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INTRODUCTION

Ulcerative colitis (UC) is associated with 
substantially increased risk of colorectal cancer (CRC) 
[1], but not all UC patients will develop cancer [2]. 
It is known that particular mutations arise during the 
progression of cancer in UC patients [3], and recent 
genome wide association studies (GWAS) identified 
numerous polymorphisms that predispose a colitis patient 
to CRC [4]. Regardless of these advances, it remains 
difficult to predict whether an UC patient will develop 
colitis-associated CRC.

Inflammation is accompanied by the release of 
reactive oxygen and nitrogen species (RONS) that 
induce a wide variety of potentially carcinogenic 

chemical changes to DNA bases, including oxidation, 
alkylation and deamination [5–7]. The azoxymethane/
dextran sodium sulfate (AOM/DSS) protocol is a model 
of inflammation-driven colon cancer that recapitulates 
many aspects of UC-associated carcinogenesis in human 
patients [8]. AOM is a colon-specific tumor initiator, and 
DSS elicits inflammation that promotes tumorigenesis. At 
low doses, AOM and DSS are only tumorigenic when used 
in combination [8]. AOM/DSS has been previously used 
to investigate the role of DNA damage response proteins 
in the development and progression of inflammation-
driven colon cancer [9–16]. We recently reported that 
three DNA repair enzymes, namely, alkyladenine 
DNA glycosylase (Aag), Alkbh2, and Alkbh3, protect 
against tissue injury and tumorigenesis using this mouse 
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ABSTRACT
Much of the global cancer burden is associated with longstanding inflammation 

accompanied by release of DNA-damaging reactive oxygen and nitrogen species. 
Here, we report that the Mbd4 DNA glycosylase is protective in the azoxymethane/
dextran sodium sulfate (AOM/DSS) mouse model of inflammation-driven colon 
cancer. Mbd4 excises T and U from T:G and U:G mismatches caused by deamination 
of 5-methylcytosine and cytosine. Since the rate of deamination is higher in inflamed 
tissues, we investigated the role of Mbd4 in inflammation-driven tumorigenesis. 
In the AOM/DSS assay, Mbd4–/– mice displayed more severe clinical symptoms, 
decreased survival, and a greater tumor burden than wild-type (WT) controls. The 
increased tumor burden in Mbd4–/– mice did not arise from impairment of AOM-
induced apoptosis in the intestinal crypt. Histopathological analysis indicated that 
the colonic epithelium of Mbd4–/– mice is more vulnerable than WT to DSS-induced 
tissue damage. We investigated the role of the Mbd4–/– immune system in AOM/DSS-
mediated carcinogenesis by repeating the assay on WT and Mbd4–/– mice transplanted 
with WT bone marrow. Mbd4–/– mice with WT bone marrow behaved similarly to 
Mbd4–/– mice. Together, our results indicate that the colonic epithelium of Mbd4–/– 
mice is more vulnerable to DSS-induced injury, which exacerbates inflammation-
driven tissue injury and cancer.
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model of inflammation-driven colon cancer [11, 16]. 
All three enzymes are known to repair RONS-induced 
DNA damage [16–21]. Here we ask if Mbd4, a DNA 
glycosylase involved in repair of deaminated cytosines, is 
also important for suppression of inflammation-mediated 
tumorigenesis.

Mbd4 (5-methylcytosine binding domain protein 
4; also referred to as Med1) is a multidomain protein 
comprising a C-terminal monofunctional thymine-uracil 
DNA glycosylase and an N-terminal methyl-CpG binding 
domain [22]; reviewed in [23, 24]. The methyl-CpG 
binding domain of Mbd4 targets the enzyme to CpG-rich 
areas of the genome [25], where it initiates base excision 
repair (BER) at T:G or U:G mismatches produced by 
deamination of 5-methylcytosine (5MeC) or cytosine, 
respectively [22]. Hydrolytic deamination of 5MeC is a 
frequent occurrence in the genome [26], and its rate is 
increased by the RONS present in chronically inflamed 
tissues (reviewed in [27]). If left unrepaired, these 
mismatches result in C:G to T:A transitions at CpG sites. 
C:G to T:A transition mutations in tumor suppressor genes 
are a frequent feature of human cancers [28], suggesting 
that Mbd4-mediated repair may be important for 
suppressing carcinogenesis in chronically inflamed tissues. 
Supporting the idea that Mbd4 may participate in repair 
of RONS-induced DNA damage, Mbd4-depleted cells 
show heightened susceptibility to oxidative stress in vitro 
[29]. Mbd4 is upregulated at the protein level in hydrogen 
peroxide-exposed cells, and is subsequently recruited to a 
genomic area known to be sensitive to oxidative damage 
[29]. In humans, sequence alterations in MBD4 and altered 
MBD4 expression are associated with elevated cancer 
risk. The MBD4 Glu346Lys polymorphism is associated 
with increased risk of colorectal cancer [30], esophageal 
squamous cell carcinoma [31], and lung adenocarcinoma 
[32]. MBD4 has been observed to be epigenetically 
downregulated in colorectal and ovarian cancer [33], 
and low MBD4 expression significantly predicts reduced 
survival in colorectal cancer [34]. An MBD4 frameshift 
mutation resulting in a premature stop codon and 
truncated protein is frequently found in colon tumors 
[35, 36]; this truncated version of MBD4 impairs DNA 
repair in a dominant negative fashion [37]. Interestingly, 
polymorphisms in, or altered expression of MBD4 have 
also been observed in several autoimmune disorders, 
suggesting the possibility of a link between MBD4 status 
and inappropriate immune responses [38–42].

Previous studies in mice indicate that Mbd4 
deficiency can interact with other factors to exacerbate 
gastrointestinal cancer. Although Mbd4-null mice do not 
have increased rates of spontaneous tumorigenesis, a null 
mutation in Mbd4 on the ApcMin/+ cancer prone background 
confers a further decrease in survival time and greater 
tumor multiplicity relative to the ApcMin/+ single mutant 
[43, 44]. Mutations in the Apc gene in tumors from the 

Mbd4–/–/ApcMin/+ mice show elevated C:G to T:A 
transitions at CpG dinucleotides, consistent with loss of 
Mbd4 repair activity [43, 44].

In addition to its role in base excision repair, Mbd4 
has been implicated in several other processes that may 
influence the development of cancer. First, Mbd4 may 
promote apoptosis of cells with DNA damage. Mbd4–/– 
mouse embryonic fibroblasts are resistant to apoptosis 
induced by several chemotherapeutic agents [45]. In 
the small intestine in vivo, Mbd4–/– mice show reduced 
apoptosis after exposure to temozolomide, 5-fluorouracil, 
and cisplatin [46]. Mbd4 interacts with the Fas-activated 
death domain protein (FADD) protein, and may mediate 
apoptosis in response to a wide variety of stimuli, 
including Fas-ligand and detachment-induced apoptosis as 
well as apoptosis in response to DNA damage [47]. Mbd4 
may mediate transcriptional repression [48], and possibly 
active demethylation of 5MeC [49–51], although this last 
role remains controversial [52, 53]; reviewed in [24]. 
Finally, Mbd4 interacts with and stabilizes the mismatch 
repair proteins Mlh1 [45, 54] and Msh2 [55], suggesting 
that Mbd4 may support mismatch repair integrity.

