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Abstract
Background—Microbial sensing by Toll-like receptors (TLR) and its negative regulation have
important role in the pathogenesis of inflammation-related cancer. In this study, we investigated
the role of negative regulation of TLR signaling and gut microbiota in the development of colitis-
associated cancer in mouse model.

Methods—Colitis-associated cancer was induced by azoxymethane and dextran sodium sulfate
in wild-type and in Interleukin-1 receptor associated kinase-M (IRAK-M) deficient mice with or
without antibiotic (ATB) treatment. Local cytokine production was analyzed by multiplex
cytokine assay or ELISA, and regulatory T cells were analyzed by flow cytometry. Changes in
microbiota composition during tumorigenesis were analyzed by pyrosequencing, and β-
glucuronidase activity was measured in intestinal content by fluorescence assay.

Results—ATB treatment of wild-type mice reduced the incidence and severity of tumors. As
compared with non-treated mice, ATB-treated mice had significantly lower numbers of regulatory
T cells in colon, altered gut microbiota composition, and decreased β-glucuronidase activity.
However, the β-glucuronidase activity was not as low as in germ-free mice. IRAK-M deficient
mice not only developed invasive tumors, but ATB-induced decrease in β-glucuronidase activity
did not rescue them from severe carcinogenesis phenotype. Furthermore, IRAK-M deficient mice
had significantly increased levels of pro-inflammatory cytokines in the tumor tissue.

Corresponding author: Klara Klimesova, Department of Immunology and Gnotobiology, Institute of Microbiology, v.v.i., Academy of
Sciences of the Czech Republic, Videnska 1083, 14220 Prague. Phone: +420 241 062 361; Fax: +420 241 721 143;
klimesov@biomed.cas.cz.

NIH Public Access
Author Manuscript
Inflamm Bowel Dis. Author manuscript; available in PMC 2014 May 01.

Published in final edited form as:
Inflamm Bowel Dis. 2013 May ; 19(6): 1266–1277. doi:10.1097/MIB.0b013e318281330a.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Conclusions—We conclude that gut microbiota promotes tumorigenesis by increasing the
exposure of gut epithelium to carcinogens and that IRAK-M negative regulation is essential for
colon cancer resistance even in conditions of altered microbiota. Therefore, gut microbiota and its
metabolic activity could be potential targets for colitis-associated cancer therapy.
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Introduction
Chronic gut inflammation, as seen in patients with inflammatory bowel diseases (IBD), is a
strong risk factor for colon cancer. Therefore, the increase in number of IBD patients
observed in last decades, will ultimately lead to increase in number of patients with colitis-
associated cancer (CAC) (1, 2). Although the pathogenesis of IBD and the development of
CAC are still not completely understood, it is generally accepted that an aberrant immune
reaction to intestinal commensal microbiota and subsequent chronic inflammatory responses
in the gut play major roles (3).

Microbial stimulation in the gut is important for maintaining physiological functions,
including intestinal epithelium growth, mucosal permeability and production of
antimicrobial agents, as well as regulation and development of the immune system (3, 4).
Various resident bacteria have protective role in the process of inflammation and cancer
development but on the other hand there is a great amount of potentially harmful species that
can be derived from normal microbiota under specific conditions of imbalance in gut milieu
(4–6). An example of a potentially harmful microbe is Helicobacter pylori, which often
resides stomach mucosa without clinical consequences. However, this Helicobacter pylori is
also confirmed triggering agent of the chronic gastric inflammation and cancer and its
treatment with antibiotic leads to cancer prevention(7). Use of broad-spectrum antibiotics,
like ciprofloxacin and metronidazole, also brought positive results in the therapy of certain
forms of Crohn’s disease and pouchitis (8), decreasing the risk of colon cancer development.

Metabolic activity of microbiota is an important detail of the gut ecosystem. Microbes are
equipped with a broad-spectrum of enzymes and therefore can metabolize various substrates
(5). Among final products belong potential pro-carcinogens as well as beneficial substances
such as short-chain fatty acids (SCFA). SCFA are a crucial source of energy for colonic
epithelium and their lack has been implicated in pathogenesis of colorectal carcinoma (9).
Protective role is also ascribed to probiotics defined as live bacteria beneficial to health, that
have stabilizing effect on gut microbiota during administration with potential to reduce pro-
inflammatory response (10, 11). Manipulation of the microbiota therefore brings wide
possibilities, although not fully elucidated, of influencing intestinal homeostasis and
immune system reactivity.

