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Abstract. Interleukin-1 receptor-associated kinase-3 (IRAK-3) 
is a negative regulator in Toll-like receptor (TLR) pathways. 
The present study investigated the importance of IRAK-3 in a 
mouse model of chemically-induced colitis-associated tumori-
genesis. The colitis-associated tumorigenesis was induced in 
ICR mice by the administration of 1,2-dimethyl hydrazine 
(DMH) and dextran sodium sulfate (DSS), termed the DMH + 
DSS group. In the DSS group, mice were administered with 
DSS; in the DMH group, mice were injected with DMH; in the 
control group, mice were injected with physiological saline. 
The clinical signs were examined for 20 weeks; tissue samples 
were analyzed at week 4, 9, 13 and 20. At week 20, the levels of 
IRAK-3 were analyzed using immunohistochemistry, western 
blot analysis, reverse transcription-quantitative polymerase 
chain reaction (RT‑qPCR) analysis, and methylation‑specific 
PCR. At week 20, the DMH + DSS group mice exhibited a 
decrease in total body weight and had developed canalicular 
adenoma or adenocarcinoma. The mice in the DSS group and 
DMH group presented with significant colitis at week 20. 
The mice with colitis-associated tumorigenesis were found to 
have decreased levels of IRAK-3, compared with the mice in 
the other groups, as evidenced by the results of the immuno-
histochemistry (P=0.002), RT-qPCR analysis (P<0.001) and 
western blot analysis (P<0.001). IRAK-3 methylation was 
observed in all experimental groups. Taken together, DMH 
+ DSS induction in colitis led to increased inflammation and 
risk of tumorigenesis. IRAK-3 methylation may be a predic-
tive factor in the transition from colitis to cancer.

Introduction

Ulcerative colitis (UC) is a chronic condition character-
ized by continuous inflammation of the colonic mucosa and 
submucosa, and it is associated with an increased risk of colon, 
rectal and bowel cancer. A previous study reported that the 
worldwide incidence of UC was 1.2-20.3 cases per 100,000 
individuals per year, with a prevalence of 7.6-246.0 cases per 
100,000 individuals per year (1). UC is one of two conditions 
referred to as inflammatory bowel disease, the other condition 
being Crohn's disease.

Several animal models have been developed to investigate 
the pathogenesis of UC in detail. UC can be readily induced in 
animal models either chemically or by bacterial infection. The 
majority of animal models of UC involve mice; however, UC 
has previously also been induced in other animals, including 
zebrafish, Drosophila and pigs (2). The administration of 
dextran sulfate sodium, intrarectal administration of oxalozone 
or acetic acid, or infection with Salmonella typhimurium or 
Escherichia coli have all been successfully used to induce 
UC-like symptoms and immune responses in animal models. 
The interleukin (IL)-7 gene is a candidate risk gene associated 
with UC. T-cell receptor α chain (TCRα)-knockout mice have 
been reported to spontaneously develop chronic colitis, which 
was mediated by a Th2-type immune response closely resem-
bling human UC, with an inflammatory pattern restricted 
primarily to the colonic mucosa. Thus, genetic approaches, 
including the knockout of IL-7 and TCRα genes have also 
been used to induce chronic colitis in animal models (3).

There is substantial evidence suggesting that UC-associated 
colon cancer is responsible for 10-15% of UC-associated 
mortality (4). However, how the chronic inflammation of UC 
develops into cancer remains to be elucidated.