Here we show that Mbd4 suppresses morbidity 
and mortality in a mouse model of UC inflammation-
associated colon cancer. Mbd4–/– mice have shorter 
survival times than wild-type (WT) mice with a greater 
tumor burden at time of death, and more severe clinical 
symptoms throughout the study. Histopathological 
examination of acutely inflamed WT and Mbd4–/– colons 
reveals greater inflammation and tissue damage in Mbd4–/– 
mice. Interestingly, we found no evidence that impaired 
apoptosis contributes to the increased tumor burden 
observed in AOM/DSS treated Mbd4–/– mice. Finally, we 
dissected the relative contribution of the Mbd4 deficient 
colon and the Mbd4 deficient immune system to the 
observed phenotype by transplanting WT bone marrow 
into Mbd4–/– mice. Transplantation of WT bone marrow 
into Mbd4–/– mice does not affect the decreased survival 
time or the intensified colonic injury induced by AOM/
DSS; however, the tumor burden at death was similar 
between transplanted Mbd4–/– and WT mice.

RESULTS

Mbd4–/– mice have more severe clinical symptoms, 
reduced survival time, and increased tumor burden 
upon AOM/DSS treatment

To investigate the role of Mbd4 in inflammation-
driven colon cancer, we compared the effects of AOM/
DSS treatment on Mbd4–/– versus WT mice. In the AOM/
DSS protocol (Figure 1A), tumors are initiated in the 
colon by a single injection (12.5 mg/kg) of the alkylating 
agent AOM. SN1 alkylating agents, such as AOM, result 
in the formation of several DNA base lesions including  
O6-methylguanine (O6MeG), which induces G to A 
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transition mutations and apoptosis [56–58]. Tumor 
development is promoted by colonic inflammation that 
is induced via administration of the detergent DSS in the 
drinking water. DSS disrupts the colonic mucosa, allowing 
commensal bacteria to contact the underlying epithelial 
tissues, thus precipitating an inflammatory response 
[59, 60]. Periods of DSS administration (5 days) alternate 
with recovery periods (16 days) to mimic the flares and 
remissions associated with human UC. Importantly, 
neither AOM alone nor DSS alone, at the levels used in 
this study, is sufficient to induce tumors in WT mice [8]. 
Typical colon tumors induced by AOM/DSS in WT and 
Mbd4–/– mice are shown in Figure 1B; tumors were found 
almost exclusively in the distal half of the colon for both 
genotypes.

When subjected to AOM/DSS treatment, Mbd4–/–

mice lost substantially more weight than WT during the 
first DSS/recovery cycle, with significantly greater weight 

loss between day 2 and day 10 (Figure 2A). Disease 
activity index (DAI) scores, based on rectal bleeding, 
diarrhea and loss of overall condition (Supplementary 
Table 1), were also increased in the Mbd4–/– mice 
throughout the experiment (Figure 2B). Consistent with 
decreased body weight and increased DAI scores, survival 
was highly significantly reduced in AOM/DSS treated 
Mbd4–/– mice relative to WT (Figure 2C). In fact, four 
Mbd4–/– mice succumbed during the first DSS/recovery 
cycle and none of the Mbd4–/– mice survived by the end 
of the experiment. Tumor burden at time of death was 
significantly greater in Mbd4–/– versus the WT mice, 
measured both as number of polyps per colon (Figure 2D) 
and by the ratio of tumor to non-tumor area in the colonic 
lumen (Figure 2E). Histopathological analysis comparing 
colons from these AOM/DSS treated WT and Mbd4–/– mice 
showed no differences in epithelial defects, neoplasia area, 
crypt atrophy, or hyperplasia. Inflammation and stage of 

Figure 1: (A) �The AOM/DSS protocol. Mice are injected with 12.5 mg/kg azoxymethane (AOM). Five days post injection, 1.5% w/v 
dextran sodium sulfate (DSS) is administered in the drinking water for 5 days. DSS water is then replaced with untreated tap water for 
16 days to allow mice to recover. The combination of 5 days DSS and 16 days recovery comprises one “DSS/recovery cycle.” Mice are 
subjected to six DSS/recovery cycles to mimic the episodic flares and remissions associated with ulcerative colitis. Mice are sacrificed 
upon becoming moribund or on day 10 of the final recovery period. (B) Typical colons from AOM/DSS treated mice. Representative 
colons harvested from AOM/DSS treated WT (top) and Mbd4–/– (bottom) mice showing numerous polyps. Distal colon is to left. Scale is 
in millimeters.
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neoplasm were very modestly but significantly decreased 
in Mbd4–/– relative to WT colons (Supplementary Figure 
1). Taken together, the more severe clinical symptoms, 
reduced survival, and greater tumor burden in AOM/DSS 
treated Mbd4–/– versus WT mice suggest that the Mbd4 
protein plays a role in suppressing inflammation-driven 
colon carcinogenesis.

Response to AOM is not altered in Mbd4–/– mice

To investigate possible mechanisms for increased 
tumorigenesis observed in AOM/DSS treated Mbd4–/–

mice, we examined the effect of AOM alone on WT and 

Mbd4–/– colonic epithelium. Increased tumorigenesis 
may result from the failure of damaged Mbd4–/– colonic 
epithelial cells to undergo apoptosis, as previously 
reported for Mbd4–/– MEFs [45, 47] and small intestinal 
epithelial cells [46]. In WT mice, a single administration 
of AOM results in a wave of apoptosis in the intestinal 
epithelium, peaking 48 hours after AOM administration 
[13]. We quantitated colonic apoptosis in AOM-treated 
WT and Mbd4–/– mice 48 hours after AOM injection  
(12.5 mg/kg); this time point allowed two cell cycles  
post-treatment, necessary for AOM-induced apoptosis 
[61, 62]. Apoptotic cells were identified as pyknotic 
nuclei in H&E stained sections (Figure 3A). There was 

Figure 2: Mbd4–/– mice are more sensitive to AOM/DSS treatment. (A) Body weight (BW) as a percentage of initial BW is shown 
during the initial AOM/DSS cycle for Mbd4–/– mice (red triangles, n = 30) and WT mice (black circles; n = 33). DSS was administered on 
days 0–5. (B) Mean disease activity index (DAI) score for Mbd4–/– mice (red triangles, n = 30) and WT mice (black circles; n = 33) during 
AOM/DSS treatment. DAI scoring criteria are detailed in Supplementary Table 1. (C) Kaplan-Meier survival plots of Mbd4–/– mice (red 
line) and WT mice (black line) during the AOM/DSS treatment. Note that four Mbd4–/– mice succumbed during the first round of DSS. (D) 
Tumor count per colon is shown for mice that survived the initial round of DSS administration for Mbd4–/– (n = 26) and WT (n = 30) mice. 
Box and whisker plots show minimum, maximum, and median. (E) Tumor area is illustrated for mice that survived the initial round of DSS 
administration, Mbd4–/– (n = 26) and WT (n = 30) mice. Tumor area is calculated as ratio of sum of all tumor areas to the total area of the 
colonic lumen using image analysis of photographs of whole mount colons.



Oncotarget28628www.impactjournals.com/oncotarget

no difference in AOM-induced apoptosis between WT and 
Mbd4–/– colons (Figure 3B), suggesting that the increased 
tumor burden observed in AOM/DSS treated Mbd4–/– mice 
is not due to differential AOM sensitivity of the colonic 
epithelium.

