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Introduction

Oxidative deamination of bases is a constant threat to 
genome integrity. This spontaneous reaction transforms cytosine 
into uracil, and 5-methylcytosine (5mC) into thymine; these 
alterations lead to C:G → T:A transitions after replication, unless 
they are properly corrected.1 In mammals, only two glycosylase 
enzymes can repair the T:G mismatch resulting from 5mC 
deamination: Thymine-DNA Glycosylase (TDG) and Methyl-
CpG Binding Protein 4 (MBD4).2

The importance of MBD4 for DNA repair in vivo is 
demonstrated by the observation that Mbd4-/- mice exhibit 
an increase in C to T transitions at CpG sites.3,4 In addition to 
removing spontaneously occurring mismatches, the catalytic 
activity of MBD4 can potentially be employed in developmentally 
programmed DNA demethylation.5-9 Aside from its role as a 
glycosylase, MBD4 has two other described functions.10

First, MBD4 is involved in cell death signaling: it interacts 
with FADD, a subunit of the death-inducing signaling complex, 
and the apoptotic response to DNA-damaging agents in the 
small intestine of Mbd4-deficient mice is severely impaired.4,11,12 
In Xenopus as well, MBD4 relays signals that trigger apoptosis.13

Second, MBD4 can function as a transcriptional repressor. 
This function is well described for the MBD4 paralogs MBD1, 

MBD2, and MeCP2, all of which recognize methylated DNA 
using their MBD domain, and then inhibit downstream gene 
expression via a transcriptional repression domain, which itself 
recruits co-repressors.10,14 The role of MBD4 in transcriptional 
repression has not been fully explored, and only 2 target genes are 
known: MLH1 and p16(INK4a).15 In addition, the mechanisms 
by which MBD4 represses the expression of its target genes are 
still poorly understood.16

DNA methyltransferase 1 (DNMT1) is an enzyme, initially 
characterized for its role in maintaining DNA methylation 
patterns during replication. It is now clear that DNMT1 
has other functions, and in particular that it is involved in 
transcriptional repression. In certain cases, the co-repressive 
function of DNMT1 is accompanied by DNA methylation: for 
instance, upon doxorubicin treatment, TP53 recruits DNMT1, 
which methylates the p53-repressed promoters of Survivin and 
Cdc25c.17,18 In contrast, in early Xenopus development, DNMT1 
has a general repressive function that does not require its catalytic 
activity.19 DNMT1 has been linked with MBD4 in the context of 
apoptotic signaling in Xenopus.13 This raises the possibility that 
DNMT1 might also be involved in transcriptional repression by 
MBD4, but this has not yet been tested.

In this work we have investigated the transcriptional role 
of MBD4 and identified several new genes whose expression it 
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Oxidative stress induces genome-wide remodeling of the chromatin structure. In this study, we identify Methyl-
CpG Binding Protein 4 (MBD4), a multifunctional enzyme involved in DNA demethylation, base excision repair, and 
gene expression regulation, as an essential factor in response to oxidative stress. We provide evidence that MBD4 is 
upregulated at the protein level upon oxidative stress, and that MBD4 is essential for cell survival following oxidative 
stress. In these cells, MBD4 and DNMT1 are recruited at sites of oxidation-induced DNA damage, where we speculate 
they participate in DNA repair. MBD4 and DNMT1 also share genomic targets in unstressed cells. Using genome-wide 
analysis of MBD4 binding sites, we identified new targets potentially co-regulated by MBD4 and DNA methylation. We 
identified two new binding sites for MBD4 and DNMT1 at methylated CpG islands of CDKN1A/p21 and MSH4, where they 
synergistically mediate transcriptional repression. Our study provides evidence that the interaction between DNMT1 and 
MBD4 is involved in controlling gene expression and responding to oxidative stress.



www.landesbioscience.com	 Epigenetics	 547

 Research Paper Research Paper

controls. In addition, we show that DNMT1 acts together with 
MBD4 to repress these genes. Finally, we show that MBD4 is 
important for human cells to survive oxidative stress. This 
function correlates with MBD4 being upregulated and recruited 
to chromatin, along with DNMT1.

Results

MBD4 and DNMT1 bind the methylated CDKN1A/p21 
promoter together

In Xenopus, MBD4 and DNMT1 interact,13 and our GST 
pull-down experiments also support a direct interaction between 
human MBD4 and DNMT1 (Fig.  S1). This observation 
prompted us to investigate whether the two proteins might 
share certain genomic targets and regulate gene expression 
cooperatively in mammals. Only a few promoters are known to 
be bound by MBD4 or by DNMT1; MBD4 binds the MLH1 
promoter in 293T  cells,15 so we asked whether DNMT1 was 
also present at this promoter. Conversely, DNMT1 binds the 
CDKN1A/p21 promoter,20 and we asked whether MBD4 also 
does. We performed chromatin immunoprecipitation (ChIP) 
experiments on the endogenous DNMT1 and MBD4 in various 
cell types, and obtained the following results. First, we observed 
that DNMT1 binds the CDKN1A/p21 promoter in 293T cells 
as expected, but we could not detect its presence at the MLH1 
promoter (Fig. 1A, gray bars). Second, using the same chromatin 
samples, we found that MBD4 is bound at the MLH1 and at 
the CDKN1A/p21 promoters (Fig. 1A, black bars). Thus, both 
MBD4 and DNMT1 bind the CDKN1A/p21 promoter; we 
scanned the promoter by qPCR and observed that DNMT1 and 
MBD4 binding sites are centered onto the transcription start site 
(Fig.  1B). Using re-ChIP, we observed a strong enrichment at 
the CDKN1A/p21 transcription start site, but not at the MLH1 
promoter, clearly indicating that DNMT1 and MBD4 are bound 
together to the CDKN1A/p21 promoter in 293T cells (Fig. 1C).