Toll-like receptor (TLR) and innate immune processes have 
been shown to be involved in the pathogenesis of colitis-asso-
ciated tumorigenesis (5). The expression of TLR4 has been 
found to be increased in colitis-associated tumorigenesis and is 
associated with the degree of dysplasia (2). IL-1 receptor-asso-
ciated kinase (IRAK) and MyD88 are key factors involved in 
TLR4-associated signal transduction. IRAK-1 and IRAK-4 are 
the active members of the IRAK family, whereas IRAK-2 and 
IRAK-3, also known as IRAK-M, are the inactive members 
of this family. The expression of IRAK-3 is localized to the 
monocyte and macrophage populations only, and it prevents 
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the formation of a complex containing IRAK-1 and IRAK-4. 
The other members of the IRAK family are ubiquitous. Studies 
have reported increased inflammation in IRAK‑3-/- cells and 
mice, suggesting that IRAK-3 is a negative regulator in TLR 
pathways, whereas the lack of IRAK-3 is known to be associ-
ated with inflammation and tumorigenesis (6-8). Specifically, 
IRAK-3 mediates TLR7-induced MEKK3-dependent second 
wave activation of nuclear factor-κB (NF-κB) to produce 
inhibitory molecules as negative feedback in the pathway, 
and exerts an inhibitory effect on the translational control 
of cytokines and chemokines (9,10). Previous studies have 
also demonstrated that chronic inflammation is frequently 
accompanied by methylation in the development of UC, which 
occurs prior to dysplasia (11). Although the exact mechanism 
of methylation and its association with tumorigenesis remains 
to be elucidated, these findings indicate that the early detection 
of methylation may serve to predict and consequently prevent 
cancer.

Therefore, the present study aimed to determine the role 
of IRAK-3 and changes in its methylation levels in a mouse 
model of chemically induced colitis-associated cancer, in order 
to examine the potential of IRAK-3 as a therapeutic target.

Materials and methods

Animals. Male ICR mice (5 weeks old) weighing 25-33 g were 
purchased from the Shanghai Laboratory Animal Research 
Center (Shanghai, China; certificate no. SCXK2013‑0016). 
Mice were maintained under standard conditions with a 
temperature of 24±1˚C and 12‑h light/dark cycle, and were 
fed standard laboratory chow and tap water ad libitum. The 
experiment was performed following 3 days of acclimatiza-
tion. All procedures were performed in strict accordance with 
the legislation of the P.R China. The study was approved by 
the animal ethics committee of the Second Affiliated Hospital, 
School of Medicine, Zhejiang University (Hangzhou, China).

Development of the mouse model. The ICR mice were 
randomly allocated into four groups (n=8 mice/group). The 
mice in the control group were injected intraperitoneally with 
200 µl physiological saline, whereas the mice in the DMH 
and DMH + DSS groups were injected intraperitoneally 
with 15 mg/kg 1,2-dimethyl hydrazine (DMH) dissolved in 
physiological saline (pH 6.5-7.0). After 1 week, the mice in the 
DSS and DMH + DSS groups were provided with 2% dextran 
sodium sulfate (DSS) dissolved in tap water, which was 
provided ad libitum for 7 days, whereas the mice in the control 
and DMH groups were provided with tap water ad libitum. 
The body weights, levels of activity and clinical signs of the 
mice were monitored every week for a period of 20 weeks. 
At weeks 4, 9, 13 and 20, one mouse from each group was 
sacrificed, and tissue samples were collected for histopatho-
logical examination. At week 20, the levels of IRAK3 were 
analyzed using immunohistochemistry, western blot analysis, 
reverse transcription-quantitative polymerase chain reaction 
(RT-qPCR) analysis and methylation-specific PCR (MSP) 
analysis.

Histological examination. For histological examination, one 
mouse from each group was sacrificed at weeks 4, 9, 13 and 20. 

The abdominal cavity of the mouse was opened, and the colon 
was isolated and generally scored. A 1-cm specimen was then 
cut at 3 cm from the anal verge, and placed in 40 g/l formalin at 
room temperature for 48 h. The specimens were embedded in 
paraffin and then cut into 4‑7‑µm‑thick sections. The sections 
were stained with 2 g/l hematoxylin for 5 min and 0.5% eosin 
for 2-3 min at room temperature and examined under a light 
microscope.

