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Silencing of MBD1 reverses pancreatic cancer therapy
resistance through inhibition of DNA damage repair
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Abstract. High resistance to traditional chemo- and radio-
therapies contributes to the poor prognosis of pancreatic
cancer (PC). Methyl-CpG binding domain protein 1
(MBD1), which plays an important role in disease progres-
sion, contributes to the drug resistance of PC cells; however,
the mechanism underlying the drug resistance endowed by
MBDI remains unknown. In this study, we found that MBDI1
was recruited to DNA damage sites under DNA damage
conditions. Silencing of MBDI significantly impaired activa-
tion of the DNA damage checkpoint response and inhibited
DNA repair capacity. MBDI binds mediator of DNA damage
checkpoint protein 1 (MDCI), which is induced by radia-
tion and regulates NBS1 activation in the presence of DNA
damage repair. Knockdown of MBDI significantly increased
the sensitivity of cells to radiation and cisplatin (diamin-
dichloridoplatin, DDP) in vitro. Importantly, the function of
MBDI in regulating chemoradioresistance is also partially
dependent on DNA damage repair. Thus, we hypothesize that
MBDI1 may promote PC chemoradioresistance by regulating
PC cell fate in the presence of DNA damage. Collectively,
these findings reveal an important function of MBD1 in DNA
repair and mediation of chemoradioresistance of cancer
cells. Moreover, this study suggests that MBD] is a promising
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molecular target for sensitizing resistant PC tumor cells to
chemoradiotherapy.

Introduction

Pancreatic cancer (PC) is currently the leading cause of cancer-
related mortality in western countries and China (1). Despite
improvements in medical treatment for this cancer, the prog-
nosis for PC patients is still very poor. Resistance to chemo- and
radiotherapy is very common and directly contributes to the
poor outcomes of PC patients (2). This resistance is thought to
stem from both the intrinsic nature of PC cells (3) and the abun-
dant fibrotic stroma of the tumors, which favors rapid tumor
progression and creates a physical barrier to prevent drug
delivery and immune cell infiltration (4,5). The mechanism of
this chemoradioresistance, however, remains to be elucidated.
Thus, it is of the utmost clinical importance to determine the
molecular characteristics underlying this resistance and to
identify effective strategies to overcome the resistance.

The main mechanism of radiotherapy involves its ionization
action, which can kill the tumor cell either directly or indirectly
through generation of DNA double-strand breaks (DSB) in
the cells. Tumor cell death via induction of DNA damage is
also a potential mechanism for some chemotherapeutics such
as cisplatin (diamindichloridoplatin, DDP) and camptothecin.
Thus, precise regulation of the DNA damage response is crucial
for cellular survival and can potentially dictate the sensitivity
of both chemotherapy and radiotherapy in different cancers (6).

Methyl-CpG binding domain protein 1 (MBDI1), which
binds to methylated CpG islands and couples DNA methylation
to transcriptional repression (7), has been implicated in gene
regulation, chromatin formation and genome stability (8). Our
previous study showed that MBDI plays an important role in
silencing tumor suppressor genes in PC cell lines (9). More
recently, we found that silencing MBD1 may restore sensitivity
to chemotherapy and therefore enhance apoptosis in human
PC cell lines, however, the molecular mechanism of MBDI's
involvement in therapy resistance of PC cells is not clear.
Interestingly, Watanabe ef al (10) have reported previously that
MBDI is detached from the methyl-CpG sites under the condi-
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tion of DNA damage. Knockdown MBDI inhibits repair of the
damaged DNA and increases the cell sensitivity to the DNA
damage treatment. Therefore, we hypothesize that MBDI may
affect the sensitivity of both chemotherapy and radiotherapy
through the DNA damage response in PC.

In this study, we demonstrated that MBDI1 was recruited to
sites of DNA damage and was involved in DNA damage repair
in PC cells. Knockdown of MBDI in PC cells enhanced DNA
damage-induced apoptosis and restored the sensitivity of these
cells to chemoradiotherapy, suggesting that MBD1 may be a
potential therapeutic target to overcome chemoradiotherapy
resistance in PC.