Detection of conserved microbe-associated molecular patterns is provided by different
cellular pattern-recognition receptors, such as family of the Toll-like receptors (TLR) (12).
TLR signalization is important in maintaining gut epithelium homeostasis but the
stimulation of TLR may also induce cancer development or promote tumor growth (13).
Myeloid differentiation factor 88 (MyD88), which is responsible for signal transduction
from all TLRs except for TLR3, has been shown to interfere with the pathogenesis of colon
inflammation and cancer by triggering pro-inflammatory response via transcription factor
NF-κB (14, 15). Interleukin-1 receptor associated kinase-M (IRAK-M) is a molecule crucial
in regulation of gut immune response through negative feedback. IRAK-M binds and blocks
MyD88/IRAK-4 protein complex thus negatively regulating pro-inflammatory signal
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transduction by IRAK-1/TRAF6 in various immune cells and gut epithelium (16, 17). The
expression of Irak-m gene is closely associated with the presence of intestinal microbiota
and TLR signaling (18). Its deficiency enhances the production of pro-inflammatory
cytokines in macrophages and intensifies experimentally-induced dextran sodium sulfate
(DSS) colitis (19). Recent studies showed that single immunoglobulin IL-1 receptor-related
molecule (SIGIRR), another negative regulator of TLR signaling, is involved in
inflammation and cancer development (20), which suggests the important role of these
molecules in tumorigenesis.

In our previous studies, we found that germ-free condition protected rats from colonic
inflammation as well as from cancer (21). Since recognition of microbiota by TLRs plays
important role in tumorigenesis, we hypothesized that both dysbiosis and negative regulation
of TLR signaling via IRAK-M interferes with colon cancer development. By using
inflammation-related mouse model of colon cancer induced by azoxymethane and DSS, we
were able to follow the “inflammation-dysplasia-carcinoma” sequence, typical for CAC,
under different microbial conditions. Here, we show the impact of gut microbiota
composition on colon cancer development and immune system reactivity, and analyze the
role of negative regulator IRAK-M in this process.

Materials and Methods
Animals and experimental schedule

We used two-month-old C57BL/6 male mice reared either in conventional (Institute of
Physiology AS CR, Prague, Czech Republic) or in germ-free (GF) conditions (Institute of
Microbiology AS CR, Novy Hradek, Czech Republic). The GF mice were reared in
controlled sterile conditions, as described previously (22). IRAK-M deficient mice (obtained
from the laboratory of Koichi S. Kobayashi) were backcrossed to C57BL/6 background for
eleven generations and were held in specific pathogen-free facility in Novy Hradek. All
mice received the same diet (ST-1, Velaz, Czech Republic) and tap water ad libitum, and
were used according to the procedures approved by the Institute of Microbiology animal
care and use committee (No. 094/2008 and 053/2010).

We initiated tumorigenesis using modified protocol published previously by Clapper et al.
(23). Briefly, the mice were given single subcutaneous injection of azoxymethane (AOM, 10
mg/kg; Sigma-Aldrich, St. Louis, MO). Starting one week after the AOM injection, mice
received 3% dextran sodium sulfate (DSS, MW 36–50 kDa; MP Biomedicals, Illkirch,
France) in their drinking water continuously for up to 4 days. DSS was subsequently
replaced by tap water for the rest of the experiment. To induce the intestinal microbiota
alteration in conventionally-reared mice, we treated a group of animals with antibiotics
(ATB): metronidazole (500 mg/L; B. Braun, Melsungen AG, Germany) and ciprofloxacin
(100 mg/L; Zentiva, a.s., Hlohovec, Slovak Republic) in their drinking water for the whole
experimental period (50 days). Four independent experiments with five mice per group and
three independent experiments with at least five mice per group were done in wild-type and
IRAK-M deficient mice, respectively.

We recorded changes in body weight, stool consistency and gross bleeding every week,
every day during DSS administration, and sacrificed the mice 5 weeks after AOM injection.

Histopathology evaluation
At the end of the experiments, the colon length was measured and fecal samples were tested
for occult blood using Okult-Viditest Rapid (Vidia s.r.o., Jesenice u Prahy, Czech Republic).
The colon was cut open longitudinally and macroscopically inspected for the presence of
pathological lesions. Proximal and distal colon and rectum were fixed in 4% buffered
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formalin, dehydrated and embedded in paraffin. Histopathological examinations were
performed in 4μm sections after hematoxylin/eosin staining. The degree of intestinal
alteration was examined by two experienced pathologists (P.R., K.K.) using conventional
criteria to determine normal mucosa; low or high-grade dysplasia; non-invasive or invasive
carcinoma.

Cultivation and cytokine measurement
We took a part of the colon from every mouse, i.e. from tumor in tumor-bearing mice and
from similar locality in the other mice, washed it in cold phosphate-buffered saline (PBS)
and weighed. These tissues were then cultivated for 48h at 37°C in RPMI-1640 media
(Sigma-Aldrich) containing 10% fetal bovine serum (BioClot GmbH, Aidenbach, Germany)
and 1% Antibiotic-Antimycotic solution (Sigma-Aldrich). The supernatants were collected
and frozen at −20°C until analysis.