We next investigated whether MBD4 and DNMT1 binding 
at the CDKN1A/p21 promoter was correlated with its DNA 
methylation status. We compared MBD4 and DNMT1 binding 
at the CDKN1A/p21 promoter in 293T  cells, in which the 
promoter is partially methylated, and in HeLa cells, in which the 
promoter is not methylated (Fig. 1D) (43). DNMT1 binds the 
CDKN1A/p21 promoter in both cell lines (Fig. 1A–C and E), as 
previously reported,20 whereas MBD4 binds only in 293T cells 
(Fig. 1D). Our results therefore indicate that MBD4 binding at 
the CDKN1A/p21 promoter correlates with its methylation status, 
and that MBD4 is present together with DNMT1 (Fig. 1F).

MBD4 and DNMT1 synergistically repress the methylated 
CDKN1A/p21 promoter

To examine whether CDKN1A/p21 is regulated cooperatively 
by MBD4 and DNMT1, we compared CDKN1A/p21 expression 
in cells transiently depleted of MBD4, DNMT1, or both 
(Fig.  2A). As reported before,21 the knockdown of DNMT1 
tended to decrease the amount of MBD4 protein. This is a 
posttranscriptional effect, as the MBD4 mRNA was not decreased 
by DNMT1 siRNA, nor the DNMT1 mRNA affected by MBD4 
siRNA (data not shown). This effect, which possibly reflects the 

functional interaction between the two proteins, was fairly small 
in 293T cells, especially at higher siRNA concentrations.

In 293T  cells, CDKN1A/p21 protein expression was 
increased upon MBD4 or DNMT1 knockdown (Fig.  2A). 
CDKN1A/p21 expression was increased more by the combined 
siRNA knockdown of MBD4 and DNMT1 than the sum of 
the individual knockdowns, and this effect was seen for two 
doses of siRNAs (Fig.  2A, left panel). In HeLa cells, little or 
no significant effect on CDKN1A/p21 protein and mRNA 
expression was detected despite efficient MBD4, DNMT1, and 
MBD4+DNMT1 knockdown (Fig.  2A; right panel and data 
not shown). Taken together, these results suggest that MBD4 
and DNMT1 synergistically repress CDKN1A/p21 expression 
in 293T cells. To test whether the regulation of CDKN1A/p21 
by MBD4 and DNMT1 is transcriptional, we then measured 
the abundance of the CDKN1A/p21 mRNA by real-time 
quantitative RT-PCR (Fig. 2B). We observed that CDKN1A/p21 
expression is increased 2-fold by MBD4 knockdown, 5-fold by 
DNMT1 knockdown, and 30-fold by the combined knockdown 
(Fig. 2B). These results are in agreement with our observation 
at the CDKN1A/p21 protein level (Fig.  2A) and indicate that 
CDKN1A/p21 regulation by MBD4 and DNMT1 occurs at the 
mRNA level.

CDKN1A/p21 is a well-known DNA damage response 
gene;22,23 this raises the possibility that its induction is merely a 
secondary consequence of DNA damage caused by the depletion 
of MBD4 and DNMT1. However, western blotting showed 
that the p53 protein level was not modified by the combined 
knockdown (Fig.  2A), which argues against the presence of 
significant levels of DNA damage in the double knockdown 
cells. As an additional control, we also measured by quantitative 
RT-PCR the expression level of a different gene induced in 
response to DNA damage, GADD45beta; we found that its 
mRNA level was not measurably increased after the knockdowns 
(Fig.  2B). Therefore the induction of CDKN1A/p21 observed 
in cells transfected with a combination of DNMT1 and MBD4 
siRNAs does not just reflect a DNA damage response.

We next investigated the DNA methylation status of the 
CDKN1A/p21 promoter after transfection with DNMT1+MBD4 
siRNAs, with MBD4 siRNAs and control siRNAs. By MeDIP, 
we detected a similar level of DNA methylation in each condition 
(Fig.  2C) indicating that re-expression of CDKN1A/p21 upon 
MBD4+DNMT1 depletion is not due to the loss of DNA 
methylation (Fig. 2D).

Taken together, our observations indicate that DNMT1 
and MBD4 cooperate for the transcriptional repression of the 
methylated CDKN1A/p21 promoter in 293T cells.