As another measure of AOM sensitivity, we 
monitored the ability of a single dose of AOM (12.5 mg/kg)  
to produce precancerous aberrant crypt foci (ACF) in 
WT and Mbd4–/– mice.  ACF appear as small areas of 
raised, thickened epithelium that stain intensely with 
methylene blue, often having abnormal slit-shaped crypt 
openings [63]. Eighteen weeks post injection, ACF were 
counted in methylene blue-stained whole mounts under a 
stereomicroscope. Consistent with Mbd4 having no effect 
on AOM-induced apoptosis, we observed no difference in 
the number of AOM-induced ACF in WT versus Mbd4–/– 
mice (Figure 3C). Taken together, these results suggest 
that the greater tumor burden in AOM/DSS treated Mbd4–/–  
mice is not due to increased tumor initiation by AOM.

DSS treatment produces more severe tissue 
damage in Mbd4–/– versus WT mice

The severe clinical symptoms exhibited by Mbd4–/– 
mice during the first DSS/recovery cycle, before tumors 
could develop, led us to further investigate the acute effects 
of DSS on the Mbd4–/– colon. The severity of DSS injury 
was examined histopathologically over the course of a 
single DSS/recovery cycle in WT and Mbd4–/– mice. Colons 
were harvested on day 2 of DSS administration (before 
appearance of clinical symptoms in either genotype), day 4  
of DSS administration (coincident with appearance of 
symptoms in Mbd4–/– mice), day 1 after DSS withdrawal 
(coincident with maximum symptom severity) and day 5  

after DSS withdrawal (coincident with abatement of 
clinical symptoms). H&E sections of colons were scored 
for inflammation, epithelial damage, crypt atrophy, 
epithelial hyperplasia, and neoplasia severity and extent.

Consistent with the greater severity of clinical 
symptoms in AOM/DSS treated Mbd4–/– mice, DSS-treated 
Mbd4–/– colons displayed an accelerated appearance 
of tissue damage and overall trends towards increased 
pathology relative to WT. Both inflammation and 
epithelial damage (Figure 4A and 4B) were significantly 
increased in Mbd4–/– colons relative to WT on day 4  
(p < 0.02 and p < 0.007, respectively). Epithelial damage 
remained significantly increased in Mbd4–/– mice relative 
to WT five days after DSS withdrawal (p < 0.045). On 
average, colons from DSS-treated WT mice exhibited 
isolated foci of moderate epithelial attenuation, consistent 
with their relatively mild clinical symptoms. In contrast, 
Mbd4–/– mice showed extensive areas of mucosal necrosis. 
Mbd4–/– mice also showed trends towards increased scores 
for crypt atrophy (Figure 4C), hyperplasia (Figure 4D)  
and extent of neoplasia (Figure 4F). No difference 
was observed in neoplasia stage during the acute DSS 
exposure (Figure 4E). We infer that Mbd4–/– mice are more 
susceptible than WT to DSS-induced colonic tissue injury, 
and that this heightened susceptibility contributes to the 
increased clinical symptoms and reduced survival seen in 
AOM/DSS treated mice.

Adoptive transfer of WT hematopoietic cells into 
Mbd4–/– mice

DSS-mediated tissue injury is a complex process 
involving an interaction of the immune system with 
colonic epithelial tissue [64]. The greater tissue damage 

Figure 3: WT and Mbd4–/– mice exhibit similar extent of apoptosis in colon following AOM treatment. (A) Representative 
apoptotic colonic crypt cells in an AOM-treated mouse is shown. Three apoptotic cells (black arrows) are visible as shrunken dark (pyknotic) 
nuclei at the bottom of a crypt in this H&E stained section. Magnification is 60×. Scale bar shows 23.00 μm. (B) Median number of apoptotic 
cells per crypt is shown for WT (n = 12) and Mbd4–/– (n = 12) mice 48 hours after injection of 12.5 mg/kg AOM. Median values are not 
significantly different (p > 0.83). (C) Aberrant crypt foci (ACF) in colons from WT (n = 16) and Mbd4–/– mice (n = 17) 18 weeks after a 
single injection of 12.5 mg/kg AOM. Median values are not significantly different (p > 0.40). Lines in diagram indicate median values.
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seen in Mbd4–/– mice consequent to DSS treatment could be 
due to either a greater susceptibility of colonic epithelium 
to RONS-induced damage, a more robust and damaging 
innate immune response in Mbd4–/– mice, or both. It has 
previously been shown that mice lacking the DNA repair 
protein Atm manifest greater systemic inflammation 
in response to DSS exposure [14]. We therefore 
investigated whether transplantation of a wild-type  
immune system into the otherwise Mbd4–/– mice would 
affect the extent of AOM/DSS induced pathology.

We replaced the hematopoietic tissues of 
Mbd4–/– mice by adoptive bone marrow transfer from  
B6.SJL-Ptprca Pep3b/BoyJ mice that are genetically 
identical to WT C57BL/6 mice with the exception 
of the allele present at the CD45 locus that allows 

differentiation between host and donor cells by 
immunostaining and flow cytometry. WT C57BL/6 
mice that underwent the same reconstitution procedure 
(transplanted WT) were used as controls. Neither WT 
nor Mbd4–/– mice experienced substantial mortality 
from the adoptive transfer process; survival of the 
adoptive transfer procedure ranged from 70–100%  
for both genotypes, in accordance with previously 
reported survival rates [65]. Transplantation success was 
confirmed by peripheral blood analysis four weeks after 
the procedure. In both genotypes, 75–95% of peripheral 
blood mononuclear cells (PBMCs) and on average ~60% 
of T cells were donor derived (Supplementary Figure 2).  
To assess long-term replacement of hematopoietic tissue, 
we followed small cohorts of transplanted WT and 

Figure 4: Mbd4–/– mice experience greater tissue damage from DSS treatment.  WT (black circles) and Mbd4–/– (red triangles) 
were treated with 1.5% DSS in drinking water on days 0–5, n = 5 or 6 all time points. Colons were harvested on the days indicated above 
and scored for pathology in H&E stained sections by a veterinary pathologist. Scores ranged from 0 (no pathology) to 4 (severe pathology) 
for the following criteria: (A) inflammation, (B) epithelial defects, (C) crypt atrophy, (D) hyperplasia, (E) neoplasia stage, and (F) extent 
of neoplasia.
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transplanted Mbd4–/– mice for approximately 6 months. By 
19 weeks, the mean percentage of donor total PBMCs and 
T cells had increased to > 90% in all mice, and this level 
remained stable until the mice were sacrificed 27 weeks 
post transplantation (Supplementary Figure 2). Since the 
duration of a full-length AOM/DSS protocol is 18 weeks, 
we were confident that the stability of the graft over time 
was more than adequate. Colons of a subset of transplanted 
mice were examined 27 weeks post transplantation, and no 
tumors or abnormalities were visible in the colons of either 
genotype. Adoptive transfer of WT bone marrow in Mbd4–/–  
mice did not affect the clinical symptoms or survival in 
the AOM/DSS assay. Similar to non-transplanted Mbd4–/–  
mice, AOM/DSS treated transplanted Mbd4–/– mice 
lost a significantly greater percentage of initial body 
weight compared to their transplanted WT counterparts 

during the first DSS/recovery cycle (Figure 5A), and 
transplanted Mbd4–/– mice also showed greater lethality 
than transplanted WT controls in the AOM/DSS assay 
(Figure 5B). As with Mbd4–/– mice, transplanted Mbd4–/– 
mice began dying during the first DSS cycle, and none of 
the transplanted Mbd4–/– mice survived to the end of the 
experiment. The difference in survival was again highly 
statistically significant (p < 0.0001). In this experiment, 
there was no difference in tumor burden at time of death 
between transplanted WT and transplanted Mbd4–/– mice, 
as assessed by both tumor multiplicity (Figure 5C) and 
tumor area (Figure 5D). However, this lack of difference 
can be attributed to increased tumor burden in the 
transplanted WT mice relative to the tumor burden in the 
non-transplanted WT mice (compare Figure 2D, 2E and 
Figure 5C, 5D).