Cytokine profiles were determined using a multiplex cytokine analyzer – Luminex. The
Fluorokine MAP Mouse Base Kit was used in accordance with manufacturer’s instructions
in combination with recommended bead sets for selected cytokines: IL-1β/IL-1F2, IL-6,
IL-10, IL-12 p70, IL-17, TNF-α and IFN-γ (all R&D Systems, Minneapolis, MN) and
analyzed using Luminex 200 instrument (Luminex Corporation, Austin, TX). The
concentrations of analytes were determined by monitoring the spectral properties of the
beads and the amount of phycoerythrin fluorescence.

Levels of TGF-β were measured by commercially available ELISA kit (Life Technologies,
Carlsbad, CA) according to the manufacturer’s instructions.

Haptoglobin determination
The level of haptoglobin in mouse sera was assessed by Human Haptoglobin ELISA
Quantitation Kit (GenWay Biotech., Inc., San Diego, CA). Antibodies used in this kit have
high cross-reactivity with mouse haptoglobin that allowed us to use the kit according to the
manufacturer’s instructions with minor modifications as described previously (24).

Real-time polymerase chain reaction (PCR)
Samples of colon were placed in RNAlater stabilization reagent (QIAGEN GmbH, Hilden,
Germany) and stored in −80°C. Total RNA was extracted by using the RNeasy Mini
isolation kit (QIAGEN GmbH) following the manufacturer’s instructions. RNA integrity
was determined by gel electrophoresis in 1% agarose gel stained with SYBR-green (Life
Technologies) and the concentration of the RNA was assessed by NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA). First strand cDNA was
synthesized from 0.5 μg of RNA using SuperScript II reverse transcriptase (Life
Technologies). Real-time PCR was performed using iQ SYBR-green Supermix (Bio-Rad
Laboratories, Hercules, CA) on iQ5 cycler (Bio-Rad). The samples were analyzed in
doublets and the expression was normalized to ribosomal protein S12 using iQ5 software
(Bio-Rad). All primers were purchased from Generi Biotech (Hradec Kralove, Czech
Republic); sequences of the primers were as follows: ribosomal protein S12 forward: 5′-
CCTCGATGACATCCTTGGCCTGAG-3′, ribosomal protein S12 reverse: 5′-
GGAAGGCATAGCTGCTGGAGGTGT-3′; cyclooxygenase (COX)-2 forward: 5′-
AGTGGGGTGATGAGCAACTA-3′, COX-2 reverse: 5′-
GGCAATGCGGTTCTGATACT-3′; IL-18 forward: 5′-
ACGTGTTCCAGGACACAACA-3′, IL-18 reverse: 5′-
ACAAACCCTCCCCACCTAAC-3′.
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Flow cytometric analysis
Spleens, mesenteric lymph nodes (MLN), Peyer’s patches (PP) and colonic tissue were
collected and processed into single cell suspension. Briefly, cells from MLN, PP and colon
were centrifuged and resuspended in 300 μL of cold FACS buffer (PBS containing 0.1%
NaN3, 0.5% fetal bovine serum and 0.5M EDTA; pH 7.2 – 7.4). Splenocytes were treated by
5 mL of ACK lysis buffer (0.15M NH4Cl, 10mM KHCO3, 0.5M EDTA in distilled water;
pH 7.2 – 7.4), resuspended in 5 mL of cold FACS buffer and kept on ice until staining. Cells
were blocked with 10% normal mouse sera and then stained for surface molecules with
fluorescent-labeled monoclonal antibodies cocktail containing anti-mouse CD3 – fluorescein
isothiocyanate (BD Bioscience, Heidelberg, Germany; clone 145-2C11), CD4 – Qdot 605
(Life Technologies; clone RM4-5), CD8 – PerCP-Cy5.5 (BD Bioscience; clone 53-6.7) and
CD25 – allophycocyanin (eBioscience; clone PC61.5). Subsequent intracellular staining for
mouse Foxp3 was performed with phycoerythrin-labeled anti-mouse/rat Foxp3 staining set
according to the manufacturer’s instructions (eBioscience; clone FJK-16s). Cells were
measured using LSRII (BD Bioscience) and data were evaluated by FlowJo software (Tree
Star Inc., Ashland, OR).

Microbiota analysis
Stool samples were collected from all mice on days 1, 23 (just before DSS administration),
30 (after DSS treatment) and 50 (the last day of experiment), and total DNA was isolated
using ZR Fecal DNA Kit (Zymo Research Corp., Orange, CA) according to the
manufacturer’s instruction. The isolated DNA was stored at −20°C for further analyses.

For the detailed determination of microbiota composition, we used high-throughput
pyrosequencing described in detail elsewhere (25). Briefly, previously isolated DNA was
gel-purified and PCR with broad-range bacterial primers for 16S rDNA including tags for
pyrosequencing was performed. PCR product was purified using magnetic beads (AMPure
beads, Beckman Coulter Genomics, Danvers, MA) and concentration was measured on
Qubit fluorometer (Life Technologies). Equimolar amounts of PCR product from each
sample were then used for unidirectional 454 FLX amplicon pyrosequencing using LIB-L
emPCR kits following the manufacturer’s protocols (Roche Diagnostics, Basel,
Switzerland). Sequence reads were processed using RDP’s pyrosequencing pipeline (http://
rdp.cme.msu.edu/) and Greengenes workbench compatible with ARB (http://
greengenes.lbl.gov/cgi-bin/nph-index.cgi) following all standard procedures as sequence
quality trimming, chimera check, phylotype identification, phylogenetic analysis and
diversity analysis.