Genome-wide analysis of MBD4 binding sites identifies 
new target loci including MSH4

To identify additional genes co-regulated by MBD4 and 
DNMT1, we analyzed ChIP-Seq data, recently released by the 
ENCODE consortium.24 We reasoned that MBD4 binding sites 
that are heavily methylated might represent additional genomic 
targets co-bound by DNMT1 and MBD4. The ENCODE data 
set contains 2 independent experiments in the hepatocarcinoma 
cell line HepG2, so we filtered the data set to keep only the 
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binding sites common to the 2 experiments. We then intersected 
this list with the list of CpG islands in the human genome, and 
with the DNA methylation profile identified by ENCODE in 
HepG2 cells (encodeproject.org/ENCODE). We found that only 
15 CpG islands bound by MBD4 are also heavily methylated 
(Fig. 3A; Fig. S3A for the full list of targets). Twelve of these CpG 
islands overlap with a gene transcription start site: 10 for protein-
coding genes (including MSH4, discussed below), and 2 for non-
coding RNAs; the remaining 3 CpG islands are intragenic. Of 
note, the MLH1 and CDKN1A/p21 CpG islands do not fit our 
selection criteria in HepG2 cells (Fig. 3A).

MSH4 encodes a MutS homolog involved in meiotic 
recombination;25 in mammals this gene is expressed in the male 
and female germline, but not in somatic cells.26 We conducted 
MeDIP analysis and ChIP analysis of the MSH4 CpG island in 

HeLa and 293T cells. We observed that the MSH4 CpG island is 
methylated in both cell lines (Fig. 3B). By ChIP, we could detect 
the binding of MBD4 and DNMT1 at the MSH4 CpG island 
in both cell lines (Fig. 3C and D). These observations indicate 
that MBD4 and DNMT1 both bind the methylated MSH4 CpG 
island in 293T and HeLa cells.

We next investigated MSH4 mRNA expression in cells treated 
with control, MBD4, DNMT1 or MBD4+DNMT1 siRNAs. 
We observed that MSH4 expression is barely detectable in control 
HeLa and 293T cells, which is consistent with their somatic origin 
(Fig. 3E). Upon depletion of MBD4 or DNMT1, we observed a 
10-fold induction of expression; the co-depletion of MBD4 and 
DNMT1 led to a 100-fold induction (Fig. 3E). Interestingly, we 
observed that the MSH4 promoter was still methylated following 
co-depletion of MBD4 and DNMT1 (Fig. 3F and G).

Figure  1. MBD4 binds the methylated CDKN1A/p21 and MLH1 promoters. (A) ChIP analysis of MBD4 and DNMT1 binding to MLH1 and CDKN1A/p21 
promoters in 293T cells (n = 3). (B) ChIP analysis of MBD4 and DNMT1 binding at CDKN1A/p21 transcription start site (TSS) and surrounding regions 
(-2kb/+2kb) in 293T cells (n = 3). (C) Re-ChIP analysis of MBD4 and DNMT1 co-binding at CDKN1A/p21 promoter in 293T cells (n = 3). (D) DNA methylation 
analysis by MeDIP at TP73, VASH2 and CDKN1A promoters in HeLa and in 293T cells. (E) ChIP analysis of MBD4 binding at MLH1 and CDKN1A/p21 promoters 
in HeLa cells (n = 3). (F) Summarization of the results. Black circles represent methylated DNA, white circles unmethylated DNA.
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Taken together, our observations based on a genome-wide 
approach indicate that DNMT1 and MBD4 cooperate to 
repress the methylated MSH4 promoter in 293T  cells and in 
HeLa cells.

MBD4 promotes cell survival upon oxidative stress
We then investigated the consequences of MBD4 depletion 

in control cells, and following oxidative stress. After MBD4 
siRNA, the cells were treated (or not) with H

2
O

2
 for 30 min, 

and 24 h later analyzed by FACS.
The depletion of MBD4 did not significantly modify the cell 

cycle distribution of untreated HeLa cells (Fig. 4A). At the dose 
we used (200 μM), the H

2
0

2
 exposure also failed to change the 

cell cycle parameters of HeLa cells transfected with a scrambled 
siRNA (Fig.  4B). However, the same dose of H

2
O

2
 had a 

clear effect on HeLa cells depleted of MBD4, with significant 

increases of the sub-G1 and G2/M populations (Fig. 4B). The 
increased sub-G1 fraction is indicative of increased apoptosis 
when MBD4-depleted HeLa cells are subjected to oxidative 
stress, and we confirmed this by two independent measures of 
viability (Fig. S3A and B). In addition, the negative effect of 
MBD4 depletion on cell survival becomes even more pronounced 
at higher doses of H

2
0

2
 (Fig. S3A). MBD4-depleted HeLa cells 

accumulate in G2/M after oxidative stress, whereas control 
HeLa cells maintain a normal cycle, and this effect was verified 
in a different cell line, 293T (not shown). We also observed that 
MBD4-/- immortalized mouse embryonic fibroblasts are more 
sensitive to H2O2 than their WT counterparts (Fig. S3C).

We conclude from these series of experiments that MBD4 
deficiency sensitizes mammalian cells to DNA damage induced 
by oxidative stress.