Figure 5: Adoptive transfer of WT hematopoietic cells into Mbd4–/– recipients protected against colon tumor formation, 
but did not affect overall survival. (A) BW, shown as percentage of initial BW, is shown for WT recipients (n = 12) and Mbd4– /– 
recipients (n = 18) during AOM/DSS treatment. (B) Kaplan-Meier survival plot of WT recipients (n = 12, black line) and Mbd4–/– recipients 
(n = 18, red line) during AOM/DSS treatment. (C) Tumor multiplicity at time of death is shown for transplanted WT (n = 12) and transplanted 
Mbd4–/– (n = 15) mice. Difference in tumor multiplicity between genotypes is not significant (p > 0.8). (D) Tumor area is illustrated for 
transplanted WT (n = 12) and transplanted Mbd4–/– (n = 15) mice. Difference in tumor area between genotypes is not significant (p > 0.9). 
Tumor area is calculated as ratio of sum of all tumor areas to the total area of the colonic lumen using image analysis of photographs of 
whole mount colons.
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DISCUSSION

Despite the extensive associations between 
the MBD4 DNA glycosylase and human cancer, the 
specific context in which MBD4 is important for 
suppressing tumors has remained unclear. Mbd4–/– mice 
were previously shown to have no change in the rate of 
spontaneous tumorigenesis versus WT mice [43], although 
loss of Mbd4 did accelerate tumorigenesis in the ApcMin/+ 
cancer-prone model [43, 44]. Here, we show that Mbd4–/– 
mice exhibit greater morbidity and mortality in response 
to colonic inflammation and that this is accompanied by 
increased tumor burden versus WT controls.

Mbd4–/– mice are substantially more susceptible 
than WT mice to DSS-induced injury of the colonic 
epithelium. It is tempting to compare this with another 
recent result from our lab, which showed that triple 
knockout mice lacking the Aag DNA repair glycosylase 
and the DNA repair dioxygenases Alkbh2 and Alkbh3 are 
unable to survive even a single round of DSS treatment 
[16]. However, despite the fact that in both cases the DNA 
repair deficiency results in heightened susceptibility to 
DSS, there are notable differences between the phenotypes 
of AOM/DSS treated Mbd4–/– mice and Aag–/–Alkbh2–/–

Alkbh3–/– mice. The degree of tissue damage in DSS-
treated Aag–/–Alkbh2–/–Alkbh3–/– mice is not significantly 
greater than that in WT or single mutant mice; however, 
the Aag–/–Alkbh2–/–Alkbh3–/– mice are unable to regenerate 
new colonic epithelium after DSS withdrawal and 
eventually succumb following DSS treatment. In contrast, 
the Mbd4–/– mice sustain more severe damage than WT 
during DSS treatment, but after DSS withdrawal, Mbd4–/– 
and WT mice recover comparably. Together, these results 
underscore the importance of DNA repair in coping with 
inflammatory challenges, but also reveal that different 
DNA repair deficiencies can affect injury and healing 
processes in different ways.

The primary toxic and mutagenic lesion induced 
by AOM is O6MeG that mispairs with thymine. Given 
that Mbd4 can remove thymine opposite O6MeG [45], it 
stands to reason that multiple rounds of Mbd4-mediated 
futile base excision repair may result in apoptosis. In 
previous studies we showed that mutant backgrounds with 
decreased apoptosis immediately after AOM treatment 
subsequently develop more aberrant crypt foci, and 
that the number of AOM-induced ACF predicts tumor 
multiplicity in the AOM/DSS assay [13]. However, here 
we find no evidence of impaired apoptosis in AOM-
treated Mbd4–/– colon crypts, suggesting that Mbd4 is not 
a major contributor to futile repair cycles subsequent to 
AOM damage in the colon. The equivalent levels of ACF 
in AOM-treated WT and Mbd4–/– mice further support this 
finding. One reason why Mbd4–/– colons may not be more 
susceptible to AOM-mediated apoptosis is because the 
colon contains functional O6MeG DNA methyltransferase 
(Mgmt), the predominant and efficient repair protein for 

O6MeG lesions, thereby eliminating the need for Mbd4 
to remove thymine opposite O6MeG lesions. Nonetheless, 
this result was somewhat surprising in light of previous 
studies showing impaired apoptosis following treatment 
with chemotherapeutic agents in Mbd4–/– mouse embryonic 
fibroblasts [45] and small intestinal cells [46]. Several 
factors could potentially account for the discrepancy of 
the effect of Mbd4 status on apoptosis observed between 
our study and previous studies. First, there may be cell 
or tissue type specific differences in the role of Mbd4 
in apoptosis, possibly due to different Mgmt activity 
levels. There are numerous examples of tissue specific 
differences in DNA-damage induced apoptosis [66]; one 
such example is observed in differences in the apoptotic 
response to DSS treatment in the murine small intestine 
compared to the colon [67]. Alternatively, the differences 
could be due to the different genotoxic agents used in 
these studies. However, Cortellino et al. [45] did observe 
an impaired apoptosis phenotype with the alkylating 
agent MNNG which, like AOM, induces O6MeG lesions. 
Finally, it is possible that the differences observed may 
be due to inherent differences in the two independently 
generated Mbd4–/– mouse lines used in these studies  
[43, 45].

It is also possible that Mbd4 may function to 
suppress AOM/DSS related pathology via a mechanism 
other than repair of RONS-induced DNA damage. One 
such possibility involves its physical interaction with 
the Fas-associated death domain protein (FADD) [47]. 
FADD is essential for maintaining intestinal homeostasis; 
mice that are deficient in FADD in the colon epithelium 
(FADDIEL-KO) develop spontaneous colitis [68]. 
Alternatively, loss of Mbd4-mediated transcriptional 
repression [48] or active 5MeC demethylation [50] could 
contribute to the severe phenotypes observed in DSS-
treated Mbd4–/– mice. Although a role for Mbd4 in active 
demethylation remains controversial [24], a recent study 
has linked abnormal expression of Mbd4 in breast tumors 
with aberrant CpG methylation and metastasis [51], 
suggesting that alternative functions of Mbd4 could in 
principle influence carcinogenesis.

Given that the increased tumor burden in Mbd4–/– 
mice (Figure 2D and 2E) did not appear to arise from a 
greater induction of ACF by AOM, and that DSS induced 
considerably more severe inflammation-related colitis 
symptoms in Mbd4–/– mice, we addressed the formal 
possibility that the greater tumor burden observed in 
Mbd4–/– mice could be driven by an overactive innate 
immune response in Mbd4–/– mice. To test this idea, 
we repeated the AOM/DSS assay in Mbd4–/– mice  
whose hematopoietic cells had been replaced with wild-
type hematopoietic cells via adoptive transfer; wild-type 
mice that had undergone exactly the same procedure were 
used as controls. Transplantation of Mbd4–/– mice with 
WT bone marrow did not rescue the clinical symptoms or 
reduced survival observed in the AOM/DSS assay. This 
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supports the conclusion that the increased tissue damage 
observed in DSS-treated Mbd4–/– mice is not due to an 
overactive innate immune response by the Mbd4–/– immune 
system; instead, it suggests that the Mbd4–/– colonic 
epithelium itself is more susceptible to inflammation-
induced injury than WT colonic epithelium. Interestingly, 
a recent study in mice identified two non-synonymous 
polymorphisms in functional domains of Mbd4 that are 
associated with significant differences in survival after 
phosgene-induced acute lung injury, supporting the idea 
that Mbd4 status of epithelial cells may be important for 
their response to chemical insult [69].