Materials and methods

Cell culture and chemicals. Homan PANC-1 and 293T cells
were purchased from Shanghai Institutes for Biological
Science (Shanghai, China). Cells were cultured in Dulbecco's
modified Eagle's medium (DMEM; Gibco-BRL) supple-
mented with 10% fetal bovine serum (FBS; Gibco-BRL) at
37°C with 5% CO,. DMEM, FBS, horse serum, L-glutamine
(2 mM), penicillin (50 IU/ml) and streptomycin (50 pg/ml)
were purchased from Life Technologies Inc.

Lentiviral production and infection of PC cells. The lentiviral
vector pLKO.1 TRC (Addgene Plasmid 10878) was used
according to the manufacturer's instructions (http://www.
addgene.org/tools/protocols/plko/). In brief, sShRNA oligos
targeting human MBDI1 (sh-MBDI1) or MDC1 (sh-MDC1)
were designed and cloned into the pLKO.1-TRC cloning vector
digested with EcoRI and Agel. The recombinant construct was
co-transfected together with two packaging vectors psPAX2
and pMD2.G into 293T cells. A pLKO.1-scramble shRNA
(sh-CTL; Addgene Plasmid 1864) was used as a negative
control. Lentiviral particles were harvested and filtered, and
then target PC cells were infected with these lentiviral particles.
For overexpression of MBDI or MDC1, FLAG-tagged MBDI1
or HA-tagged MDC1 was cloned into the lentiviral vector
pWPLL. Lentiviral particles were produced by co-transfection
of pWPL.1-MBDI-FLAG, psPAX2, and pMD.G into 293T cells.

Irradiation (IR) and clonogenic survival assay. Cell monolayers
were grown in vitro and irradiated using 6 MV X-rays from
linear accelerators (Elekta Synergy, Stockholm, Sweden) with
asingle dose of 0,2, 4 or 8 Gy of IR. A standard colony-forming
assay was performed to determine the surviving fractions. For
the clonogenic survival assay, cells were seeded in 6-well tissue
culture dishes. The seeded cell number was increased with
the dose of IR as described (11). After defined time periods,
cells were fixed with 70% ethanol and stained with methy-
lene blue. Colonies with >50 cells were scored as survivors.
Non-irradiated cultures were used for data normalization.

Immunofluorescence microscopy. Cells were seeded onto
microscope slides and allowed to adhere overnight. After 24 h,
slides were treated with H,O, or DDP or irradiated at 8 Gy as
indicated and fixed with 4% paraformaldehyde for 15 min. Cells
were permeabilized with 0.2% Triton X-100/phosphate-buffered
saline (PBS)/1% FBS for 10 min and blocked with 5% bovine
serum albumin/1% FBS in PBS. Slides were incubated with
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a rabbit anti-phosphohistone H2AX (yH2AX) antibody
(Epitomics) overnight at 4°C. Slides were incubated
with secondary Alexa 488-conjugated mouse antibodies
(Molecular Probes/Invitrogen). Nuclei were counterstained
with 4',6-diamino-2-phenylindole (DAPI) and mounted
using Vectashield (Vector Laboratories, Peterborough,
UK). Radiation-induced YH2AX foci were counted in at
least 100 cells per sample using a fluorescence microscope
(Olympus BX 40) and the Leica Application Suite.

Immunoblot analysis. Cells were exposed to various treat-
ments and harvested for immunoblot analysis as described (9).
Samples were immunoblotted using antibodies against MDC1,
MBDI (Santa Cruz Biotechnology), total Chk1, phospho-Chk1
(S345), total Chk2, phospho-Chk?2 (S19), NBS1, phospho-NBS1
(S343), cleaved caspase-3 (Cell Signaling Technology), total
ATM, phospho-ATM (S1981), YH2AX (Epitomics), tubulin, HA
and FLAG (Sigma-Aldrich).

Determination of cell proliferation. Approximately 10* cells/well
were seeded into a 96-well plate and allowed to adhere over-
night. After treatment with DDP for 24-48 h, 10 ul thiazolyl
blue tetrazolium bromide (Sigma-Aldrich) were added, and cells
were incubated at 37°C for 2 h. Colorimetric measurement was
performed at 450 nm in a microplate reader (Spectra Max 190,
Molecular Devices). Experiments were performed in triplicate
and repeated at three different times.

Neutral comet assay. DNA damage repair was measured in
PANC-I cells using the comet assay system (Trevigen) according
to the manufacturer's instructions. Comet tail moments were
scored using Comet Score software (TriTek).

