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DNA methylation is essential for epigenetic gene regulation during development. The cyclic AMP (cAMP)-
responsive element (CRE) is found in the promoter of many cAMP-regulated genes and plays important roles
in their gene expression. Methylation occurs on the CRE site and results in transcriptional repression via a
direct mechanism, that is, prevention by the methyl group of binding of the cAMP-responsive factor CREB to
this site. A recent study indicated that the nucleosome is also important in repressing transcription. In this
study, we investigated the regulation of transcriptional repression on methylated CRE. We focused on methyl-
CpG binding domain protein 2 (MBD2). MBD2 consists of two forms, MBD2a and MBD2b, the latter lacking
the N-terminal extension of MBD2a. Unexpectedly, we found that MBD2a, but not MBD2b, promoted activa-
tion of the unmethylated cAMP-responsive genes. An in vivo binding assay revealed that MBD2a selectively
interacted with RNA helicase A (RHA), a component of CREB transcriptional coactivator complexes. MBD2a
and RHA cooperatively enhanced CREB-dependent gene expression. Interestingly, coimmunoprecipitation
assays demonstrated that MBD2a binding to RHA was not associated with histone deacetylase 1. Our results
indicate a novel role for MBD2a in gene regulation.

DNA methylation, a major modification of DNA, is epige-
netically implicated in a variety of biological responses such as
development, tumorigenesis and neurogenesis. Mice lacking a
functional DNA methyltransferase, which is required for main-
tenance of methylation (31) or de novo methylation (46), fail to
complete development. The effect of DNA methylation was
first proposed to be transcriptional repression (7). It has been
shown that CpG islands become methylated in situations such
as genomic imprinting (5) or X chromosome inactivation (19).
An important relationship between methylation of tumor sup-
pressor genes and cancer progression has also been reported
(23). In addition, DNA methylation has been shown to cause
repression of repetitive DNA element promoters during mu-
rine embryogenesis (57). Recently, DNA methylation has been
demonstrated to be important for appropriate regulation of
stage-specific genes in the development of Xenopus (53) and
for silencing of tissue-specific genes and repetitive DNA ele-
ments in murine fibroblast cultures (28).

DNA methylation-mediated transcriptional silencing is
achieved by various mechanisms. One mechanism is direct
interference with the DNA binding of transcriptional factors
(8). Another mechanism involves deacetylation of histones,
which leads to transcriptional repression (8). The latter occurs
mostly through an indirect mechanism in which a methyl-CpG
binding protein specifically binds to methylated DNA to in-
duce transcriptional repression (8, 9, 22).

The first methyl-CpG binding activity to be identified was
the methyl-CpG binding protein 1 (MeCP1) (34). MeCP1 is a
large protein complex of 400 to 800 kDa and contains methyl-
CpG binding domain protein 2 (MBD2) and histone deacety-
lase 1/2 (HDAC1/2) (41). A recent study demonstrated that
the MeCP1 complex contains MBD2 and all of the known
NuRD components, including Mi2, MTA2, MBD3, and the
histone deacetylase core, HDAC1/2 and RbAp46/48 (15, 61,
62). MBD2 consists of two forms, MBD2a and MBD2b, which
are generated from a single gene (20, 21). The MBD2b protein
lacks the 152-amino acid (aa) N-terminal extension of MBD2a.

DNA methylation plays a role in the context of genes con-
taining the cyclic AMP (cAMP)-responsive element (CRE).
CRE is found in the promoter of many cAMP-regulated genes
and plays a critical role in the regulation of gene expression
(33). It is also known that both methylation and demethylation
occur on CRE during cancer progression and differentiation
(11, 13, 32, 45, 48). During differentiation, demethylation is
induced on the CRE site, resulting in transcriptional activation
(11, 48). Under conditions of transcriptional activation, cAMP
stimulates cellular gene expression via protein kinase A
(PKA)-mediated phosphorylation of the cAMP-responsive fac-
tor CREB at Ser133 (18). CREB possesses a bipartite trans-
activation domain, consisting of both a constitutive and an
inducible activator (10, 49). The former is achieved via consti-
tutive interaction with the TBP-associated factor, hTAFII130
(16, 36). The latter modulates CREB activity in a phospho
(Ser133)-dependent manner. Ser133 phosphorylation pro-
motes the recruitment of the coactivator paralogs CREB-bind-
ing protein (CBP) and p300 via a kinase-inducible domain in
CREB (2, 12, 36, 47). We previously showed that RNA heli-
case A (RHA) interacts with CBP and mediates the association
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between CBP and Pol II complexes as a bridging factor (37).
RHA is also required for enhancement of cAMP-mediated
transcriptional activation via phospho (Ser133)-CREB (37).
Furthermore, RHA independently regulates CREB-depen-
dent transcription both through recruitment of Pol II and by
ATP-dependent mechanisms (1).