Immunohistochemical analysis of IRAK‑3. The immuno-
histochemical staining was performed using a standard 
avidin-biotin complex technique at week 20. The fresh frozen 
(4-µm-thick) sections of mice colon were mounted onto glass 
slides, fixed in 100% acetone for 10 min at 4˚C, air‑dried at 
room temperature for 10 min and rehydrated in PBS. Following 
blocking of endogenous peroxidase activity for 20 min in 
3% hydrogen peroxide at room temperature, the slides were 
incubated for 10-15 min at room temperature with normal 
goat serum (Nanjing Jiancheng Bioengineering Institute, 
Nanjing, China) for blocking. The slides were then incubated 
with anti-IRAK3 antibodies (cat no. ab238; 1:1,500; Abcam, 
Cambridge, MA, USA) at 4˚C overnight. The slides were 
then kept for 20-30 min at room temperature, washed in PBS 
and then incubated for 10-15 min at room temperature with a 
goat anti-rabbit horseradish peroxidase-conjugated secondary 
antibody (cat no. ab6721; 1:1,000; Abcam). Following washing 
with PBS, the slides were incubated with streptavidin-biotin 
complex (cat no. ab7403; 1:15,000; Abcam) for 30 min at room 
temperature, then washed in PBS 3 times and stained with 
diaminobenzidine (cat no. ab103723; Abcam) for 20 min at 
room temperature. Finally, the sections were rinsed in distilled 
water, counterstained with 2 g/l hematoxylin for 1 min at 
room temperature, washed in running tap water and mounted 
with mounting media. The slides were then observed under a 
light microscope (Olympus, Tokyo, Japan) and images were 
captured. Immunohistochemical data were quantified using 
Image-Pro Plus software version 6.0 (Media Cybernetics, Inc., 
Rockville, MD, USA).

RT‑qPCR. The colon tissues were snap-frozen in liquid 
nitrogen, and stored at ‑80˚C until further analysis. Colon 
tissues were homogenized in diethyl pyrocarbonate-treated 
water, ice-cold PBS, 70% ethanol and isopropyl alcohol, and 
total RNA was extracted using TRIzol® reagent (Invitrogen; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA). Total 
RNA was reverse-transcribed into cDNA using RevertAid 
First Strand cDNA Synthesis (Thermo Fisher Scientific, Inc.). 
qPCR was performed on cDNA using a Toyobo Revertra Ace 
qRCR RT kit (Toyobo Co., Ltd., Osaka, Japan) and SYBR 

Green Real‑Time PCR Master Mix (Thermo Fisher Scientific, 
Inc.). The qPCR reaction consisted of 25.0 µl SYBR Green 
Real-Time PCR Master Mix, 5.0 µl cDNA, 16.0 µl nuclease-free 
water, and 4.0 µl of primer pairs, all in a total volume of 50 µl. 
The thermocycling conditions were as follows: Initial dena-
turation at 95˚C for 10 min, followed by 40 cycles at 95˚C for 
15 sec, at 60˚C for 30 sec and at 72˚C for 30 sec. The mRNA 
expression levels were normalized to GAPDH, which was used 
as the endogenous control. The following primer sequences 
were used: IRAK-3, forward 5'-TTG GTC CTG GGC ACA GAA 
A-3', reverse 5'-AAT AGC TCG ACG ATG TCC CAT-3'; and 
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GAPDH, forward 5'-GGT ATC GTG GAA GGA CTC ATGAC-3' 
and reverse 5'-ATG CCA GTG AGC TTC CCG TTC CCG TTC 
AGC‑3'. Target gene expression was  quantified according to 
the comparative Cq method (12). Experiments were performed 
in triplicate.

Western blot analysis. Total proteins were extracted from the 
colon samples obtained at week 20 using ice-cold radioimmu-
noprecipitation assay lysis buffer containing 50 mM Tris-HCl 
(pH 8.0), 150 mM sodium chloride, 1 mM EDTA (pH 8.0),  
1% (v/v) TritonX-100, 0.1% (m/v) SDS and 1 mM phenylmeth-
ylsulfonyl fluoride. Protein concentration was determined 
using a Bradford assay. Equal amounts of extracted protein 
samples (20 µl) were separated by 10% SDS-PAGE and 
transferred onto a polyvinylidene difluoride membrane. The 
membrane was blocked with 5% nonfat dried milk in PBS 
containing 0.1% Tween-20 for 1 h at room temperature and 
then incubated with an anti-IRAK-3 (cat no. ab238; 1:5,000; 
Abcam) antibody at 4˚C overnight, followed by incubation 
for 2 h at room temperature with goat anti-rabbit horse-
radish peroxidase-conjugated secondary antibodies [cat no. 
70-GAR007; 1:10,000; Multisciences (Lianke) Biotech Co., 
Ltd., Hangzhou, China]. The protein bands were visualized 
and documented using the ChampGel™6000 image acquisi-
tion and analysis system (Beijing Sage Creation Science 
Co., Ltd., Beijing, China). Blots were semi‑quantified using 
ImageJ software version 2.1.4.7 (National Institutes of Health, 
Bethesda, MD, USA).