Figure 2. CDKN1A/p21 expression is synergistically regulated by MBD4 and DNMT1 in 293T cells. (A) Western blotting (WB) with the indicated antibodies 
in 293T and HeLa cells mock-depleted (Scr.) or transiently depleted of MBD4, DNMT1, or both. Two different doses of siRNA were transfected: 2 nM, 10 nM, 
as denoted by the black triangles. (B) Real-time RT-PCR analyses of CDKN1A/p21, TP53, and GADD45beta mRNA expression in 293T cells upon depletion 
of MBD4, DNMT1, or DNMT1+MBD4 (n = 3). (C) DNA methylation analysis by MeDIP at TP73, VASH2, and CDKN1A promoters in 293T cells upon depletion 
of MBD4, DNMT1, or DNMT1+MBD4 (n = 3). (D) Summarization of the results. Black circles represent methylated DNA, white circles unmethylated DNA.
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The MBD4 protein is stabilized and accumulates upon 
oxidative stress

After making the observation that MBD4 is necessary for the 
proper response of human cells to oxidative stress, we sought to 
identify some of the molecular mechanisms involved. We therefore 
examined the regulation of MBD4 upon H

2
O

2
 exposure.

Western blotting analysis in the HeLa cell line shows that the 
MBD4 protein is upregulated 30 min after addition of H

2
O

2
 

(Fig. 5A). In contrast, we observed no increase in the expression 
level of DNMT1 nor in the expression level of MBD-family 
proteins MBD1, MBD2, and MeCP2 (Fig. 5A). As expected after 
H

2
O

2
-induced stress, we observed an increase in DNA damage 

markers: phospho-H2AX and TP53 (Fig. 5A). We also observed 
the accumulation of MBD4 protein upon H

2
O

2
 exposure in 

other transformed cells including 293T and U2OS, but also in 
the primary cells MRC5 (Fig. 5B–D). Based on this qualitative 

Figure 3. A genome-wide approach identifies the MSH4 promoter as a new MBD4 and DNMT1 target. (A) Venn diagram of MBD4 binding sites, DNA 
methylation sites and CpG islands in HepG2 cells. (B) DNA methylation analysis by MeDIP at TP73, VASH2 and MSH4 promoters in HeLa and 293T cells.  
(C) ChIP analysis of MBD4 and DNMT1 binding at MSH4 start site (TSS) and surrounding upstream (+0.8 kb) and downstream (–3 kb) regions in HeLa cells 
(n = 3). (D) ChIP analysis of MBD4 and DNMT1 binding at the MSH4 start site (TSS) and surrounding upstream (+0.8 kb) and downstream (–3 kb) regions 
in 293T cells (n = 3). (E) Real-time qRT-PCR analyses of MSH4 mRNA expression in 293T and HeLa cells upon depletion of MBD4, DNMT1, or DNMT1+MBD4 
(n = 3). (F) DNA methylation analysis by MeDIP at TP73 and MSH4 promoters in 293T or HeLa cells upon depletion of MBD4, DNMT1, or DNMT1+MBD4.  
(G) Summarization of the results. Black circles represent methylated DNA, white circles unmethylated DNA.
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observation in 4 different cell lines, we conclude that the MBD4 
protein is more abundant after oxidative stress.

We quantified MBD4 mRNA level in these cells and found 
no significant increase in H

2
O

2
-treated compared with untreated 

cells (Fig.  5E). Thus, our data indicate that MBD4 protein 
expression is upregulated by addition of H

2
O

2
 in the culture 

medium. This regulation occurs mostly posttranscriptionally, 
and among MBD-family proteins this effect is specific to MBD4.

To rule out an impact of H
2
O

2
 on translation or mRNA 

stability, we monitored MBD4 protein stability. Cells were 
treated with cycloheximide, an inhibitor of protein synthesis, 
and the half-life of MBD4 was studied by western blotting 
(Fig. 5F). In control U2OS cells, MBD4 stability was estimated 
at less than 3 h. We observed that upon H

2
O

2
 treatment the half-

life is significantly elevated up to 8 h. Thus, the MBD4 protein 
amount is higher upon H

2
O

2
 treatment in part because of MBD4 

protein stabilization.
MBD4 is recruited to sites of DNA damage caused by 

oxidative stress
We next investigated whether MBD4 was directly involved in 

the cellular response to H
2
O

2
. We first monitored the chromatin 

loading of MBD4 in H
2
O

2
-treated cells. We observed a strong 

increase in MBD4 protein level in the native chromatin fraction 
(i.e., DNase resistant fraction) from cells exposed to H

2
O

2
 

compared with non-treated cells (Fig. 6A). We also observed, as 
described previously,27,28 that DNMT1 and the deacetylase SirT1 
become more tightly bound to chromatin after oxidative stress 
(Fig. 6A). The replication protein ORC2, used as a control, was 
equally present in the chromatin fraction under the control or 
H

2
O

2
 condition.