We performed quantitative PCR (qPCR) with specific primers to determine the numbers of
the total bacteria (Eubacteria), Parabacteroides distasonis (P. distasonis) and
Faecalibacterium prausnitzii (F. prausnitzii) in the stool samples. The conditions for PCR
reactions are listed in Table 1. The qPCR 2x SYBR Master mix (Top-Bio, Prague, Czech
Republic) was used along with Stratagene mx3005P (Agilent Technologies, Santa Clara,
CA) equipment. Three-log diluted DNA isolated from known number of cells was used as
standard for absolute quantification.

β-glucuronidase determination
To analyze the activity of β-glucuronidase enzyme in the intestine, the stool samples were
collected on the day of AOM injection from wild-type and IRAK-M deficient mice with and
without ATB treatment, and from GF mice. Enzyme was extracted from lyophilized and
weighed stool pellets into one mL of acetate buffer (50 mM; pH 7) and incubated for two
hours at 4°C. 50 μL of extract was added into 100 μL of acetate buffer (50 mM; pH 5) with
50 μL of 2.5 mM MUG substrate (4-methylumbelliferyl-β-D-glucuronide; Glycosynth,
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Warrington, England) and incubated at 37°C. Product fluorescence was measured at the
beginning and after two hours on microplate reader (Tecan GmbH, Grödig, Austria) using
388 nm as excitation and 480 nm as emission wavelength.

Statistical analysis
One-way analysis of variance (ANOVA) with Tukey’s multiple comparison test was used to
compare multiple experimental groups. Two-way ANOVA with Bonferoni post-test was
used in determination of significant weight changes. Differences between two groups were
evaluated using an unpaired two-tailed Student’s t test, and the incidence of invasive
carcinoma between AOM/DSS and ATB/AOM/DSS treated IRAK-M deficient mice were
compared by Fisher’s exact test. The data are presented either as the mean ± standard
deviation, or as percentage of mice with invasive tumors, and differences were considered
statistically significant at P ≤ 0.05. GraphPad Prism statistical software (version 5.0,
GraphPad Software, Inc., La Jolla, CA) was used for analyses.

Results
Colon cancer incidence is significantly decreased in GF and ATB-treated mice

To follow the effect of microbiota on tumorigenesis, we induced the CAC by AOM/DSS in
C57BL/6 mice reared either under conventional, or germ-free conditions, or in
conventionally-reared ATB-treated mice. After 5 weeks from AOM injection, the
histological examination revealed that either graded dysplasia or carcinoma were present in
over 93% of conventionally-reared mice and were not accompanied by any sign of tumor
dissemination (Fig. 1A). In all cases, the tumors were situated in the descendent portion of
colon and/or in rectum, while no lesions were found in proximal colon. This relatively early
tumor development can be ascribed to experimental conditions including sensitive mouse
strain, its gut microbiota, diet, or high DSS concentration we used. Therefore, we used
shorter experimental period to see shifts in the incidence in early tumor development and to
prevent unnecessary loss of mice due to the mortality. We found significantly shorter colon
and heavier spleen in AOM/DSS-treated mice as compared with healthy mice (Fig. 1B and
1C). Interestingly, antibiotic treatment of these mice mitigated the DSS-induced weight loss
and significantly decreased both the incidence of tumors (16%) and severity of tumor lesions
(Fig. 1D, 1A and 1E). Moreover, we did not observe the significant increase in weight of
spleen and shortening of colon in these ATB-treated mice (ATB/AOM/DSS-treated) (Fig.
1B and 1C).

To investigate the role of microbiota in carcinogenesis further, we used the same protocol to
induce the colon cancer in GF mice. After 5 weeks, the incidence of tumors in GF mice
(10%) was even lower than in ATB-treated conventional animals, confirming the
significance of microbiota in the pathogenesis of inflammation associated colorectal
carcinoma. Moreover, if present, the tumors had polypoid exophytic character, which
corresponded to low-grade dysplasia (data not shown), they were less numerous and smaller
in size as compared with those in conventionally-reared mice.

