to SPF conditions. Microbial populations
were evaluated using Illumina HiSeq2000
sequencing of the hypervariable V6 region
of the bacterial 16S rRNA gene. Next-
generation sequencing revealed that both
the luminal and mucosally-adherent
microbiota significantly differed between
1110 and WT mice. Colitis-susceptible
110" mice exhibited a reduction in lumi-
nal microbial richness, relative to healthy
WT mice (Fig. 1), similar to what has
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Figure 1. Dysbiosis in //107 mice is driven by inflammation rather than cancer. WT and //710”- mice were transferred from germ-free to specific pathogen
free (SPF) conditions. In SPF conditions, WT mice remain healthy, but 100% of //10”- mice develop colitis. Half of each cohort was treated with AOM,
which induces no cancer in WT mice but cancer in ~60-80% of //707- mice. When the microbiota of each cohort was assessed by lllumina sequencing
of 16S ribosomal genes, we found it did not differ by cancer status (/107 vs. AOM/II107). In contrast, inflammatory status (/707 vs. WT) was associated
with alterations in microbial community composition, including an expansion of Enterobacteriaceae bacteria.

been observed in human IBD patients.?**

We were surprised to find no difference
in microbial community composition or
richness between /10"~ mice with colitis
vs. colitis/cancer. These data suggest that
inflammation, not cancer, is the driv-
ing force behind dysbiosis observed in
1107 mice.

Increased abundance of Proteobacteria
has been linked to human IBD and gas-
trointestinal cancer,”?*?>3% which led
us to hypothesize that the inflamma-
tory microenvironment of the /107"
colon supported the expansion of this
particular bacterial group. Indeed, we
observed an increased abundance of
Proteobacteria in the /107~ microbiota,
relative to healthy WT controls. Within
Proteobacteria, the Gammaproteobacteria
class,  Enterobacteriales  order  and
Enterobacteriaceae family were all sig-
nificantly more abundant in 7/70"" mice.
Adherent-invasive Escherichia coli have
been associated with human IBD and
CRC,%% and PCR designed to specifi-
cally amplify E. coli revealed a 100-fold
increase in the microbiota of /10" mice,
relatively to WT controls.

www.landesbioscience.com

Inflammation is Not Sufficient
to Promote CRC

To determine if commensal E. coli play
a causative role in CRC development,
we mono-associated GF /10" mice with
either the mouse E. coli strain NC101 or
the human commensal Enterococcus fae-
calis strain OGIRF. As expected,* both
commensal strains caused aggressive coli-
tis in [/10”" mice with similar levels of
colon tissue inflammatory cytokines and
infiltrating immune/inflammatory cells.
However, only E. coli was able to repro-
ducibly induce cancer in AOM-treated
11107 mice, with an ~80% penetrance
of invasive mucinous adenocarcinoma.
WT mice mono-associated with E. coli
NC101 developed neither inflammation
nor tumors, suggesting that some level of
baseline genetic susceptibility to disease
(for example, inflammation) is necessary
for E. coli NC101-induced tumorigenesis
in this model. From these observations,
we concluded that inflammation alone
is insufficient to induce CRC and that
microbial entities play a key role in the
pathology.

Gut Microbes

E. coliNC101 Harbors
the Genotoxic pks Island, Which
is Associated with Human IBD
and CRC

We hypothesized that E. coli NC101
has carcinogenic capabilities that E.
faecalis lacks. Several members of the
family Enterobacteriaceae, in particu-
lar E. coli strains of phylotype B2, har-
bor a ~-54 kb polyketide synthases (pks)
pathogenicity island that encodes the
multi-enzymatic machinery for a puta-
tive peptide-polyketide genotoxin called
Colibactin.*?* Basic Local Alignment
Seach Tool (BLAST), PCR amplifica-
tion and sequencing revealed the presence
of pks in E. coli NC101 and the absence
of other E. coli genotoxins including Cif,
CNF and CDT. Pks was not detected in
E. faecalis or the non-colitogenic E. coli
strain K12. To determine if pks could be
associated with human IBD or CRC, we
screened mucosa-associated E. coli strains
from colorectal tissue biopsies of 35
patients with IBD, 21 with CRC and 24
non-IBD/non-CRC  controls.”? Samples