Bisulfite modification and MSP analysis. Genomic DNA was 
isolated from colon tissues using the TIANamp Genomic 
DNA kit (Tiangen Biotech Co., Ltd., Beijing, China). Briefly, 
1 µg genomic DNA was bisulfite‑modified using an EZ DNA 
Methylation-Lightning™ kit (Zymo Research Corporation, 
Irvine, CA, USA) according to the manufacturer's protocol. The 
MSP was performed at 94˚C for 5 min, followed by 35 cycles 
at 94˚C for 30 sec, 55˚C for 30 sec and 72˚C for 30 sec. The 
final extension step was performed at 72˚C for 10 min. The 
PCR reaction consisted of 1.5 µl 10X Taq Buffer, 1.0 µl dNTP 
(20 mM), 0.5 µl Taq DNA polymerase (Takara Bio, Inc., Otsu, 
Japan), 1.0 µl cDNA, 20.0 µl nuclease-free water and 1.0 µl 
primer pairs, in a total volume of 25 µl. The following MSP 
primer sequences were used: IRAK-3 unmethylated, forward 
5'-AAG TAA TTA TGG ATT GAA GTT TTGA-3' and reverse 
5'-CAA ACA AAA ACA ACC TAA AAC ATA-3', IRAK-3 meth-
ylated, forward 5'-AAG TAA TTA TGG ATT GAA GTT TCGA-3' 
and reverse 5'-CAA ACA AAA ACA ACC TAA AAC GTA-3'.

Statistical analysis. Data are expressed as the mean ± standard 
deviation for each group. An independent t-test was used to 
evaluate differences between two treatment groups. All data 
were processed and analyzed using SPSS version 19.0 (IBM 
Corp., Armonk, NY, USA). P<0.05 was considered to indicate 
a statistically significant difference.

Results

General condition and pathological evaluations. At weeks 9 
and 13 following the start of the experiment, colitis was induced 
in the mice by injection with 15 mg/kg DMH (DMH and DMH 

+ DSS groups) or by provision of drinking water containing 2% 
DSS for 7 days (DSS and DMH + DSS groups). At week 20, 
the mice in the DMH + DSS group had lost body weight and 
developed canalicular adenoma or adenocarcinoma (Fig. 1).

Immunohistochemical localization of IRAK‑3 in the colon. 
Positive cytoplasmic and nuclear staining for IRAK-3 was found 
in all groups, and this positive staining was highest in the mice 
without DMH or DSS (Fig. 2). By contrast, positive staining for 
IRAK-3 was minimal in the colitis-associated cancer model. The 
quantitative results of the immunohistochemistry also showed 
that the expression of IRAK-3 in the colon was decreased 
significantly in the mice with induced colitis, particularly in the 
mice with tumorigenesis (P=0.000; Table I). Taken together, 
the results of the immunohistochemistry indicated that IRAK-3 
was downregulated in the colon cells of DSS- or DMH-induced 
colitis, particularly in the colitis-associated cancer model.

Expression levels of IRAK‑3 and gene methylation in the colon. 
The gene expression of IRAK‑3 in the colon was significantly 
lower in mice in the DMH + DSS group with colitis-associated 
tumorigenesis (P<0.001; Fig. 3). The results of the western blot 
analysis also revealed that the protein levels of IRAK-3 in the 
colon were decreased in mice with induced colitis, particularly 
in mice with tumorigenesis (Fig. 4), which was in line with 
the results of the mRNA levels of IRAK-3. Methylation of the 
IRAK-3 gene was observed in the DSS, DMH and DMH + 
DSS groups. However, the methylation levels were higher in 
the mice in the DMH + DSS group, compared with those in the 
other two groups (Fig. 5).