Apoptosis assay. At 72 h post-transfection, cells were harvested,
washed, resuspended in the staining buffer and analyzed with the
Vybrant Apoptosis Assay kit (Invitrogen, Carlsbad, CA). Stained
cells were detected with a FACSCalibur system, and data were
analyzed with CellQuest software (both from Becton-Dickinson,
Mountain View, CA). The Annexin V-positive cells were
regarded as apoptotic cells.

Co-immunoprecipitation assays. PANC-1 cells and 293T cells
were lysed by brief sonication in co-immunoprecipitation
buffer (20 mM Tris pH 8.0, 150 mM NaCl, 1 mM EDTA,
0.5% NP-40 supplemented with protease inhibitors). Lysates
were centrifuged for 20 min at 10,000 x g, and the resulting
supernatant was pre-cleared by incubation with immobilized
protein A/G gel (Pierce) for 1 h at 4°C. The pre-cleared super-
natant was subjected to overnight immunoprecipitation using
the indicated antibodies or control IgG antibodies at 4°C. The
next day, protein complexes were collected by incubation with
25 pl immobilized protein A/G gel for 1 h at 4°C. The collected
protein complexes were washed four times with co-immunopre-
cipitation buffer and eluted by boiling in protein sample buffer
under reducing conditions. The eluted proteins were resolved by
sodium dodecyl sulfate polyacrylamide gel electrophoresis and
analyzed by western blotting.

Statistical analysis. Statistical analysis was performed using
SPSS software for Windows. All analyses used two-sided
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hypothesis tests. Results were expressed as mean + standard
deviation. Differences between groups were evaluated using the
Student's t-test and one-way analysis of variance. P-values <0.05
were considered significant.

Results

MBDI rapidly accumulates within DNA damage chromatin.
The DNA damage response is characterized by the accumula-
tion of checkpoint and DNA repair proteins on the damaged
chromatin (12). To investigate whether MBDI1 plays a direct
role in the DNA damage response, we examined recruitment
of MBDI1 to sites of DNA damage. We first treated PC cells
(PANC-1) with H,0,, DDP or IR. Each of these treatments
induced substantial DNA damage and increased the number
of YH2AX foci, which plays an important role in the repair
of DNA lesions by recruiting DNA damage signaling and
repair proteins (13). Using a co-immunoprecipitation assay,
we confirmed that FLAG-tagged MBDI1 co-precipitated with
vyH2AX following treatment with different DNA damaging
agents as described above (Fig. 1). Thus, we conclude that MBDI1
is one of the factors that assemble at sites of DNA damage after
treated with H,0O,, DDP or IR.

Silencing MBDI impairs DNA damage repair in PANC-1 cells.
Given that MBD1 accumulates in the damaged chromatin, we
next examined whether MBDI is involved in DNA damage
repair in PC cells. We used a comet assay (14) to directly assess
the efficiency of DNA damage repair in MBDI-depleted cells.
PANC-1 cells treated with sh-MBDI or control (CTL) RNAs
were exposed to H,0O, and subjected to a neutral comet analysis
6 h later. As shown in Fig. 2A and B, we detected a slight increase
in the level of damaged DNA in untreated MBD-depleted cells.
This implies that spontaneous DNA damage accumulates in
the absence of MBDI. Importantly, the level of H,O,-induced
DNA damage remained higher at 6 h in MBD1 knockdown
cells, suggesting that MBDI promotes proper DNA damage
repair (Fig. 2A and 2B). This result was further confirmed
by assessing the resolution of phosphorylated histone H2AX
(yYH2AX) nuclear foci following IR (15). In PANC-1 cells, few
vyH2AX foci were observed in unirradiated cells (both sh-CTL-
and sh-MBDI-treated cells), and comparable levels of foci were
induced in sh-CTL and sh-MBDI-treated cells 30 min after IR
at 8 Gy (Fig. 2C). Importantly, 16 h after IR, few foci remained
in the non-silenced control cells, whereas the number of YH2AX
foci in MBDI-depleted PANC-1 cells persisted at considerably
higher levels (Fig. 2C). This difference was statistically signifi-
cant (P<0.01; Fig. 2D).