Effect of ATB on microbiota during tumorigenesis
Since dysbiosis is characteristic for IBD and colon cancer, uncovering changes in microbiota
composition seems to be crucial for understanding of immune mechanisms involved in
pathogenesis of these diseases (4). To address this issue, we compared the fecal microbiota
composition between ATB-treated (ATB/AOM/DSS-treated) and control (AOM/DSS-
treated) wild-type mice by high-throughput pyrosequencing at different time-points during
tumorigenesis (Fig. 2A). ATB treatment caused an increase in occurrence of Bacteriodes,
Parabacteroides, Prevotella, Blautia, Desulfovibrio and Subdoligranulum genera and
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decrease in occurrence of Allobaculum, Alistipes, Ruminoccocus and Johnsonella genera as
compared with non-treated mice. In accordance with the previous report, we observed
decreasing levels of Bacteroidetes and increasing levels of Firmicutes at the end of the
experiment during tumor progression (26). In order to quantify these changes, we performed
quantitative analysis with qPCR. Using all Eubacteria and species specific primers, we
found that ATB treatment did not decrease the total count of bacteria (Fig. 2B), but resulted
in changes of particular bacteria (Fig. 2C). We analyzed P. distasonis and F. prausnitzii as
prevalent representatives of Bacteroidetes and Firmicutes phyla, respectively, because of
their evident biological activity associated with intestinal inflammation (24, 27). P.
distasonis showed increase in abundance during the first 30 days of ATB treatment whereas
F. prausnitzii was markedly reduced. On the other hand, ATB-non-treated mice showed
opposite trend as P. distasonis moderately decreased whereas F. prausnitzii abundance
continuously grew during tumorigenesis.

Microbiota metabolism increases tumor incidence
The genotoxic effect of AOM can be increased by microbial β-glucuronidase, which
releases active compound – methylazoxy-methanol from AOM metabolite (28). Thus, we
analyzed the specific activity of this enzyme in germ-free mice and in ATB-treated and non-
treated wild-type and IRAK-M deficient mice at the time of carcinogen introduction. For
this purpose, we collected samples of feces just before AOM injection and compared the
metabolic activity by measuring specific fluorescent product. We found decrease of β-
glucuronidase activity in GF as well as in ATB-changed conditions (Fig. 2D). Almost 3-
times lower activity, when compared with non-treated mice, was linked with lower tumor
incidence in the group of ATB-treated wild-type mice and confirmed that ATB treatment
decreased the amount of β-glucuronidase-equipped bacteria in the gut. Although the β-
glucuronidase activity was more than 2-times lower in ATB-treated IRAK-M deficient mice,
this change was insufficient to reduce the tumor development in these mice. Therefore, the
IRAK-M seems to be the effector molecule promoting tumor resistance after ATB treatment
in this model, i.e. under the conditions of reduced carcinogen load.

IRAK-M deficient mice developed invasive tumors and ATB treatment was insufficient to
protect them from cancer

Since negative regulator of TLR-signaling, IRAK-M, and gut microbiota regulate each other
and since IRAK-M molecule mitigates intestinal inflammation in chronic colitis model, as
we recently published (18, 19), we further analyzed the importance of IRAK-M in ATB-
associated protection against colon cancer development. We used AOM/DSS to induce
colon cancer and performed the ATB treatment in conventionally-reared IRAK-M deficient
mice. An increased infiltration of mononuclear cells was observed in lamina propria of
control non-treated IRAK-M deficient mice as compared with wild-type controls. IRAK-M
deficient mice were also more sensitive to AOM/DSS treatment and the incidence of tumors
reached 100% after 5 weeks (Fig. 3A). Moreover, the favorable effect of ATB treatment on
tumor development was not presented in IRAK-M deficient mice where there was no
difference in the tumor incidence, colon length, spleen weight and body weight between
ATB-treated and ATB-non-treated group (Fig. 3). Detailed histological analysis showed
widespread flat tumor lesions with high infiltration of inflammatory cells and invasion of
crypt bases into submucosa, which had never been seen in wild-type mice (Fig. 4). The
invasive carcinoma are significantly more common in the AOM/DSS as compared to ATB/
AOM/DSS-treated IRAK-M deficient mice (53% vs. 10%, P=0.005, Fisher’s exact test)
(Fig. 4D). We also followed the mice for additional 6 weeks observing that both the 100 %
incidence of tumors and histological finding are similar as 6 weeks earlier (data not shown).
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IRAK-M deficient mice showed enhanced pro-inflammatory response
As the chronic inflammation plays a crucial role in tumorigenesis (1), we analyzed the
inflammatory response on both local (production of cytokines in the gut) and systemic level
(serum acute phase protein – haptoglobin). We found a significant increase in the pro-
inflammatory cytokines – IL-1β, IL-6, TGF-β and TNF-α in supernatants from tumor
tissues of AOM/DSS-treated IRAK-M deficient mice as compared with wild-type mice (Fig.
5A). The increased inflammatory reaction in IRAK-M deficient mice became more visible
in ATB-treated groups where the inflammation and tumorigenesis were reduced in wild-type
mice. On the other hand, ATB-treated wild-type mice had significantly higher production of
IL-10 and IL-12 than IRAK-M deficient mice. TGF-β is an important factor for regulatory T
cells response and function under chronic inflammatory conditions, and for tumor invasion
(29). In our experiments we observed low levels of TGF-β at the sites of cancer and
inflammation in wild-type mice, while we found much higher production in tumor-bearing
IRAK-M deficient mice (Fig. 5B). Moreover, we found unchanged expression of IL-18 in
colon tissue of both wild-type and IRAK-M deficient mice, which correlates with the lower
levels of IFN-γ found in supernatants (Fig. 5C). These findings suggest increased
suppression of anti-tumor immunity in IRAK-M deficient mice. The expression of COX-2 in
colon tissue was significantly increased in tumor-bearing wild-type as well as IRAK-M
deficient mice confirming local pro-inflammatory activation (Fig. 5D).