were unavailable from IBD-associated
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CRC patients, as IBD patients typically
undergo preventative colectomy upon ini-
tial diagnosis of colorectal dysplasia. Only
20.8% of non-IBD/non-CRC controls
harbored pks+ E. coli, in contrast to a sig-
nificantly greater proportion of IBD and
CRC patients—40% of IBD patients and
66.7% of CRC patients. These data sug-
gest that pks+ bacteria are associated with
chronic intestinal inflammation and CRC
and indicate that pks may play an active
role in promoting tumorigenesis.

Deletion of pks Reduces the
Tumorigenicity of E. coli NC101

To functionally link pks with cancer-
promoting activites, we created an iso-
genic E. coli NC101 strain deficient in pks
(NC101Apks). Pks from extra-intestinal
pathogenic strains of E. coli, and more
recently from the probiotic E. coli strain
Nissle 1917, elicit DNA damage in mam-
malian cells.?3%% We observed that
pks+ E. coli NC101 but not NC101Apks,
induced the surrogate markers of DNA
damage YH2AX and cell cycle arrest in
IEC-6 intestinal epithelial cells. This
demonstrated that pks+ bacteria alone can
induce DNA damage in the absence of a
carcinogen such as AOM.

To determine if pks can promote
tumorigenesis in  vivo, Wwe mono-
associated GF /10" mice with E. coli
NC101 or E. coli NCI101Apks both
with and without AOM
Interestingly, the presence of Pks did
not affect the ability of E. coli NCI101 to
induce histologic inflammation, cytokine
expression, or infiltration of immune cells
in the colon of 7/10- mice with colitis (12
weeks, no AOM) or colitis/cancer (14 and
18 weeks, +AOM). However, deletion of
pks reduced macroscopic tumor burden
and histologic carcinoma invasion. At
14 weeks, five of eight AOM-treated
1/10" mice mono-associated with E. coli
NC101 exhibited high grade dysplasia
(HGD) or invasive carcinoma, in contrast
to only one of eight NC101Apks mono-
associated mice who developed HGD. At
18 weeks, all nine AOM-treated /10"~
mice mono-associated with E. coli NC101

treatment.

developed invasive carcinoma, with four
of nine exhibiting full carcinoma invasion
through the muscularis propria and serosa.
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Zero of five NC101Apks mono-associated
mice exhibited full carcinoma invasion at
18 weeks. In the absence of AOM, /107
mice mono-associated for 21 weeks with
either E. coli NC101 or NCI101Apks
developed only mild dysplasia that by
histologic assessment, was less advanced
in NC101Apks mono-associated animals.
These findings suggest that pks accelerates
the carcinogenic process without affecting
the extent of inflammation.

The complex interplay between inflam-
mation and bacteria is highlighted in an
experiment where /107"; Rag2" mice
were monoassociated with E. coli NCI101.
Whereas AOM-treated //10""- mice mono-
associated with E. co/i NC101 developed
inflammation and CRC, mono-associated
I[10"; Rag2’ mice remained healthy
(Marcus Miihlbauer and C. Jobin per-
sonal observation). Together with the
observation that E. faecalis failed to pro-
mote cancer development despite high
colitogenic ability, our findings strongly
point to a novel mechanism where inflam-
mation acts in concert with specific micro-
bial entities/genes to induce CRC.