MBDI depletion restores chemoradiosensitivity of PANC-1
cells. Since the DNA damage response is tightly connected to the
resistance of both chemotherapy and radiotherapy and the fact
that MBDI is an important regulator in PC DNA damage repair,
we next examined whether knockdown of MBDI restores the
sensitivity of PC cells to both chemotherapy and radiotherapy.
A colony survival assay revealed that PANC-1sh-MBDI cells
were more sensitive to IR (Fig. 3A) or DDP (Fig. 3B) than
control cells (PANC-1sh-CTL). Thus, downregulation of MBD1
resulted in increased sensitivity of PC cells to both chemo-
therapy and radiotherapy. In addition, flow cytometry analysis
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Figure 1. Recruitment of MBDI to sites of DNA damage. FLAG-tagged
MBDI1 was transiently expressed in PANC-1 cells, and the whole cell lysates
were immunoprecipitated (IP) with anti-FLAG antibody and immunopre-
cipitated with YH2AX antibody after treatment with DNA damaging agents
(H,0,, DDP and IR).

also confirmed that this increased sensitivity was partially
dependent on inducing apoptosis of PC cells (Fig. 3C), as the
expression of the pro-apoptotic protein cleaved caspase-3 was
increased in PANC-1sh-MBDI1 cells after treatment with H,O,,
IR or DDP compared with PANC-1sh-CTL cells (Fig. 3D).

MBDI activates the DNA damage checkpoint through inter-
action with MDCI. Although IR and DDP damage tumor
cells by way of several mechanisms, these agents kill cancer
cells primarily via DNA damage (6,16). Thus, DNA damage
checkpoint responses play essential roles in cellular chemora-
diosensitivity (17). To determine the role of MBDI in the DNA
damage checkpoint response in PC chemoradioresistance,
we examined the DNA damage checkpoint responses in both
PANC-1sh-MBDland PANC-1sh-CTL cells after treatment with
either IR or DDP. Activating phosphorylation of canonical DNA
damage response factors, such as checkpoint protein 1 (pChkl1),
pChk?2, and the checkpoint protein pNBS1 were significantly
greater in PANC-1sh-CTL cells than in PANC-1sh-MBDI cells
following exposure to IR or DDP (Fig. 4A and 4B). As MDCl1
is known to play an important role in DNA damage response
through binding and phosphorylation of NBS1 (18), we hypoth-
esized that the promotion of DNA repair by MBDI contributes
to its interaction with MDCI. The interaction between MBDI
and MDC1 occurred with both overexpressed (Fig. 4C) and
endogenous (Fig. 4D) protein, and this interaction was induced
by radiation and strengthened with increased exposure to IR
treatment (Fig. 4E). Our findings support the notion that inhi-
bition of DNA damage response by silencing MBDI1 may be
driven in collaboration with effects of MDCI.

MBDI regulation of chemoradiosensitivity depends on DNA
damage repair. Because the DNA damage response was highly
correlated with the sensitivity of both chemotherapy and radio-
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Figure 2. MBDI depletion impairs DNA damage repair. (A) PANC-1 cells were transfected with the indicated shRNAs and exposed to H,0,, and subjected to
neutral comet analysis after 6 h. Representative images are shown. (B) Quantification of tail moments using cells from (A). Quantification of the percentages
of cells with comet tails at the indicated time points after H,O, treatment in MBD1-depleted PANC-1 cells (sh-MBDI) and control cells (sh-CTL) are shown.
(C) Analysis of DNA damage foci formation in PANC-1 cells treated with shRNAs upon exposure to IR at 8 Gy. Immunofluorescence staining for YH2AX
(green) was performed, and nuclei were counterstained with DAPI (blue). Scale bar, 15 ym. (D) Quantitation of DNA damage foci from (C). Both populations
(sh-MBD1 and sh-CTL) showed very few phosphorylated histone H2AX (yYH2AX) foci at the time of radiation and comparable induction of foci 30 min after