Discussion

Patients with UC are at an increased risk of colorectal 
cancer (4). TLR and innate immune processes are involved 
in the pathogenesis of UC-associated tumorigenesis. As the 
role of IRAK-3 as a negative regulator in TLR pathways is 
well known, the present study investigated the importance of 
IRAK-3 in a chemically-induced model of colitis-associated 
tumorigenesis in mice. Colonic epithelial cells and microbes 
are important components of the gut barrier. Damage to 
colonic epithelial cells can induce inflammation and, if the 
inflammation is aggravated, it increases the risk of cancer (11). 
DMH and DSS are widely used to induce colitis in murine 
models (13,14). Therefore, these two agents were used in the 
present study to establish a murine UC model.

Table I. Quantitative results of immunohistochemistry.

Factor Control DSS DMH DMH+DSS

Area (pixels) 675,801 309,303 605,832 57,288
IOD 168,967.94 63,390.00 138,182.08 9,852.63
Intensity 0.25003 0.20494 0.22809 0.17198
P-value  0.007 0.040 0.000

DSS, dextran sodium sulfate; DMH, 1,2-dimethyl hydrazine; IOD, 
integrated optic density.
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The mice in the present study were administered with 
physiological saline, DMH, DSS, or DMH + DSS, and the 
expression levels of IRAK-3 were analyzed. IRAK-3 was 
expressed in all groups, and the positive staining for IRAK-3 
was highest in the mice without DMH or DSS (Fig. 2). IRAK-3 
generally acts as a negative regulator of the activation of 
NF-κB, IRAK-4/IRAK-1 and IRAK-4/IRAK-2 in TLR and 
IL-1R signaling, and favors immunosuppression (6-8,15). 
Jain et al (7) demonstrated that types of cancer with reduced 
levels of IRAK-3, but elevated levels of IRAK-1, IRAK-2, 

and/or IRAK-4, showed increased IRAK-4 signaling and 
consequently elevated levels of inflammatory molecules. The 
absence of IRAK-3 may further sustain IRAK-4 signaling 
and perpetuate a chronically inflamed tumor environment; 
chronic inflammation is a hallmark of tumorigenesis and 
tumor progression (16). Several studies have supported the 
conclusion that the negative regulation of IRAK-4 is impor-
tant in colon cancer resistance (17). The results of the present 
study showed similar results in the colitis mice model. It was 
found that colitis and dysplasia specimens showed decreased 

Figure 1. Comparison of body weights and histopathological analysis. (A) Graph of body weights during the experimental period. *P<0.05 and **P<0.01, vs. 
control group. (B) Histopathological analyses at week 20. Mice in the DMH + DSS group developed canalicular adenoma or adenocarcinoma, and mice in 
the DSS and DMH groups exhibited increased colitis at week 20. Control, injected with physiological saline; DSS, provided with tap water containing DSS; 
DMH, injected with DMH; DMH + DSS, injected with 15 mg/Kg DMH and tap water containing DSS. Magnification, x100. DSS, dextran sodium sulfate; 
DMH, 1,2-dimethyl hydrazine.

Figure 2. Immunohistochemistry of IRAK-3. Expression of IRAK-3 was decreased in the DMH + DSS group at week 20. Control, injected with physiological 
saline; DSS, provided with tap water containing DSS; DMH, injected with DMH; DMH + DSS, injected with 15 mg/Kg DMH and tap water containing DSS. 
Magnification, x200. IRAK‑3, interleukin‑1 receptor‑associated kinase‑3; DSS, dextran sodium sulfate; DMH, 1,2‑dimethyl hydrazine.
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expression of IRAK-3. However, a previous study showed 
that IRAK-3 may promote cancer progression by modulating 
macrophage activity (7). Evidence from previous studies 
using in vivo mouse models showed that the expression level 
of IRAK‑3 was higher in infiltrating macrophages, and that 
the expression levels of IRAK-3 in the tumor cells of patients 
with lung cancer were significant and independent predictors 
of mortality rates (18-20). These data suggest that the role of 

IRAK-3 remains to be fully elucidated. It may be a regulator 
between tumor cells and macrophages, which may prevent or 
promote tumorigenesis, particularly in UC. Further investiga-
tions are warranted to examine the role of IRAK-3, and its 
methylated form, in UC and colon cancer.