Oxidative stress induces DNA breaks mostly at CpG islands 
of highly transcribed genes, and DNMT1 is recruited to these 
damaged CpG islands, such as that of cMYC.28 We therefore 

hypothezised that MBD4 might also be enriched at damaged 
CpG islands. By chromatin immunoprecipitation, we investigated 
MBD4, DNMT1, and phospho-H2AX enrichment at the cMYC 
CpG island. In untreated HeLa cells, we observed that MBD4 
was not enriched at the cMYC CpG island (Fig.  6B). Upon 
exposure to H

2
O

2
, we observed a 4- to 6-fold increase in MBD4 

recruitment on the cMYC CpG island (Fig. 6B). Consistent with 
previous work,28,29 we also detected a strong increase in DNMT1 
binding and an accumulation of phospho-H2AX at these 
CpG islands (Fig. 6B), as well as a reduction of cMyc protein 
(Fig. 6C) and mRNA (not shown). Importantly, the increased 
ChIP signal is not a mere consequence of the increased MBD4 
protein abundance, as the MBD4 ChIP signal was not increased 
at two control regions we tested: a region 3′ to cMyc which does 
not suffer DNA damage, and the MSH4 promoter, on which 
MBD4 and DNMT1 binding is neither increased nor decreased 
by oxidative stress (Fig. 6B).

Our results indicate that following oxidative stress MBD4 and 
DNMT1 are recruited to the cMYC CpG island, which is prone 
to damage induced by the oxidative treatment. The depletion 
of MBD4, DNMT1, or DNMT1+MBD4 did not modify cMyc 
expression following oxidative stress (Fig.  6D). We therefore 
conclude that MBD4 and DNMT1 are jointly recruited to the 
cMYC CpG island upon oxidative stress, but are not required to 
affect its transcriptional repression.

Discussion

In this paper, we have explored the role of MBD4 as a 
transcriptional repressor, the mode by which it represses 
transcription, and its function during oxidative stress.

MBD4 and DNMT1 jointly repress methylated promoters

Figure 4. MBD4 depletion and H2O2 treatment induce G2/M accumulation and cell death in HeLa cells. (A) Cell cycle analysis of HeLa cells treated with 
siRNA against MBD4 (#23), or a control siRNA (siScr). After 24 h, 20 thousand cells per sample were analyzed by FACS. (B) Cell cycle analysis of HeLa cells 
treated with siRNA against MBD4 (#23), or a control siRNA (siScr), and then treated with 200 µM H2O2. After 24 h, 20 thousand cells per sample were 
analyzed by FACS.
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We observed that MBD4 and DNMT1 are co-recruited to 
certain methylated CpG islands and that they jointly repress 
the expression of the downstream gene. We have demonstrated 
this effect at the promoters of CDKN1A/p21 and of MSH4, two 
genes that represent very distinct situations. MSH4 is normally 
silenced in somatic tissues, and the examination of publically 
available data (ENCODE/Hudson α RRBS data), shows that 
its CpG island is methylated in all somatic non-transformed 
cells, as well as in tumoral cell lines—it is demethylated only in 
ovarian and testicular cell lines. In the case of MSH4, MBD4, 
and DNMT1 are thus involved in the programmed repression 
of a germline gene in somatic cells. In contrast, CDKN1A/
p21 is not methylated in healthy cells, but gains methylation 
and is silenced in certain tumor cells. Therefore, the silencing 
function of MBD4 and DNMT1 can also be coopted to repress 
a tumor-suppressor gene in cancer. Data from ES cells shows 
that MBD4 binding is critically dependent on the density of 

methylated CpGs,30 so we speculate that MBD4 and DNMT1 
could repress transcription at other methylated CpG islands, 
such as CDKN1A/p21 and MSH4, but not at regions of lesser 
CpG density.

MBD4 and DNMT1 are also recruited to the cMYC CpG 
island after oxidative stress, (Fig.  6), but in that case they 
are not essential for transcriptional repression. The basis for 
this observation could be the following: after oxidative stress, 
a protein complex containing multiple repressive activities, 
including SIRT1 and EZH2, is recruited to the c-MYC CpG 
island.28,29 These proteins could act in a redundant manner, and 
we speculate that SIRT1 and EZH2 are sufficient to repress 
cMYC transcription even in the absence of MBD4 and DNMT1.

MBD4 and DNMT1 are involved in the oxidative stress 
response

Our experiments indicate that MBD4 plays an important 
role in the cellular response to oxidative stress.

Figure 5. MBD4 protein is stabilized upon H2O2 treatment in human cells. (A–D) Western blotting analysis in the indicated human cells treated with H2O2 
(200 μM for 30 min), or not treated (NT). (E) Analysis of MBD4 and DNMT1 expression by qRT-PCR in HeLa, 293T, MRC5, and U2OS cells treated with H2O2 
(200 μM for 30 min) or not. Expression is normalized to a set of 3 house-keeping genes (n = 3). (F) Western blotting analysis of MBD4 stability in U2OS 
cells treated with H2O2 (200 μM for 30 min), or not treated (NT). Right panel: quantification of the MBD4 signal relative to GAPDH.
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First, the MBD4 protein is stabilized upon H
2
O

2
 exposure, this 

may be an adaptive response that increases the cellular capacity to 
remove oxidized bases (Fig. 5). The effect is posttranscriptional 
and accompanied by increased protein stability. Possible 
mechanisms include decreased ubiquitination, or increased 

deubiquitination of MBD4 following oxidative stress; it would be 
interesting to determine whether these same mechanisms are also 
used in developmental contexts in which high MBD4 activity is 
required for DNA demethylation.