Despite the recapitulation of the more severe clinical 
symptoms in transplanted Mbd4–/– mice in the AOM/DSS 
assay, transplanted WT and transplanted Mbd4–/– mice 
had similar tumor burdens at the time of death (Figure 5C 
and 5D). If only the difference in tumor burdens between 
the two genotypes within each experiment is considered, 
this result would appear to support the conclusion that 
replacement of Mbd4–/– hematopoietic cells with WT 
reduces the tumor burden in AOM/DSS treated Mbd4–/– 
mice to WT levels. However, comparing the AOM/DSS 
assays carried out with the non-transplanted (Figure 2) 
and transplanted mice (Figure 5), the polyp multiplicity 
at time of death was not significantly different between 
transplanted and non-transplanted Mbd4–/– mice (p > 0.74).  
Instead, the polyp multiplicity at time of death was 
significantly greater in transplanted WT than non-
transplanted WT (p < 0.001). Hence, the disappearance 
of the difference in tumor burden between genotypes 
in the adoptive transfer AOM/DSS assay is due to an 
increase in tumor burden in transplanted WT relative to 
non-transplanted WT animals, rather than a change in the 
tumor burden in the transplanted versus non-transplanted 
Mbd4–/– animals. It is thus not entirely clear whether the 
lack of difference in tumor burden between genotypes in 
the transplanted mice is due to a rescue of the cancer prone 
Mbd4–/– phenotype, and the similar tumor burden in both 
genotypes may relate to the radiation exposure used to 
ablate endogenous BM.

An interesting conclusion to be drawn in comparing 
the AOM/DSS experiments with transplanted and non-
transplanted animals is that in this assay, tumor burden 
does not necessarily correlate with survival or severity of 
clinical symptoms. Despite not differing in tumor burden at 
time of death, the transplanted Mbd4–/– mice nevertheless 
had drastically reduced survival time and drastically 
increased clinical morbidity as measured by weight loss.

In conclusion, the results of this study support and 
extend our previous findings that loss of DNA repair 
capacity can dramatically exacerbate tissue injury and 
carcinogenesis associated with chemically induced colitis. 
In particular, our finding that Mbd4 deficiency exacerbates 
the course of experimental colitis suggests that MBD4 
status may serve as a useful prognostic indicator for 
management of ulcerative colitis in human patients.

MATERIALS AND METHODS

Mice

All animal experiments were approved by the MIT 
Committee on Animal Care. Mice were housed in an 
AALAC-accredited facility on a 12 hr light/dark cycle 
with food and water provided ad libitum. Mbd4–/– mice 
(B6.Cg-Mbd4tm1Wed/J ) [43] were purchased from The 
Jackson Laboratory (Bar Harbor, Maine) at backcross 6 to 
C57BL/6. Mbd4–/– mice at backcross 6 (> 98% C57BL/6) 
were used in the experiment in Figure 2; other experiments 
used Mbd4–/– mice at backcross 10 (> 99% C57BL/6). 
Wild-type C57BL/6 mice from the colony were used as 
controls. Genotyping was carried out by multiplex PCR 
with the primers Mbd4-F (GGT AAT GAG ACA TTT 
GG), Mbd4WT-R (GCA AGT GAA CGT TTT GAT 
CTG A) and Mbd4Neo-R (CAC GAG ACT AGT GAG 
ACG TG). The WT and Mbd4–/– alleles produce 250 
and 450 bp products, respectively. Donor mice used for 
the adoptive transfer assay (B6.SJL-Ptprca Pep3b/BoyJ) 
were purchased from The Jackson Laboratory. These  
mice are congenic with C57BL/6 and carry a CD45 allele 
not found in C57BL/6 mice to permit differentiation of 
donor and recipient cells in adoptive transfer studies by 
immunostaining.

AOM/DSS assay

The AOM/DSS assay was carried out as described 
in [11] (Figure 1A). Colon tumors were initiated via a 
single intraperitoneal injection of azoxymethane (AOM, 
12.5 mg/kg). AOM used in all experiments except the 
adoptive transfer study was obtained from the Midwest 
Research Institute NCI Chemical Repository. AOM 
used in the adoptive transfer study was purchased from 
Sigma (A5486). Tumor-promoting inflammation was 
established by episodic dosing of 1.5% dextran sulfate 
sodium (MP Biomedicals, Solon OH) in drinking water. 
Pilot experiments were carried out to determine the 
optimal DSS dose. The same lot of DSS was used for all 
experiments. Mice were monitored daily and euthanized at 
the end of study or upon becoming moribund. Euthanasia 
was carried out by CO2 asphyxiation followed by cervical 
dislocation to ensure humane death. Clinical symptoms 
were assessed on a six point Disease Activity Index (DAI) 
scale comprising subscores for stool consistency (0–2), 
rectal bleeding (0–2) and overall condition (0–2). For each 
criterion, zero indicates absence of symptoms; 2 indicates 
severe symptoms. Details of DAI scoring criteria are given 
in Supplementary Table 1. Mice that succumbed during 
the first DSS cycle were not included in analysis of polyp 
multiplicity or area, as these mice would not have had time 
to develop macroscopic tumors. Image analysis of tumor 
area was carried out using ImageJ. Two Mbd4–/– mice that 
succumbed midway though the experiment depicted in 
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Figure 2 were not included in the image analysis of tumor 
area because suitable photographs were not available.

Histopathology

Formalin-fixed tissues were paraffin embedded and 
H&E stained slides prepared at the MIT David H. Koch 
Institute for Cancer Research Histology Core Facility. 
Tissue damage, inflammation, and neoplasia were scored 
using criteria described in [11] by a board-certified 
veterinary pathologist (MIT Division of Comparative 
Medicine) blinded to the identity of the samples.

Assessment of aberrant crypt foci

Mice were injected intraperitoneally with a single 
dose of azoxymethane (12.5 mg/kg) and colons were 
harvested 18 weeks post injection. Colons were stained 
with 0.5% methylene blue in 70% ethanol and aberrant 
crypt foci (small raised areas of darker staining) were 
counted in whole mounts under a stereomicroscope [13].

Assessment of apoptotic indices

Mice were injected intraperitoneally with a 
single dose of azoxymethane (12.5 mg/kg) and colons 
were harvested 48 hours post injection. Apoptosis 
due to alkylating agents such as AOM that produce 
O6MeG lesions occurs on the second cell cycle post 
exposure [70] and the cell cycle of colonic epithelial 
cells is approximately 24 hours; therefore, the 48 hour 
timepoint was chosen. Colons were fixed in 10% neutral 
buffered formalin and paraffin embedded. Apoptotic 
cells were identified as pyknotic nuclei in H&E stained 
sections. A minimum of 50 colon crypts was scored per 
animal.

Adoptive transfer

Adoptive transfer of bone marrow hematopoietic 
cells was carried out based on protocols in [65]. Donor 
mice (B6.SJL-Ptprca Pep3b/BoyJ) were purchased 
from Jackson Labs (Bar Harbor, Maine). These mice 
are congenic with C57BL/6 mice but differ at the 
CD45 locus, allowing donor and recipient cells to be 
distinguished by immunostaining and flow cytometry. 
Recipient mice received a split dose of 800 and 400 
rads three hours apart in a Gammacell 40 Exactor 
(Best Theratronics, Ontario, Canada) and immediately 
received a retro-orbital injection of 2 × 105 donor 
bone marrow cells. Irradiated mice were maintained in 
autoclaved caging with autoclaved food and autoclaved 
water containing 0.025% (v/v) Septra (trimethoprim/
sulfamethoxazole suspension). Transplanted mice were 
monitored three times daily during recovery from the 
procedure.