Deletion of pks Reduces
the Genotoxicity of E. coli NC101

We had observed that IEC-6 intesti-
nal epithelial cells exposed to E. coli
NCI101 exhibited increased markers of
DNA damage that were significantly
reduced in IEC-6 cells exposed to
E. coli NC101Apks. To evaluate the effect
of pks on DNA damage in vivo, we mea-
sured colonocyte YH2AX foci in non-
tumor tissue of AOM-treated 7/10""- mice
mono-associated with E. coli NC101 or
NC101Apks for 14 weeks. We detected
a significant reduction in YH2AX+ colo-
nocytes from mice mono-associated with
E. coli NC101 vs. NC101Apks. These
data imply that pks-elicited DNA damage
contributes to colorectal carcinogenesis.
Inflammation is required for this phe-
nomenon, as WT mice exhibit minimal
DNA damage (-80% reduction in in
YH2AX+ colonocytes relative to /107"
mice) when mono-associated with E. coli
NCI101.

Although we demonstrated that
E. coli NC101 pks induces a DNA dam-

age response in vivo and in vitro, the

Gut Microbes

mechanism by which this bacterium
promotes CRC is unclear. We performed
laser capture microdissection of tumor
and non-tumor tissues from mice colo-
nized with E. coli NC101 vs. NC101Apks
and assessed mutation hotspots of com-
mon CRC oncogenes and tumor suppres-
sors such as Ctnnbl, Kras, Braf and Tp53
using a PCR/sequencing approach. While
Ctnnbl mutations could be detected in
the AOM/DSS positive control samples,
we were unable to detect mutations in the
tested regions/genes of AOM///10” mice
(Arthur and Jobin, personal observation).
In absence of a whole-genome approach,
the location and frequency of mutations
induced by E. coli NC101 in the AOM/
110 model remains unclear. Pks can
induce aneuploidy and mutations at the
hprt reporter locus in vitro,*® suggesting
that E. coli NC101 pks could very likely
contribute to tumorigenesis by induc-
ing cancer-promoting mutations in vivo.
Furthermore, it appears that both inflam-
mation and microbial factors such as pks
act together to create a host microenvi-
ronment that promotes carcinogenesis.

Conclusions and Future
Directions

Together, our findings indicate that
inflammation targets the microbiota and
fosters the expansion of bacteria with pro-
carcinogenic activities that influence the
development of CRC (Fig. 2). However,
numerous outstanding questions per-
sist regarding the relationship between
inflammation and E. co/i-mediated car-
cinogenic response (Box 1). Bioactive
products of intestinal bacteria perform a
wide variety of functions that may influ-
ence cancer development, such as activat-
ing environmental carcinogens, degrading
protective mucins, oxidizing or reducing
dietary compounds and inducing DNA
damage and genotoxicity.”’ In the case of
phs+ E. coli, carcinogenesis is presumably
accelerated through a DNA-damaging
agent, termed Colibactin, that is generated
through the enzymatic activities encoded
in the pks island. Colibactin, however,
has not yet been purified and therefore
its ability to damage DNA cannot be
directly tested at this time. Purifying this
bioactive compound will be essential for
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Figure 2. Model for enhanced tumorigenicity by pks + E. coli.

understanding the mechanism by which
ks exerts its genotoxic function.

In addition to altering the relative
amount of specific microbes residing in
the intestine, inflammation may influence
gene expression and functional capabili-
ties of members within this population.
New technologies are rapidly evolving
(metagenomics, RNaseq, metabolomics,
etc.) and in the near future, will allow us
to assess the functional capacity of single
commensal microbes as well as com-
plex microbial populations in vivo. This
will allow us to evaluate not just which
microbes are present, but what activites
they are performing and to what extent
they contribute to health and disease. For
example, inflammation in E. co/i NC101
mono-associated 710" mice affects bacte-
rial fitness by upregulating genes involved
in adherence and stress responses.’ Gene
expression studies have revealed no change
in the expression of pks genes under vari-
ous in vitro conditions;”” however pks
gene expression has yet to be evaluated
in vivo. It will be especially important
to determine if inflammation plays a role
in pks gene expression and Colibactin
production/activity.

It is important to note that intes-
tinal inflammation is not a phenom-
enon restricted to chronic inflammatory
disorders, but can occur in response
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