To determine the systemic response on tumorigenesis we measured serum haptoglobin
levels and we confirmed increased inflammatory activity in tumor-bearing mice in both
wild-type and IRAK-M deficient mice (Fig. 5E). Moreover, IRAK-M deficient mice showed
significantly higher levels of haptoglobin when compared with wild-type mice. Thus, IRAK-
M deficiency seems to maintain an increased pro-inflammatory reactivity affecting the
whole organism, and a decreased anti-tumor immunity, regardless of ATB treatment.

Regulatory T cells accumulated in tumor tissue and local lymph nodes
Tumor-bearing mice are known to have different organ distribution and numbers of
regulatory T (Treg) cells as compared with healthy controls (30). Therefore, we measured
the numbers of Treg cells (CD4+Foxp3+) in spleen, MLN, PP, and directly in the tumor
tissue. We did not observe any significant differences in Treg cell populations in spleens and
PPs among the experimental groups (data not shown). In contrast to significant increase of
Treg cells populations that we found in MLN and colon tissue of tumor-bearing wild-type as
well as IRAK-M deficient mice (Fig. 6A). Generation of Foxp3+ Tregs in the periphery is
associated with TGF-β-induced expression of Foxp3 transcription factor in CD4+ cells (31).
Interestingly, we found significant increase in this initial population of CD4+CD25−Foxp3+

cells in MLN of IRAK-M deficient mice (Fig. 6B). These findings are consistent with other
measured factors inducing immune suppression in tumor microenvironment (e.g. high TGF-
β, low IL-12).

Discussion
Microbiota-derived signals are crucial for the development and setting of mucosal immune
system and the gut is an important primary site of host – microbe interaction. Disruption of
balance between intestinal mucosa and commensal bacteria can result in inflammatory
disorders (4). Chronic inflammation, as IBD has long been recognized as a risk factor for
cancer development at various sites. For example, individuals suffering from ulcerative
colitis have a 2 – 8 fold increased risk of developing colorectal cancer through
inflammation-related mechanisms, which increases with the extent and duration of the
disease (2). Both these processes, intestinal homeostasis and colitis-associated
carcinogenesis, are closely associated with the presence of stimulatory signals derived from
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intestinal bacteria. In our study, we showed that defect in regulation of signaling cascades
involved in bacteria recognition resulted in increased pro-inflammatory response and
extensive colon tumorigenesis. This is in agreement with the fact that epithelial cell damage
triggers the TLR/MyD88 dependent pathway to enhance regeneration of the epithelium and
in the situation of IRAK-M deficiency, which means lack of negative regulation, can cause
uncontrolled proliferation resulting in dysplasia and cancer (32). The suggestion that defect
in IRAK-M regulation could play a role in inflammatory disease pathogenesis was later
supported by Balaci et al., who found polymorphisms in genes encoding IRAK-M in early-
onset persistent asthma patients (33). Nevertheless, the function of IRAK-M may not be the
same in lung as it is in colon. Xie and coworkers in their study didn’t find any tumor growth
in IRAK-M deficient mice after simple inoculation of tumor cells (34) and another recently
published study about IRAK-M function in lung macrophages confirmed these results (35).
Therefore, further research is needed to reveal the exact role of IRAK-M in different types
of tissues. We have previously shown that the expression of IRAK-M in colon is low in GF
condition and increases after colonization (18). One can hypothesize that changes in the type
and level of antigenic stimulation after antibiotic treatment will increase the tumor
development either because of lower negative regulation or by inhibition of pro-
inflammatory signals. Surprisingly, we found that ATB treatment had protective effect on
tumor development in wild-type mice. Subsequent investigation confirmed the important
role of IRAK-M in tumorigenesis, because we showed that ATB treatment was not
sufficient to decrease the tumor incidence in IRAK-M deficient mice. We also observed
increased production of pro-inflammatory cytokines (IL-1β, IL-6 and TNF-α), and COX-2
expression in the colons, and haptoglobin level in the sera of IRAK-M deficient mice, which
suggests their increased sensitivity to inflammatory stimuli. These results suggest that not
only microbiota composition but also fine tuning of MyD88-dependent signaling plays
important role in the development of colon cancer in this model.