IR at 8 Gy; however, significantly more YH2AX foci were observed in sh-MBD1 PANC-1 cells 16 h after IR than in sh-CTL PANC-1 cells (P<0.01). *Significant
difference (P<0.01).
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Figure 3. MBD1 depletion restores chemoradiosensitivity of PANC-1 cells. (A) Colony survival assay of PANC-1 cells expressing anti-MBDI shRNA (sh-MBD1)
or control shRNA (sh-CTL) after the indicated doses of IR. “Significant differences (P<0.01). (B) Downregulation of MBDI increased chemosensitivity to DDP
in PANC-1 cells. PANC-1-sh-MBDI cells showed increased sensitivity to DDP at different doses. “Significant differences (P<0.01). (C and D) Silencing of MBDI1
enhances DNA damage-induced apoptosis. PANC-1 cells expressing anti-MBD1 shRNA (sh-MBD1) or control shRNA (sh-CTL) were treated with H,O,, DDP or
8 Gy of IR or left untreated. (C) Relative number of apoptotic cells was determined. *Significant differences (P<0.01). (D) Whole-cell lysates were collected after
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Figure 4. MBDI interacts with MDCI to facilitate checkpoint response. (A and B) Knockdown of MBD1 impairs the DNA damage checkpoint response. The acti-
vation state of the checkpoint response in matched sh-MBDI and sh-CTL PANC-1 cells was assessed after treatment with (A) IR or (B) DDP. Whole-cell lysates
were immunoblotted for total and phosphorylated checkpoint proteins (ATM, NBS1, Chk2 and Chk1). (C) MBD1 interacts with MDCI. The indicated constructs
(FLAG-MBDI or HA-MDC1) were transiently expressed in 293T cells, and the whole cell lysates were immunoprecipitated (IP) with anti-FLAG antibody and
immunoblotted with the relevant antibody. (D) The interaction between endogenous MBD1 and MDCI1 in PANC-1 cells as detected by immunoprecipita-
tion-immunoblotting. (E) MBDI-MDCl1 interaction at different time points after irradiation of PANC-1 cells. Top panel, MBD1 immunoprecipitation-MDCI
immunoblotting. Lower panel, levels of MBDI and MDC1 after IR as determined by immunoblot analysis.

therapy, we asked whether restoration of chemoradiotherapy
sensitivity in PC was at least partly dependent on the inhibition
of DNA damage response by the interaction between MBD1
and MDCI1. We introduced MBDI into cells that had stable
silencing of MDCI1 via shRNA (PANC-1sh-MDCI1) along with
an MBDl-expressing plasmid (Fig. 5A). These cells were used in
the subsequent experiments to evaluate the degree of inhibition
after treatment with chemo- or radiotherapeutic agents (DDP
or IR). Cells with MBDI overexpression were resistant to both
radiotherapy (Fig. 5B) and chemotherapy (Fig. 5C), but these
cells became sensitive to either radiotherapy or chemotherapy
following MDC1 knockdown (Fig. 5B and 5C). Furthermore,
MDCl-silenced cells did not display a remarkable increase
of chemo- or radio-sensitivity immediately upon reintroduc-
tion of MBDI, suggesting that MBD1 may regulate cell fate
following DNA damage through an interaction with MDC1 and
subsequent acceleration of a downstream check point response.
These effects may, therefore, increase DNA repair activity and
promote chemoradioresistance (Fig. 5D).

Discussion

Genomic integrity is critical to organismal survival and is
controlled by the DNA damage response network, an elabo-

rate signal transduction system that senses DNA damage and
recruits appropriate repair factors (19). This global signaling
network senses the different types of DNA lesions and coor-
dinates a response that includes activation of transcription,
cell cycle control, apoptosis, senescence, and/or DNA repair
processes (20). It has been hypothesized that one of the most
important determinants of chemoradiotherapy resistance in
cancer cells may stem from an overall resistance to DNA
damage-induced apoptosis (21). PC remains one of the deadliest
of all cancers despite aggressive surgical treatment combined
with chemo- and radiotherapy. Chemoradioresistance is the
principal cause of treatment failure in PC patients and leads
to the poor prognosis for patients with the disease (22,23).
Strategies to find candidate targets linking DNA damage repair
to chemoradioresistance in order to sensitize PC cells to chemo-
radiotherapy are well underway.