During the course of chronic inflammation, various 
genes undergo methylation, including, E-cadherin (21) and 
hyperplastic polyposis protein 1 (HPP1) (22). CpG island 
hypermethylation has also been reported to occur in relation 
to tumorigenesis or aging. A study on nonneoplastic gastric 
mucosa reported that chronic inflammation is closely associ-
ated with increased methylation (23,24). In a previous study, 
the methylation of E-cadherin was found in 93% of dysplasia 
specimens; HPP1 was considered to be associated with the 
adenoma (polyp) cancer path, and methylation was found in 
50% of colitis-associated cancer cases and 40% of dysplasia 
cases. The degree of methylation is connected with the level of 
inflammation (25). Ullman and Itzkowitz (11) suggested that 
DNA methylation occurs prior to dysplasia. These findings 
indicate that methylation may be a potential target for clinical 
intervention. The present study further investigated whether 
IRAK‑3 is methylated, and determined the significance of this 
change. The results showed that IRAK-3 was methylated in 
the cancer chemically-induced colitis groups, supporting the 
hypothesis that the expression and methylation of IRAK-3 may 
be involved in UC and subsequent tumorigenesis. However, to 
examine the effect of IRAK-3 on tumorigenesis, experiments 
involving the knock down of the IRAK-3 gene or siRNA are 
required.

The present study had a number of limitations. T 
cells and B cells are not required for the development of 

Figure 5. Gene methylation of IRAK-3. Gene methylation of IRAK-3 at 
week 20 was determined using methylation‑specific polymerase chain reac-
tion analysis. (A) Determination of gene expression levels of IRAK-3 in all the 
groups prior to treatment (unmethylated). (B) Determination of IRAK-3 gene 
methylation levels at week 20. Samples were examined in duplicate. NTC, 
no template control; a, negative reference material; b, methylation reference 
material; control, injected with physiological saline; DSS, provided with DSS 
dissolved in tap water for drinking; DMH, injected with DMH; DMH + DSS: 
mice were injected with 15 mg/Kg DMH and provided with DSS dissolved in 
tap water for drinking. IRAK03, interleukin-1 receptor-associated kinase-3; 
DSS, dextran sodium sulfate; DMH, 1,2-dimethyl hydrazine. 

Figure 4. Western blot analysis of IRAK-3. Expression of IRAK-3 was 
significantly lower in the DMH + DSS group, compared with the other 
groups. **P<0.01 vs. Control; ##P<0.01 vs. DSS; $$P<0.01 vs. DMH. Control, 
injected with physiological saline; DSS, provided with tap water containing 
DSS; DMH, injected with DMH; DMH + DSS, injected with 15 mg/Kg DMH 
and tap water containing DSS. IRAK-3, interleukin-1 receptor-associated 
kinase-3; DSS, dextran sodium sulfate; DMH, 1,2-dimethyl hydrazine.

Figure 3. Reverse transcription-quantitative polymerase chain reaction 
analysis of IRAK‑3. mRNA expression of IRAK‑3 was significantly lower 
in the DMH + DSS group, compared with that in the other groups. **P<0.01 
and ***P<0.001, vs. control group. Control, injected with physiological saline; 
DSS, provided with tap water containing DSS; DMH, injected with DMH; 
DMH + DSS, injected with 15 mg/Kg DMH and tap water containing DSS. 
IRAK-3, interleukin-1 receptor-associated kinase-3; DSS, dextran sodium 
sulfate; DMH, 1,2-dimethyl hydrazine.
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chemically-induced colitis; therefore, the mouse models may 
not be an accurate reflection of human colitis. In addition, 
intestinal bacteria are important in the development of colitis. 
Further investigations should take these factors into account 
when establishing animal models of colitis.

In conclusion, the present study demonstrated the expres-
sion of IRAK-3 and gene methylation of IRAK-3 in the colons 
of mice with chemically-induced UC. The results revealed that 
DSS and DMH induced the downregulation of IRAK-3 and 
methylation of a region of IRAK‑3, increased inflammation in 
the colon, and increased the risk of tumorigenesis. Together, 
these findings suggested that IRAK‑3 gene methylation may 
be a predictive factor in the transition from colitis to cancer, 
and IRAK-3 may be a potential therapeutic target for colitis 
and tumorigenesis.
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