It is known that administration of ATB influences the diversity of intestinal microbiota (36).
Using high-throughput pyrosequencing, we showed that the microbiota composition changes
in both groups of ATB-treated and ATB-non-treated mice during tumor development. We
showed that the lower tumor incidence is associated with these changes in the microbiota
like an increase in proportions of Bacteroidetes and decrease in Firmicutes and
Proteobacteria. The capability of certain microbes to metabolize carcinogens in the intestine
can increase the exposure of the epithelium by cancer causing substances (5, 37). Bile acids
can serve as an example of endogenous substances influencing tumor development. Mainly
secondary bile acids, products of bacterial metabolism, are suspect to promote epithelial
cells mutations and its transition to cancer (38, 39). High fat diet leads in increased secretion
of bile and enhances its prolonged contact with the intestinal mucosa, which is, thus,
exposed to oxidative stress, DNA damage, and activation of NF-κB pathway. Similar
mechanisms are known for pro-carcinogen AOM, but may not be limited to this particular
compound. The AOM is metabolized in liver to methylazoxy-methanol, which is conjugated
with glucuronic acid and eliminated from organism in urine or bile. Epithelial and bacterial
enzyme β-glucuronidase can dissociate the conjugate and release free methylazoxy-
methanol, which is the main DNA methylating compound (28). We found that there is
significant decrease in β-glucuronidase enzymatic activity after ATB treatment, which
correlates with the decrease in tumor incidence, size and severity. Analysis of microbiota
composition confirmed that our combination of ATB decreased the bacteria having β-
glucuronidase activity – e.g. Clostridiaceae. It is important to mention, that β-glucuronidase
could be produced also by gut epithelium (40). But since the β-glucuronidase activity is
extremely low in GF mice, the majority of this activity seems to be generated by gut
microbiota and not by epithelium. Changing the microbiota composition with ATB could
therefore decrease the local production of β-glucuronidase, thus decreasing the exposure of
gut epithelium to carcinogens.
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The impaired regulation of TLR downstream pathway promotes the activation of mucosal
and systemic immune response, which results in chronic pro-inflammatory stimulation. This
effect, together with potent immune suppression, then leads to massive tumor progression
(41). Here, we showed that IRAK-M deficient mice have lower levels of IFN-γ and
decreased expression of IL-18 in their colons, which suggests inhibition of anti-tumor
immunity. Host’s immune response is also tuned by regulatory T cells, which maintain the
immune tolerance to harmless antigens in gut lumen; this is substantially influenced by
microbiota presence and composition. As germ-free mice, which are known to have
decreased counts of lymphocytes including regulatory T cells (42), have also reduced tumor
incidence. Thus, immune suppression becomes a disadvantage in such disorders like cancer,
when active suppression of immune response enables cancer cells to grow and spread (30).
In our study, we found higher levels of Foxp3+ regulatory T cells in tumors and local lymph
nodes of tumor-bearing mice as compared with healthy controls. We also observed higher
counts of CD4+CD25−Foxp3+ cells in tumor-bearing mice suggesting induction of local
suppression immune response. Interestingly, as compared with wild-type controls, IRAK-M
deficient mice showed increased immune suppression. Our data are consistent with the
observation made by Berglund et al. who found upregulated expression of Foxp3
transcription factor, a marker of regulatory T cells, in IRAK-M deficient mice during acute
DSS-induced colitis (19). This suggests that impaired regulation of TLR downstream
pathway renders IRAK-M deficient mice more susceptible to tumorigenesis due to the active
immune suppression, which is enhanced by inflammation.