Flow cytometry

Reconstituted mice were evaluated for presence 
of donor and recipient lymphocytes four weeks after 
receiving donor bone marrow. Lysed whole mouse 
blood was stained with 1:50 dilutions of phycoerythrin-
conjugated anti-mouse CD45.1 (eBiosciences) to identify 
donor-derived lymphocytes and APC-conjugated anti-
mouse TCRβ (eBiosciences) to identify T cells, which 
are the most radioresistant lymphocyte subpopulation 
[65]. Flow cytometry was carried out on a FACScalibur 
instrument (BD Biosciences) in the MIT David H. Koch 
Institute for Cancer Research flow cytometry core facility. 
Data were analyzed using FlowJo software. Percent 
donor derived cells were determined as the percentage 
of CD45.1 positive peripheral blood mononuclear cells 
(PBMCs). Percent donor derived T cells were calculated 
as the percentage of CD45.1 positive cells that were also 
TCRβ positive.

Statistics

Statistics were carried out in GraphPad Prism. 
Survival curves were compared by log-rank test. Other 
data were analyzed via Mann-Whitney test. Error bars 
represent SEM, unless otherwise noted in figure legends.

ACKNOWLEDGMENTS

The authors are grateful to the MIT Koch Institute 
Histology Core, especially Alicia Caron, and to C. 
Moroski-Erkul, L. Eichinger, K. Fake, and C. Flaherty for 
expert technical assistance.

CONFLICTS OF INTEREST

The authors declare that no conflicts of interest exist.

GRANT SUPPORT

This work was supported by NIH grants R01-
CA075576, R01-CA055042, R01-CA149261, P30-
ES000002, and P30-ES02109 (to L.D.S.), a Training Grant 
in Environmental Toxicology T32 -ES007020MIT, and a 
postdoctoral fellowship PF-13-204-01 from the American 
Cancer Society (to A.M.Y.).  L.D.S is an American Cancer 
Society Research Professor.

REFERENCES

  1.	 Harpaz N, Polydorides AD. Colorectal Dysplasia in 
Chronic Inflammatory Bowel Disease: Pathology, Clinical 
Implications, and Pathogenesis. Arch Pathol Lab Med. 
2010; 134:876–895.



Oncotarget28634www.impactjournals.com/oncotarget

  2.	 Gillen CD, Walmsley RS, Prior P, Andrews HA, Allan RN. 
Ulcerative colitis and Crohn’s disease: a comparison of 
the colorectal cancer risk in extensive colitis. Gut. 1994; 
35:1590–1592.

  3.	 Rogler G. Chronic ulcerative colitis and colorectal cancer. 
Cancer Lett. 2014; 345:235–241.

  4.	 Peters U, Jiao S, Schumacher FR, Hutter CM, Aragaki AK, 
Baron JA, Berndt SI, Bézieau S, Brenner H, Butterbach K, 
Caan BJ, Campbell PT, Carlson CS,  et al. Identification 
of Genetic Susceptibility Loci for Colorectal Tumors in 
a Genome-Wide Meta-analysis. Gastroenterology. 2013; 
144:799–807.e724.

  5.	 Coussens LM, Werb Z. Inflammation and cancer. Nature. 
2002; 420:860–867.

  6.	 Balkwill F, Coussens LM. Cancer: An inflammatory link. 
Nature. 2004; 431:405–406.

  7.	 Mangerich A, Knutson CG, Parry NM, Muthupalani S, 
Ye  W, Prestwich E, Cui L, McFaline JL, Mobley M, 
Ge  Z, Taghizadeh K, Wishnok JS, Wogan GN, et al. 
Infection-induced colitis in mice causes dynamic and 
tissue-specific changes in stress response and DNA 
damage leading to colon cancer. Proc Natl Acad Sci 
USA. 2012; 109:E1820–E1829.

  8.	 De Robertis M, Massi E, Poeta M, Carotti S, Morini S, 
Cecchetelli L, Signori E, Fazio V. The AOM/DSS murine 
model for the study of colon carcinogenesis: From pathways 
to diagnosis and therapy studies. J Carcinog. 2011; 10:9–9.

  9.	 Tanaka T, Kohno H, Suzuki R, Hata K, Sugie S, Niho N, 
Sakano K, Takahashi M, Wakabayashi K. Dextran sodium 
sulfate strongly promotes colorectal carcinogenesis in 
ApcMin/+ mice: Inflammatory stimuli by dextran sodium 
sulfate results in development of multiple colonic neoplasms. 
Int J Cancer. 2006; 118:25–34.

10.	 Taniguchi K, Kakinuma S, Tokairin Y, Arai M, Kohno H, 
Wakabayashi K, Imaoka T, Ito E, Koike M, Uetake  H, 
Nishimura M, Yamauchi K, Sugihara K, et al. Mild 
Inflammation Accelerates Colon Carcinogenesis in Mlh1-
Deficient Mice. Oncology. 2006; 71:124–130.

11.	 Meira LB, Bugni JM, Green SL, Lee CW, Pang B, 
Borenshtein D, Rickman BH, Rogers AB, Moroski-
Erkul CA, McFaline JL, Schauer DB, Dedon PC, Fox JG, 
et al. DNA damage induced by chronic inflammation 
contributes to colon carcinogenesis in mice. J Clin Invest. 
2008; 118:2516–2525.

12.	 Liao J, Seril DN, Lu GG, Zhang M, Toyokuni S, Yang AL, 
Yang GY. Increased susceptibility of chronic ulcerative 
colitis-induced carcinoma development in DNA repair 
enzyme Ogg1 deficient mice. Mol Carcinog. 2008;  
47:638–646.

13.	 Bugni JM, Meira LB, Samson LD. Alkylation-induced 
colon tumorigenesis in mice deficient in the Mgmt and 
Msh6 proteins. Oncogene. 2009; 28:734–741.

14.	 Westbrook AM, Schiestl RH. Atm-Deficient Mice 
Exhibit Increased Sensitivity to Dextran Sulfate Sodium–

Induced Colitis Characterized by Elevated DNA Damage 
and Persistent Immune Activation. Cancer Res. 2010;  
70:1875–1884.

15.	 Wirtz S, Nagel G, Eshkind L, Neurath MF, Samson LD, 
Kaina B. Both base excision repair and O6-methylguanine-
DNA methyltransferase protect against methylation-induced 
colon carcinogenesis. Carcinogenesis. 2010; 31:2111–2117.

16.	 Calvo JA, Meira LB, Lee CYI, Moroski-Erkul  CA, 
Abolhassani N, Taghizadeh K, Eichinger LW, 
Muthupalani S, Nordstrand LM, Klungland A, Samson LD. 
DNA repair is indispensable for survival after acute 
inflammation. J Clin Invest. 2012; 122:2680–2689.

17.	 Singer B, Antoccia A, Basu AK, Dosanjh MK, Fraenkel-
Conrat H, Gallagher PE, Kuśmierek JT, Qiu ZH, Rydberg B. 
Both purified human 1, N6-ethenoadenine-binding protein 
and purified human 3-methyladenine-DNA glycosylase act 
on 1,N6-ethenoadenine and 3-methyladenine. Proc Natl 
Acad Sci USA. 1992; 89:9386–9390.