In contrast, during cancer progression, methylation is in-
duced on the CRE site at the center CpG dinucleotide, result-
ing in transcriptional repression of the tumor suppressor genes
(13, 32, 45). Methylation of CRE prevents CREB from binding
to this site via inhibition by the methyl group. In addition,
recent studies indicated that inhibition of the methyl group is
not sufficient to repress transcription on methylated CRE and
that the nucleosome structure is also important (58), prompt-
ing us to investigate the regulation of transcriptional repres-
sion on methylated CRE. In the present study, we focused on
MBD2 as a candidate and investigated whether MBD2 re-
pressed transcription from methylated CRE. Unexpectedly we
found that MBD2a enhanced unmethylated CRE-dependent
gene expression and interacted with RHA. Furthermore, our
results suggested that MBD2a acted not only as a repressor but
also as a cofactor for activation of CRE-dependent gene ex-
pression, based on our analysis of functional interaction of
MBD2a and RHA.

MATERIALS AND METHODS

Cell culture. Human embryonic kidney 293 (HEK-293) cells were maintained
in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine
serum plus penicillin and streptomycin at 37°C in 5% CO2. The stable NIH 3T3
cell line D5, containing rat somatostatin gene sequences from 750 bp upstream
of the promoter to 3 kb downstream of the coding region was maintained in
Dulbecco’s minimal essential medium with 10% fetal bovine serum plus 200 �g
of G418/ml (4).

Plasmids. The coding sequences for full-length MBD2a genes were PCR
amplified (primers, 5�-ACAGAATTCATGCGCGCGCACCCGGGG-3� and 5�-
TGTGTCGACTTACGTGGCCCGGGGTCCCCT-3�) from reverse-transcribed
HeLa cell RNA. PCR products were digested with EcoRI and SalI and ligated
into pGBT9 (Clontech Laboratories, Palo Alto, Calif.) for the Saccharomyces
cerevisiae two-hybrid assays. The MBD2b fragment was amplified by using the
primers 5�-ACAGAATTCATGGATTGCCCGGCCCTCCC-3� and 5�-TGTGT
CGACTTACGTGGCCCGGGGTCCCCT-3 from the full-length MBD2a tem-
plate. For immunoprecipitation assays, the fragments of MBD2a and MBD2b
were inserted into pcDNA3 HA or pcDNA3 FLAG, which were constructed by
inserting the hemagglutinin antigen (HA) sequence or FLAG sequence into
pcDNA3 (Invitrogen, San Diego, Calif.), respectively (35). Fragments of N-
terminal deletion mutants, termed MBD2a-N1, MBD2-N2, MBD2a-N3,
MBD2a-N4, MBD2a-N5, MBD2a-N6, and GR11, were obtained by PCR am-
plification. Full-length MBD2a, MBD2b, and each of these deletion mutants
were inserted into pGEX-5X-1 (Amersham Pharmacia Biotech, Piscataway,
N.J.) for the glutathione S-transferase (GST) pull-down assay. Fragments of
additional deletion mutants, termed MBD2a-A, MBD2a-B, and MBD2a-C, were
generated by PCR-based methods. Each of these fragments, either alone or
fused to the GAL4 DNA-binding domain (GAL4-DBD), was introduced into
EcoRI-SalI-digested pGBT9 or pcDNA3 for transactivation assays in yeast or
mammalian cells, respectively. For transient transfection assays, these fragments
were inserted into pcDNA3 HA. Sequences of all plasmids generated by PCR
were confirmed by sequence analysis. The RHA plasmids used in this study have
been described previously (1, 17, 37). pGAD CREB, pGAD hTAFII130 (52, 54),
and pGAD CBP (60) were obtained by a PCR-based method previously de-
scribed. PKA, pGAL4-CREB, pGAL4-CREBM1 (37), and pGAL4 (35) expres-
sion vectors, Som-Luc (59) and pG5b-Luc (60) reporter plasmids, and control
plasmid RSV-�-gal (39) have been previously described.