We conclude that metabolic activity of certain commensal microbes substantially influences
the process of CAC. We showed that antibiotic treatment changes the microbiota
composition, and that this change is responsible for the beneficial effect on tumorigenesis.
IRAK-M deficient mice developed increased local and systemic pro-inflammatory response
to microbial stimulation via TLR. Although the antibiotic treatment reduced the population
of bacteria with beta-glucuronidase in the intestine, IRAK-M deficiency, enhancing
inflammatory response of the host, led to the aggressive tumor development. We showed
that IRAK-M is one of the important effector molecules promoting tumor resistance under
the conditions of reduced carcinogen load. Further investigation is needed to reveal how
host’s genetic background shapes the intestinal microbiota and its role in maintaining the
balance in local immune response, and in the induction of inflammation or CAC. Therefore,
understanding of this host-microbiota crosstalk could bring new strategies in IBD-related
cancer therapy and prevention.
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Figure 1. Commensal microbiota is required for the progression of colitis-associated cancer in
AOM/DSS-induced colorectal carcinoma model
(A) Total percentage of cases of high-grade dysplasia and tumor incidence was higher in
antibiotic (ATB)-non-treated group. (B, C) The colon length and spleen weight were
measured at the end of the experiment. Significant shortening of colon length and increase in
spleen weight was found in ATB-non treated mice. ** P<0.01, *** P<0.001. (D) ATB-
treated mice showed significantly smaller decrease in body weight after DSS treatment and
during tumorigenesis when compared to ATB-non-treated mice. The values are relative to
the weight before DSS treatment. * P<0.05, ** P<0.01, *** P<0.001 for ATB/AOM/DSS
compared with non-treated control, † P<0.05, †† P<0.01, ††† P<0.001 for AOM/DSS
compared with non-treated control, ‡ P<0.05, ‡‡ P<0.01, ‡‡‡ P<0.001 for ATB/AOM/DSS
compared with AOM/DSS. (E) Histology screening showed decrease of lesions severity in
ATB-treated mice as compared with ATB-non-treated mice. Data shown are combined
results from three separate experiments with at least five mice per group.
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Figure 2. Microbiota changes play an important role in the induction of colitis-associated cancer
We collected and analyzed feces at the beginning, before and after DSS treatment and at the
end of the experiment to describe the bacterial profile changes during tumor development.
(A) Pyrosequencing demonstrates changes among the main fecal phyla of Bacteroidetes,
Firmicutes and Proteobacteria during tumorigenesis determined on the level of genera. The
heatmap is colored according to the relative abundance of the bacterial genera (green for
low, red for high). (B, C) Continuous changes of fecal microbiota were assessed by
quantitative PCR using specific primers. The data are normalized by the day 1. The total
count of bacteria and the relative numbers of Parabacteroides distasonis and
Faecalibacterium prausnitzii showed variability during tumorigenesis. (D) Activity of β-
glucuronidase was measured in the colon content collected in the day of AOM injection
from germ-free (GF), antibiotic (ATB)-treated and ATB-non-treated mice. The enzyme
activity is significantly decreased by ATB treatment as well as in GF mice. The data are
presented as mean ± standard deviation with * P<0.05, *** P<0.001.
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Figure 3. IRAK-M regulation was important for ATB-induced colon cancer resistance
We used the same protocol as in wild-type mice to induce colitis-associated cancer in
IRAK-M deficient mice. (A) IRAK-M deficient mice were more sensitive to the AOM/DSS
treatment, which is documented by the tumor incidence. (B, C) Significant shortening of the
colon and increase in the weight of spleen were found in both AOM/DSS and antibiotic
(ATB)/AOM/DSS-treated mice when compared with non-treated mice. * P<0.05, ***
P<0.001. (D) Weight changes during tumorigenesis. The values are relative to the weight
before DSS treatment. *** P<0.001 ATB/AOM/DSS compared with non-treated control, †††

P<0.001 AOM/DSS compared with non-treated control. Data shown are compiled from two
independent experiments with at least six mice per group.
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Figure 4. IRAK-M deficient mice developed invasive type of tumor lesions in AOM/DSS model
(A) Macroscopic views of distal colon and rectum of IRAK-M deficient mice show healthy
intestine, polypoid lesion and flat lesion. (B) Hematoxylin/eosin-stained representative
images of intestines in low magnification show the differences among normal mucosa,
polypoid and flat tumor lesions. (C) Detail of the sections shows normal mucosa of non-
treated mice, and high-grade carcinoma and invasive character of tumor lesions in AOM/
DSS-treated IRAK-M deficient mice. Magnification 10x. (D) Histological examination of
colon tissue showed that only 10% of ATB-treated IRAK-M deficient mice have massive
widespread tumor lesions with invasion to submucosa, as compared to 53% of ATB-non-
treated mice (P=0.005, Fisher’s exact test).
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Figure 5. IRAK-M deficient mice showed increased pro-inflammatory response to AOM/DSS
treatment at the end of the experiment
(A, B) Cytokine levels in colonic tissue culture supernatants from wild-type (WT) and
IRAK-M deficient mice with or without antibiotic (ATB) treatment were measured by
Luminex and ELISA. (C, D) The changes in the expression of IL-18 and COX-2 in the
colon tissue of WT and IRAK-M deficient mice were analyzed using real-time PCR. (E)
Haptoglobin levels were determined by ELISA method in the sera of wild-type and IRAK-
M deficient mice ± ATB treatment. Data are presented as mean ± standard deviation with
*P<0.05, **P<0.01, ***P<0.001. Data shown are compiled from two independent
experiments with at least six mice per group.
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Figure 6. Tumor-bearing mice showed higher levels of Treg cells
Percentage of CD4+Foxp3+ regulatory T (Treg) cells was measured by flow cytometry in
mesenteric lymph nodes (MLN), and colon tissue of treated wild-type (WT) mice and
IRAK-M deficient mice. (A) Significantly increased population of CD4+CD25+Foxp3+ Treg
cells was found in colon tissue of treated IRAK-M deficient mice. (B) Local induction of
immunosuppressive milieu is documented by increase in CD4+CD25−Foxp3+ cells in the
MLN of treated IRAK-M deficient mice. Differences in Treg cells are presented as bars ±
standard deviation and *P<0.05, **P<0.01, ***P<0.001. n.d.: not done. Data shown are
compiled from two independent experiments with at least six mice per group.
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