18.	 Hang B, Singer B, Margison GP, Elder RH. Targeted deletion 
of alkylpurine-DNA-N-glycosylase in mice eliminates repair 
of 1,N6-ethenoadenine and hypoxanthine but not of 3,N4-
ethenocytosine or 8-oxoguanine. Proc Natl Acad Sci USA. 
1997; 94:12869–12874.

19.	 Lee CYI, Delaney JC, Kartalou M, Lingaraju GM, Maor-
Shoshani A, Essigmann JM, Samson LD. Recognition 
and Processing of a New Repertoire of DNA Substrates 
by Human 3-Methyladenine DNA Glycosylase (AAG). 
Biochemistry. 2009; 48:1850–1861.

20.	 Lingaraju GM, Davis CA, Setser JW, Samson LD, 
Drennan CL. Structural Basis for the Inhibition of 
Human Alkyladenine DNA Glycosylase (AAG) by 3, 
N-Ethenocytosine-containing DNA. J Biol Chem. 2011; 
286:13205–13213.

21.	 Fu D, Samson LD. Direct repair of 3,N4-ethenocytosine by 
the human ALKBH2 dioxygenase is blocked by the AAG/
MPG glycosylase. DNA Repair (Amst). 2012; 11:46–52.

22.	 Hendrich B, Hardeland U, Ng HH, Jiricny J, Bird A. 
The thymine glycosylase MBD4 can bind to the product 
of deamination at methylated CpG sites. Nature. 1999; 
401:301–304.

23.	 Sjolund AB, Senejani AG, Sweasy JB. MBD4 and TDG: 
Multifaceted DNA glycosylases with ever expanding biological 
roles. Mutat Res. 2013; 743–744:12–25.

24.	 Bellacosa A, Drohat AC. Role of base excision repair in 
maintaining the genetic and epigenetic integrity of CpG 
sites. DNA Repair (Amst). 2015; 32:33–42.

25.	 Hendrich B, Bird A. Identification and Characterization of a 
Family of Mammalian Methyl-CpG Binding Proteins. Mol 
Cell Biol. 1998; 18:6538–6547.

26.	 Duncan BK, Miller JH. Mutagenic deamination of cytosine 
residues in DNA. Nature. 1980; 287:560–561.

27.	 Lonkar P, Dedon PC. Reactive species and DNA damage 
in chronic inflammation: Reconciling chemical mechanisms 
and biological fates. Int J Cancer. 2011; 128:1999–2009.



Oncotarget28635www.impactjournals.com/oncotarget

28.	 Rubin AF, Green P. Mutation patterns in cancer genomes. 
Proc Natl Acad Sci USA. 2009; 106:21766–21770.

29.	 Laget S, Miotto B, Chin HG, Estève PO, Roberts RJ, 
Pradhan S, Defossez PA. MBD4 cooperates with DNMT1 
to mediate methyl-DNA repression and protects mammalian 
cells from oxidative stress. Epigenetics. 2014; 9:546–556.

30.	 Song JH, Maeng EJ, Cao Z, Kim SY, Nam SW, Lee JY, 
Park WS. The Glu346Lys polymorphism and frameshift 
mutations of the Methyl-CpG Binding Domain 4 gene in 
gastrointestinal cancer. Neoplasma. 2009; 56:343–347.

31.	 Hao B, Wang H, Zhou K, Li Y, Chen X, Zhou G, Zhu Y, 
Miao X, Tan W, Wei Q, Lin D, He F. Identification of 
Genetic Variants in Base Excision Repair Pathway and 
Their Associations with Risk of Esophageal Squamous Cell 
Carcinoma. Cancer Res. 2004; 64:4378–4384.

32.	 Shin MC, Lee SJ, Choi JE, Cha SI, Kim CH, Lee WK, 
Kam  S, Kang YM, Jung TH, Park JY. Glu346Lys 
Polymorphism in the Methyl-CpG Binding Domain 4 Gene 
and the Risk of Primary Lung Cancer. Jpn J Clin Oncol. 
2006; 36:483–488.

33.	 Howard JH, Frolov A, Tzeng CWD, Stewart A, Midzak A, 
Majmundar A, Godwin AK, Heslin MJ, Bellacosa A, 
Arnoletti JP. Epigenetic downregulation of the DNA repair 
gene MED1/MBD4 in colorectal and ovarian cancer. 
Cancer Biol Ther. 2009; 8:1–7.

34.	 Xi Y, Formentini A, Nakajima G, Kornmann M, Ju J. 
Validation of biomarkers associated with 5-fluorouracil and 
thymidylate synthase in colorectal cancer. Oncol Rep. 2008; 
19:257–262.

35.	 Bader S, Walker M, Hendrich B, Bird A, Bird C, Hooper M, 
Wyllie A. Somatic frameshift mutations in the MBD4 gene 
of sporadic colon cancers with mismatch repair deficiency. 
Oncogene. 1999; 18:8044–8047.

36.	 Yamada T, Koyama T, Ohwada S, Tago K, Sakamoto  I, 
Yoshimura S, Hamada K, Takeyoshi I, Morishita Y. 
Frameshift mutations in the MBD4/MED1 gene in primary 
gastric cancer with high-frequency microsatellite instability. 
Cancer Lett. 2002; 181:115–120.

37.	 Bader SA, Walker M, Harrison DJ. A human cancer-
associated truncation of MBD4 causes dominant negative 
impairment of DNA repair in colon cancer cells. Br J 
Cancer. 2007; 96:660–666.

38.	 Balada E, Ordi-Ros J, Serrano-Acedo S, Martinez-
Lostao L, Vilardell-Tarres M. Transcript overexpression of 
the MBD2 and MBD4 genes in CD4+ T cells from systemic 
lupus erythematosus patients. J Leukoc Biol. 2007;  
81:1609–1616.

39.	 Huang CM, Huang PH, Chen CL, Wan L, Tsai CH, 
Liu SC, Huang WL, Tsai FJ. MBD4 gene is associated 
with rheumatoid arthritis in Chinese patients in Taiwan. 
Rheumatol Int. 2010; 32:117–122.

40.	 Zhao M, Gao F, Wu X, Tang J, Lu Q. Abnormal DNA 
methylation in peripheral blood mononuclear cells from 
patients with vitiligo. Br J Dermatol. 2010; 163:736–742.

41.	 Chen ZP, Gu DS, Zhou ZP, Chen XL, Guo ZX, Du WT, 
Ge J, Ren Q, Yang RC. Decreased expression of MBD2 and 
MBD4 gene and genomic-wide hypomethylation in patients 
with primary immune thrombocytopenia. Hum Immunol. 
2011; 72:486–491.

42.	 Zhao M, Liang G, Wu X, Wang S, Zhang P, Su Y, Yin H, 
Tan Y, Zhang J, Lu Q. Abnormal epigenetic modifications 
in peripheral blood mononuclear cells from patients with 
alopecia areata. Br J Dermatol. 2012; 166:266–273.

43.	 Wong E, Yang K, Kuraguchi M, Werling U, Avdievich E, 
Fan K, Fazzari M, Jin B, Brown AMC, Lipkin M, 
Edelmann W. Mbd4 inactivation increases C→T transition 
mutations and promotes gastrointestinal tumor formation. 
Proc Natl Acad Sci USA. 2002; 99:14937–14942.