Figure 6. MBD4 and DNMT1 bind the cMYC CpG island after oxidative damage. (A) Western blotting analysis of MBD4, DNMT1, SirT1, and ORC2 loading 
onto chromatin. HeLa cells were treated with H2O2 (200 μM for 30 min) or not, and the nuclease-resistant chromatin fraction was purified as previously 
described.38 (B) ChIP analysis of MBD4 and DNMT1 binding at the indicated regions in control non-treated (gray bars) and H2O2-treated (black bars,  
200 μM for 30 min) HeLa cells (n = 3). (C) Western blotting analysis of MBD4, DNMT1, cMYC, and GAPDH expression in HeLa cells treated with control (Scr), 
MBD4 and DNMT1 siRNAs prior to H2O2 exposure (200 μM for 30 min). (D) Analysis of cMYC, MBD4, and DNMT1 expression by RT-PCR in cells treated with 
control (Scr), MBD4 and DNMT1 siRNAs prior to H2O2 exposure (200 μM for 30 min) (n = 3). Expression is normalized to a set of 3 house-keeping genes, 
and set as 1 in the control condition.
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We have found that MBD4 depletion has little effect on 
the cell cycle dynamics and the survival of unstressed cells, but 
that MBD4 is critical in the context of oxidative stress. In its 
absence, human cells suffer significantly more death and G2/M 
accumulation after a treatment with H

2
O

2
 (Fig. 4). What is the 

essential function that this protein serves after oxidative stress? 
We have observed that it is loaded, concurrently with DNMT1, 
on the cMYC CpG island that is prone to oxidative damage 
(Fig.  6). Potential roles for MBD4 at this CpG island (and 
possibly others) after damage include: removal of damaged bases; 
restoration of the original chromatin structure; prevention of 
hypermethylation of CpG islands by DNMT1; re-establishment 
of CpG methylation pattern in the genome by coordinating base 
repair and re-methylation. Of note, neither DNMT1 nor MBD4 
is necessary for the transcriptional repression of c-Myc that occurs 
following DNA damage. It could be that their primary role is not 
to ensure transcriptional repression, or that redundant repressive 
activities exist.

In summary, our study identified two different contexts where 
DNMT1 and MBD4 act together. They contribute to gene 
silencing at certain hypermethylated promoters, such as CDKN1A/
p21 and MSH4. They are also recruited at damaged DNA sites 
after H

2
O

2
 exposure and may play an important role at these sites 

to ensure cell survival.

Materials and Methods

Plasmids and antibodies
All GST-DNMT1, DsRed-DNMT1, and pcDNA 6xHIS-

DNMT1 constructs have been described previously,31 and protein 
production was a previously described.32 The MBD4 isoform 2 
clone was obtained from the American Type Culture Collection 
(ATCC). The GST-MBD4 constructs, the GFP-MBD4 construct 
and pVIC1-MBD4 constructs were generated by PCR-based 
cloning procedures using the EcoRI and SalI sites of pGEX-5X-1 
(GE healthcare) and peGFP-C2 (Clontech), and the NdeI and 
SmaI sites of pVIC1 (New England Biolabs). All the constructs 
were verified by sequencing. Plasmids used in this study are 
described in Table  S1. All PCR amplifications were performed 
using Phusion DNA polymerase (Finnzyme).

Antibodies used in this study are commercially available: MBD4 
(Bethyl Laboratories #A301-634A); MBD4 (Sigma-Aldrich 
#M9817), DNMT1 (New England Biolabs #M0231L), Beta-
Actin (Cell Signaling Technology #4970), HA (Cell Signaling 
Technology #2367), 6xHIS (Cell Signaling Technology #2366), 
CDKN1A/p21 (Cell Signaling Technology #2946), TP53 (DO-
1, Santa Cruz), GAPDH (Abcam #ab9485), ORC2 (Santa Cruz 
#28742), cMYC (Santa Cruz #sc-40), phospho-H2AX (Upstate 
#05-636), H2AX (Bethyl Laboratories #A300-083A), MeCP2 
(Abcam #ab3752), MBD1 (Abcam #ab2846) and MBD2 (Santa 
Cruz #sc-9397). Secondary antibodies coupled with horseradish 
peroxidase or fluorescent probes were purchased from Jackson 
ImmunoResearch.

New England Biolabs supplied all the other enzymes and their 
buffers, protein and DNA markers, plasmids, and competent cells. 
H

2
O

2
 and propidium iodide were purchased from Sigma-Aldrich.

Cell culture and transfection
All cell lines were obtained from the ATCC and maintained in 

their recommended media supplemented with 10% fetal bovine 
serum, 2 mM L-glutamine and 1% penicillin, 1% streptomycin 
(Invitrogen). We performed plasmid transfection into HeLa, 
293T, U2OS and COS-7 using Transpass D2 (New England 
Biolabs) or Lipofectamine 2000 (Life Technologies).