Antibodies. Rabbit polyclonal antibody against HDAC1 was obtained from
Upstream Biotechnology. Rabbit polyclonal antibodies against the largest sub-
unit of RNA polymerase II (N-20) were obtained from Santa Cruz Biotechnol-
ogy (Santa Cruz, Calif.). Mouse monoclonal antibody against the FLAG-tag
(M2) was purchased from Sigma Chemical Co (St. Louis, Mo.). Mouse and rat

monoclonal antibodies against the HA-tag (12CA5 and 3F10) were obtained
from Boehringer Mannheim (Mannheim, Germany). Anti-RHA1 antiserum was
described previously (37).

Liquid �-Gal assay. �-Galactosidase (�-Gal) assays were performed by using
standard methods. The yeast strain Y190 was simultaneously transformed with
GAL4-DBD MBD2a and/or MBD2b, and GAL4-AD CREB, CBP, RHA1,
RHA2, RHA3, RHA4, or hTAFII130 by using a lithium acetate method. Trans-
formants were selected on agar plates lacking leucine and tryptophan for 3 days.
All experiments were performed in triplicate, and all results were obtained from
at least three separate experiments (60).

Transactivation assay. The yeast strain Y190 was transformed with MBD2
deletion mutants by using a lithium acetate method, and transformants were
selected on tryptophan-free agar plates for 3 days. For the liquid �-Gal assay, 1
ml of growth medium was inoculated with selected colonies. The assay was
performed in triplicate to quantify the transcriptional activity of MBD2 deletion
mutant as described previously (60). HEK-293 cells were transiently transfected
with 100 ng of each MBD2 deletion mutant fused to GAL4-DBD, or the empty
vector alone, and 100 ng of pG5b-Luc. Following 24 h of incubation, cells were
lysed with a cell lysis buffer (Toyo Ink) and luciferase activities were measured.
The measured activity was normalized for �-Gal activity from cotransfected
RSV-�-gal as a control. Each experiment was performed in triplicate (14, 40).

Transient transfection assay. Transient transfection assays were performed in
HEK-293 cells (37). Cells were lysed with a cell lysis buffer (Toyo Ink) 24 h after
transfection, and luciferase activities were measured. Reporter activity was in-
duced by cotransfection with the PKA expression vector. The recorded activity
was normalized to the protein level in the cell extract, quantified by using the
Bradfold assay (Bio-Rad, Richmond, Calif.) and �-Gal activity from RSV-�-gal.
All experiments were performed in triplicate. HEK-293 cells were transfected
with 100 ng of Som-Luc or pG5b-Luc reporter plasmid, 50 ng of wild-type or
catalytically inactive PKA expression vector (PKAwt or PKAmut, respectively),
50 ng of RSV-�-gal control plasmid, and 0, 50, or 100 ng of RHA and/or MBD2a,
MBD2b, or truncated forms of MBD2 expression vector. For assays with the
pG5b-Luc reporter plasmid, cells were cotransfected with 100 ng of GAL4-
CREB or GAL4-CREBM1 expression vector. To ensure an equal amount of
DNA, empty plasmids were added in each transfection (1, 37).

GST pull-down assay. GST fusion proteins of each RHA mutant or MBD2
mutant were expressed in Escherichia coli strain TopXF’ (Invitrogen) and puri-
fied by using glutathione Sepharose beads (Amersham Pharmacia Biotech).
35S-labeled RHA or MBD2a was incubated with 2 �g of each GST fusion protein
bound to resin in 1 ml of buffer A (20 mM HEPES [pH 7.9], 150 mM NaCl, 1 mM
EDTA, 1 mM dithiothreitol [DTT], 0.05% Tween 20, 5% glycerol, 1 mM
Na3VO4, 5 mM NaF, 1 �g of aprotinin/ml, and 1 �g of leupeptin/ml) for 8 h at
4°C. After being washed with buffer A, bound proteins were fractionated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and exposed to X-ray
film (1).