In this study, we report a novel role for MBDI1 in the DNA
damage repair network in PC cells. We find that MBDI is
recruited to DNA damage sites under DNA damage conditions.
Silencing MBDI1 significantly impairs activation of the DNA
damage checkpoint response and inhibits DNA repair capacity
in PC.Our data support the earlier report that MBDI is detached
away from the damaged methyl-CpG sites and may serve as a
sensor for damaged bases during the DNA damage response
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Figure 5. MBDI regulation of chemoradiosensitivity depends on DNA damage repair. The sh-MDCl1-treated PANC-1 cells expressing MBDI or not (A) were
exposed to IR (8 Gy) for apoptosis analysis. Relative cell apoptosis rate was assessed as above. Error bars, SD (n=3). (B) *Significant differences (P<0.01).
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of DDP. (D) Proposed model for functional modulation of MBD1 on DNA damage repair and chemoradiosensitivity in PC shows that MBD1 may regulate cell
fate in the presence of DNA damage through an interaction with MDC1 to accelerate downstream check point response. This may increase DNA repair activity

and promote chemoradioresistance.

to promote chromatin remodeling and repair of the damaged
DNA (10), however, the mechanism of MBDI1 involvement in
DNA damage repair requires further elaboration. Moreover,
previous study from our group also demonstrated that the
expression levels of pro-apoptosis proteins, such as cleaved
caspase-3, -9 and bax, were significantly elevated in MBDI1-
silenced PANC-1 cells after treatment with gemcitabine, which
has been reported as an inhibitor of DNA damage repair (24).
Taken together, our recent findings together with the previous
reports suggest that MBDI is involved in DNA damage repair
of PC cells and may be a chemosensitizing target for PC treat-
ment.

We also explored the potential mechanism and involvement
of MBDI1 in regulation of DNA damage repair in PC cells.
Knockdown of MBDI significantly impaired activation of the
DNA damage checkpoint response. Following DNA damage,
DNA repair and cell cycle checkpoints are the main means of
maintaining genomic stability and cell survival (25). Several
checkpoints are activated at different stages of the cell cycle.
Chkl is a serine/threonine kinase that is primarily responsible
for initiating cell cycle arrest in order to allow adequate time
for DNA repair (26), while the serine/threonine kinase Chk?2 is
activated when phosphorylated by ataxia telangiectasia mutated
(ATM) following generation of DNA double-strand breaks.
The effects of activated Chk2 on the effector protein Cdc25A
phosphatase are similar to those mediated by Chk1 (27,28).
Indeed, changes in MBDI expression led to alterations in the

expression of these cell cycle checkpoint factors in PC cells
and these findings further supported our hypothesis that MBD1
affects the DNA damage response through effects on the
checkpoint response.

Critical to the recruitment of DNA repair proteins to sites
of DNA damage (nuclear foci) is phosphorylation of histone
H2AX (yH2AX) on Ser139 by the protein kinases ATM and
ataxia telangiectasia and Rad3-related protein (ATR), which
are activated by DNA damage at the core of the DNA damage
signaling apparatus (29), leading to the accumulation of repair
proteins at the sites of damaged DNA (30,31). Several proteins
involved in the DNA damage response contain specific H2AX
recognition domains and MDCI is one such protein. A body
of evidence indicates that the interaction between MDCI and
H2AX is the first step in preparing the DNA damage signaling
and repair (26,32). We noted in our study that MBDI1 was physi-
cally binding with both YH2AX and MDC1 when exposed to
DNA damage agents. Importantly, MDCI has been reported to
act upstream of NBS1 and regulate the intra-S-phase checkpoint
in response to DNA damage through targeting and activating
NBSI1 to damage DNA sites directly (33). Considering that
knockdown of MBDI also significantly abrogate NBSI activa-
tion and down-stream checkpoint response following IR or DDP.
Thus our results indicated that MBD1 may contribute to the
observed chemoradioresistance in PC cells via interference
with the DNA damage response in association with MDC1
although further investigation is needed.
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In conclusion, our study provides the first evidence that the
methyl-CpG binding domain protein MBDI is closely involved
in mediating the resistance of PC cell lines to chemoradio-
therapy. MBDI, therefore, represents a promising molecular
target to sensitize a priori-resistant PC to IR. Although these
findings have begun to uncover the underlying cellular mecha-
nisms of this chemoradioresistance (Fig. 5D), future studies
will ultimately be required to elucidate the mechanism of
MBDI regulation on the DNA damage response. Furthermore,
these studies indicated that MBDI inhibition may be an effec-
tive strategy to increase the fraction of patients that respond to
multimodal treatment and thus improve overall survival.
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