MBD4 siRNAs (HSS113223, HSS189666) and control siRNA 
(scramble, scr) were purchased from Invitrogen and DNMT1 
siRNA from Ambion (s4216). We transfected siRNAs using 
either Transpass R1 (New England Biolabs), Lipofectamine 2000 
(Life Technologies), or Interferin (Polyplus) according to the 
manufacturer’s recommendations. We collected the cells 24 or  
48 h after transfection for western blotting and qRT-PCR analysis.

Western blotting
Cell extracts were prepared as previously described33 and resolved 

on NuPage pre-cast SDS-PAGE gels (Invitrogen) and transferred 
to Immobilon-P membranes (Millipore). The membranes were 
blocked with 5% fat-free milk in PBS, then incubated overnight 
at 4 °C with the appropriate primary antibodies. The membranes 
were incubated with the cognate secondary antibody coupled to 
HRP, and revealed using the West Dura kit (Pierce, Rockford, 
USA), in the ChemiSmart 5000 imager (Vilber Lourmat).

Chromatin-immunoprecipitation (ChIP)
ChIP-qPCR were performed as previously described.34 

We crosslinked cells at 107 cells/mL for 10 min using 1% 
formaldehyde at room temperature and stopped the reaction 
using 125 mM glycine. Nuclear extracts were prepared using the 
standard hypotonic method. We resuspended the nuclei at 4 × 107 
cells/mL in nuclear lysis buffer (50 mM Hepes pH 7.9, 140 mM 
NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na Deoxycholate, 
0.1% SDS) supplemented to 1% SDS and sonicated them using a 
Bioruptor sonicator (Diagenode).

Chromatin was diluted to 0.1% SDS nuclear lysis buffer 
and precleared on protein A agarose beads (Diagenode) blocked 
with BSA. We performed immunoprecipitation (IP) overnight 
using chromatin from 5 × 107 cells per IP and 3 μg of antibodies 
(MBD4, DNMT1, phospho-H2AX) or native IgG (Cell Signaling 
Technology). IPs were collected on protein A-agarose beads and 
the beads washed successively with nuclear lysis buffer, nuclear lysis 
buffer supplemented to 0.5 M NaCl, wash buffer (20 mM TRIS-
HCl pH 8, 150 mM LiCl, 1 mM EDTA, 0.5% NP-40, 0.5% 
Na Deoxycholate) and TE buffer. Immunoprecipitated DNA-
protein complexes were eluted from protein A beads by boiling in 
TE supplemented with 1% SDS. We de-crosslinked DNA using 
pronase (2 h at 42 °C) and heat treatment (6 h at 65 °C), and 
purified the DNA using Qiagen spin columns. Sequential-ChIP 
was performed as previously described using an inactivation of the 
first antibody with dithiothreitol.35

We used the SYBR green mix from Applied Biosystems for 
quantification. Relative enrichment values are determined using 
the standard deltaCt method. The average value of 3 random 
genomic sites is used as the control Ct value. Primer sequences 
are as follow: GAPDH 5′-CCGGGAGAAG CTGAGTCATG-3′ 
and 5′-TTTGCGGTGG AAATGTCCTT-3′; Actin 
5′-TCCCTGGAGA AGAGCTACG-3′ and 5′-GTAGTTTCGT 
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GGATGCCACA-3′; KLK3 5′-CACACCCGCTC TACGATATG 
A G-3′ and 5′-GAGCTCGGCA GGCTCTGA-3′; CDKN1A/
p21 -2 kb 5′-CACTCCCACT GCTTCATTTA A CTA-
3′ and 5′-CTCAAAGTCC AGAACTCAGG TGAT-3′; 
CDKN1A/p21 +2 kb 5′-AGTGGAGTAA GTTCGTCTAG 
G A-3′ and 5′-TGGCGTAAAG GACCTGAACC-3′; 
CDKN1A/p21 -0.3 kb GAGGAAGAAG ACTGGGCATG 
TC-3′ and 5′-GCTTGGAGCA GCTACAATTA CT-3′; 
CDKN1A/p21 (TSS) 5′-GGCTCCACAA GGAACTGACT 
TC-3′ and 5′-TATATCAGGG CCGCGCTG-3′; 
cMYC 5′-AAGTTTCCAG CCACCTCCTT-3′ and 
5′-GTTTGGCCGT TTTAGGGTTT-3′; MLH1 
5′-CGGCCAATAG GAGCAGAGAT GCCG-3′ 
and 5′-GGCCAATGCT TGGTTGCTAT-3′; MSH4 
CpG island 5′-CAAATCGGGT GGTCATTGAT-3′ 
and 5′-GGTCTATGAC CCTGCTTCCA-3′; MSH4  
-3 kb 5′-CCCCTGGACA GTGCTTGTAG A-3′ 
and 5′-GCATGCATCT GCTTTGTTTC-3′; MSH4  
+0.8 kb 5′-TGCAAGACCT TGACTGTGGA-3′ and 5′- 
CAGCCAAAGA TCAGCTCACA-3′.