44.	 Millar CB, Guy J, Sansom OJ, Selfridge J, MacDougall E, 
Hendrich B, Keightley PD, Bishop SM, Clarke AR, Bird A. 
Enhanced CpG Mutability and Tumorigenesis in MBD4-
Deficient Mice. Science. 2002; 297:403–405.

45.	 Cortellino S, Turner D, Masciullo V, Schepis F, Albino D, 
Daniel R, Skalka AM, Meropol NJ, Alberti C, Larue L, 
Bellacosa A. The base excision repair enzyme MED1 
mediates DNA damage response to antitumor drugs and is 
associated with mismatch repair system integrity. Proc Natl 
Acad Sci USA. 2003; 100:15071–15076.

46.	 Sansom OJ, Zabkiewicz J, Bishop SM, Guy J, Bird A, 
Clarke AR. MBD4 deficiency reduces the apoptotic 
response to DNA-damaging agents in the murine small 
intestine. Oncogene. 2003; 22:7130–7136.

47.	 Screaton RA, Kiessling S, Sansom OJ, Millar CB, 
Maddison K, Bird A, Clarke AR, Frisch SM. Fas-associated 
death domain protein interacts with methyl-CpG binding 
domain protein 4: A potential link between genome 
surveillance and apoptosis. Proc Natl Acad Sci USA. 2003; 
100:5211–5216.

48.	 Kondo E, Gu Z, Horii A, Fukushige S. The Thymine 
DNA Glycosylase MBD4 Represses Transcription and Is 
Associated with Methylated p16INK4a and hMLH1 Genes. 
Mol Cell Biol. 2005; 25:4388–4396.

49.	 Rai K, Huggins IJ, James SR, Karpf AR, Jones DA, 
Cairns BR. DNA Demethylation in Zebrafish Involves the 
Coupling of a Deaminase, a Glycosylase, and Gadd45. Cell. 
2008; 135:1201–1212.

50.	 Sabag O, Zamir A, Keshet I, Hecht M, Ludwig G, Tabib A, 
Moss J, Cedar H. Establishment of methylation patterns in 
ES cells. Nat Struct Mol Biol. 2014; 21:110–112.

51.	 Cunha S, Lin YC, Goossen Elizabeth A, DeVette Christa I, 
Albertella Mark R, Thomson S, Mulvihill Mark J, Welm 
Alana L. The RON Receptor Tyrosine Kinase Promotes 
Metastasis by Triggering MBD4-Dependent DNA 
Methylation Reprogramming. Cell Rep. 2014; 6:141–154.

52.	 Müller U, Bauer C, Siegl M, Rottach A, Leonhardt H. TET-
mediated oxidation of methylcytosine causes TDG or NEIL 
glycosylase dependent gene reactivation. Nucleic Acids 
Res. 2014; 42:8592–8604.



Oncotarget28636www.impactjournals.com/oncotarget

53.	 Shimoda N, Hirose K, Kaneto R, Izawa T, Yokoi H, 
Hashimoto N, Kikuchi Y. No Evidence for AID/MBD4-
Coupled DNA Demethylation in Zebrafish Embryos. PLoS 
ONE. 2014; 9:e114816.

54.	 Bellacosa A, Cicchillitti L, Schepis F, Riccio A, Yeung AT, 
Matsumoto Y, Golemis EA, Genuardi M, Neri G. MED1, a 
novel human methyl-CpG-binding endonuclease, interacts 
with DNA mismatch repair protein MLH1. Proc Natl Acad 
Sci USA. 1999; 96:3969–3974.

55.	 Grigera F, Bellacosa A, Kenter AL. Complex Relationship 
between Mismatch Repair Proteins and MBD4 during 
Immunoglobulin Class Switch Recombination. PLoS ONE. 
2013; 8:e78370.

56.	 Snow ET, Foote RS, Mitra S. Base-pairing properties of 
O6-methylguanine in template DNA during in vitro DNA 
replication. J Biol Chem. 1984; 259:8095–8100.

57.	 Larson K, Sahm J, Shenkar R, Strauss B. Methylation-
induced blocks to in vitro DNA replication. Mutat Res. 
1985; 150:77–84.

58.	 Kaina B, Christmann M, Naumann S, Roos WP. MGMT: 
Key node in the battle against genotoxicity, carcinogenicity 
and apoptosis induced by alkylating agents. DNA Repair 
(Amst). 2007; 6:1079–1099.

59.	 Kitajima S, Takuma S, Morimoto M. Changes in Colonic 
Mucosal Permeability in Mouse Colitis Induced with 
Dextran Sulfate Sodium. Exp Anim. 1999; 48:137–143.

60.	 Johansson MEV, Gustafsson JK, Sjöberg KE, Petersson J, 
Holm L, Sjövall H, Hansson GC. Bacteria Penetrate the 
Inner Mucus Layer before Inflammation in the Dextran 
Sulfate Colitis Model. PLoS One. 2010; 5:e12238.

61.	 Kellett M, Potten CS, Rew DA. A comparison of in vivo cell 
proliferation measurements in the intestine of mouse and 
man. Epithelial Cell Biol. 1992; 1:147–155.

62.	 Kaina B, Ziouta A, Ochs K, Coquerelle T. Chromosomal 
instability, reproductive cell death and apoptosis induced 
by O6-methylguanine in Mex−, Mex+ and methylation-
tolerant mismatch repair compromised cells: facts and 
models. Mutat Res. 1997; 381:227–241.

63.	 Cheng L, Lai MD. Aberrant crypt foci as microscopic 
precursors of colorectal cancer World J Gastroenterol. 2003; 
9:2642–2649.

64.	 Dieleman LA, Palmen MJ, Akol H, Bloemena E, Pena AS, 
Meuwissen SG, van Rees EP. Chronic experimental colitis 
induced by dextran sulphate sodium (DSS) is characterized 
by Th1 and Th2 cytokines. Clin Exp Immunol. 1998; 
114:385–391.

65.	 Spangrude GJ. Assessment of Lymphocyte Development in 
Radiation Bone Marrow Chimeras. Curr Protoc Immunol. 
John Wiley & Sons, Inc. 2008.

66.	 Zabkiewicz J, Clarke AR. DNA damage-induced apoptosis: 
insights from the mouse. Biochim Biophys Acta. 2004; 
1705:17–25.

67.	 Hong MY, Turner ND, Carroll RJ, Chapkin RS, Lupton JR. 
Differential Response to DNA Damage May Explain 
Different Cancer Susceptibility Between Small and Large 
Intestine. Exp Biol Med (Maywood). 2005; 230:464–471.

68.	 Welz PS, Wullaert A, Vlantis K, Kondylis V, Fernandez-
Majada V, Ermolaeva M, Kirsch P, Sterner-Kock A, van 
Loo G, Pasparakis M. FADD prevents RIP3-mediated 
epithelial cell necrosis and chronic intestinal inflammation. 
Nature. 2011; 477:330–334.

69.	 Leikauf GD, Concel VJ, Bein K, Liu P, Berndt A, 
Martin TM, Ganguly K, Jang AS, Brant KA, Dopico RA, 
Upadhyay S, Cario C, Di YPP, et al. Functional Genomic 
Assessment of Phosgene-Induced Acute Lung Injury in 
Mice. Am J Respir Cell Mol Biol. 2013; 49:368–383.

70.	 Hickman MJ, Samson LD. Role of DNA mismatch repair 
and p53 in signaling induction of apoptosis by alkylating 
agents. Proc Natl Acad Sci USA. 1999; 96:10764–10769.