Methyl-DNA-immunoprecipitation (MeDIP)
Methylated DNA was immunoprecipitated using the auto-

MeDIP kit on the IP-Star robot according to manufacturer 
recommandations (Diagenode). In particular, each reaction 
contains a spike DNA to ensure reproducibility of the IP 
between biological replicates. Values are normalized to a CpG-
free region of the genome. Amplification of the hypermethylated 
region 1.5kb upstream of the TP73 promoter and amplification 
of the VASH2 non methylated CpG island are used as control. 
Primer sequences are as follow: TP73 5′-ACTGACGCGA 
CTTTCCAAGA-3′ and 5′-GCTGCTTATG GTCTGATGCT 
T-3′; VASH2 5′-GTCCCGAGGT AGGATCTTGG-3′ 
and 5′-GAGTTCCAGC GCCTATCACC-3′; CpG-
free region 5′-CTGAATCAGC AGACAGAATG G 
A-3′ and 5′-GGTAGGCAAC ACAGGTTTGG-3′; 
MLH1 5′-CGGCCAATAG GAGCAGAGAT GCCG-
3′ and 5′-GGCCAATGCT TGGTTGCTAT-3′; 
CDKN1A/p21 5′-GGCTCCACAA GGAACTGACT 
TC-3′ and 5′-TATATCAGGG CCGCGCTG-3′; 
MSH4 5′-CAAATCGGGT GGTCATTGAT-3′ and 
5′-GGTCTATGAC CCTGCTTCCA-3′.

RNA extraction, cDNA synthesis and quantitative real-time 
PCR

We extracted RNAs using Trizol (Invitrogen). Reverse 
Transcription was performed with Superscript III (Invitrogen) 
and oligo-dT according to the manufacturer’s instructions. 
Gene expression values are normalized to the average value 
of three standards: TFRC, MAPK14 and TBP. qRT-PCR 
primer sequences is as follow: MBD4 (all known isoforms) 
5′-CACATCTCTC CAGTCTGC-3′ and 5′-CGACGTAAAG 
CCTTTAAGAA-3′; DNMT1 5′-CATGAGCACC 
GTTCTCCAAG G-3′ and 5′-GAATCTCTTG 
CACGAATTTC TGC-3′; cMYC 5′-GCAGGATAGT 
CCTTCCGAGT G-3′ and 5′-CCACAGCAAA 
CCTCCTCACA G-3′; MSH4 5′-CTGGACACCA 
CAAGTGGGAT A-3′ and 5′-TGGCAAGTCC 

TCTCCCTTCT A-3′; TFRC 5′-GGCCTTTGTG 
TTATTGTCAG C AT-3′ and 5′-ACCATTGTCA 
TATACCCGGT TCA-3′; TBP 5′-CTGCGGTACA 
ATCCCAGAAC T-3′ and 5′-CCACTCACAG ACTCTCACAA 
C-3′; MAPK14 5′-TCATAGGTCA GGCTTTTCCA 
C T-3′ and 5′-TGCCGAAGAT GAACTTTGCG A-3′; 
TP53 5′-AATCATCCAT TGCTTGGGAC G-3′ and 
5′-CCGCAGTCAG ATCCTAGCG-3′; GADD45beta 
5′-ATGAGCGTGA AGTGGATTTG C-3′ and 
5′-ACAGTGGGGG TGTACGAGTC-3′; CDKN1A/
p21 5′-GCGTTTGGAG TGGTAGAAAT C T-3′ and 
5′-CCTGTCACTG TCTTGTACCC T-3′.

Genome-wide data analysis
MBD4 ChIP-sequencing data sets in the hepatocellular 

carcinoma HepG2 cell line were downloaded from the ENCODE 
portal (GSE32465; encodeproject.org/ENCODE). Reads were 
aligned using Bowtie (version 0.12.2)36 to build version hg19 of 
the human genome. We used the MACS version 1.4.1 (model-
based analysis of ChIP-sequencing)37 peak finding algorithm 
to identify regions of MBD4 enrichment over background. A 
p-value threshold of enrichment of 10-9 was used. Biological 
replicates were treated independently and intersected to generate 
the list of MBD4 enriched regions common to both replicates. 
This list was used for the rest of the analysis. We then assigned 
MBD4 enriched regions to CpG islands of genes (GRCh17, 
hg19). A strict overlap of MBD4 enriched regions and CpG 
islands was used to create MBD4 CpG-island-bound regions. 
The status of methylation of these CpG islands was then assessed 
using the HepG2 methyl-CpG-sequencing data sets downloaded 
from the ENCODE portal (GSE41304). We retrieved from 
the data sets the methylation status of each CpG dinucleotide 
present in MBD4 CpG-island-bound regions. A given CpG 
dinucleotide was considered methylated when over 50% of the 
molecules sequenced were still CpG (i.e., protected from bisulfite 
conversion). We then compiled these individual CpG score to 
access CpG island methylation. CpG islands with over 90% of 
their individual CpGs methylated were considered methylated.
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