Immunoprecipitation assays. HEK-293 cells were transfected or cotransfected
with 5 �g of HA-tagged MBD2a or MBD2b and HA-tagged RHA and/or FLAG-
tagged MBD2a or MBD2b. Forty-eight hours after transfection, cells were lysed
and nuclear extracts were prepared and resuspended in 1 ml of binding buffer (20
mM HEPES [pH 7.9], 100 mM NaCl, 1 mM EDTA, 1 mM DTT, 0.1% NP-40,
5% glycerol and protease inhibitors). Cell lysates were precleaned with normal
mouse immunoglobulin G (IgG) (Santa Cruz Biotechnology) for 1 h at 4°C.
After a brief centrifugation, the lysates were mixed with 1 �g of anti-HA anti-
body or anti-FLAG antibody conjugated to protein G-Sepharose beads. After 8 h
of incubation at 4°C, the beads were washed three times with binding buffer.
Bound proteins were fractionated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and analyzed by Western blotting (1, 51).

In vitro-in vivo binding assay. HEK-293 cells were transfected with plasmids
expressing FLAG-MBD2a. Nuclear extract was prepared 48 h after transfection
in buffer A, and aliquots of equal amounts of nuclear extract were incubated with
increasing amounts of GST or GST-RHA1 for 4 h at 4°C. Bound proteins were
analyzed by use of immunoblots using anti-FLAG antibody or anti-HDAC1
antibodies. The supernatants were transferred to new tubes and incubated with
1 �g of anti-FLAG antibody conjugated to protein G-Sepharose beads for 4 h at
4°C. At the end of the incubation, bound proteins were washed four times with
buffer A and precipitated proteins were then analyzed by immunoblotting with
anti-FLAG or anti-HDAC1 antibodies.

Chromatin immunoprecipitation assay. D5 cells were transfected with HA-
RHA, HA-MBD2a, or HA-MBD2b. After 24 h of transfection, cells were treated
with formaldehyde to cross-link protein-DNA complexes (4). Immunoprecipi-
tates of cross-linked complexes were prepared with anti-HA antibody and then
treated with proteinase K for 2 h and subsequently incubated at 65°C to release
cross-links. DNA was purified by phenol-chloroform extraction and ethanol
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precipitation. DNA samples were then analyzed with 25 cycles of PCR to amplify
somatostatin promoter sequences (�100 to �55). Different cycle numbers were
employed to ensure linearity of amplification. PCR products were analyzed by
5% polyacrylamide gel with ethidium bromide.

RT-PCR assay. D5 cells were transfected with HA-RHA, HA-MBD2a, or
HA-MBD2b. After 24 h of transfection, total RNA was isolated. Total RNA was
subjected to cDNA synthesis by using the random primer and the Superscript II
RNase H� reverse transcriptase (Gibco BRL, Grand Island, N.Y.) following the
instructions provided by the manufacturer. Two sets of primers were used for
PCR: somatostatin (5�-GGACCTGCGTCTAGACTGA-3� and 5�-GAGGTCT
GGCTGAGACAAC-3�) and �-actin (5�-GTTTGAGACCTTCAACACCC-3�
and 5�-ATGTCACGCACGATTTCCC-3�). The optimal number of cycles and
amount of RT products used for the PCR were determined in preliminary
experiments (data not shown). The samples were then subjected to analysis on an
ethidium bromide-stained polyacrylamide gel.

RESULTS

MBD2a, but not MBD2b, interacts with RHA. To investigate
whether MBD2 could repress methylated CRE-dependent
transcription, the effects of MBD2 were examined by using
reporter assays. We utilized somatostatin-Luc (Som-Luc) that
contains endogenous somatostatin promoter including CRE.
The Som-Luc reporter was methylated with or without SssI
methylase in vitro and cotransfected with MBD2 expression
plasmids into HEK-293 cells. In the case of methylated Som-
Luc, MBD2a and MBD2b consistently repressed Som-Luc ac-
tivity in a dose-dependent manner, whereas the effects of
MBD2a and MBD2b on unmethylated CRE was not detected
(Fig. 1A).

Then, we examined the effects of MBD2a and MBD2b on
PKA-mediated gene expression. MBD2a and MBD2b had no
effect on methylated Som-Luc in PKA-induced cells. Unex-
pectedly, MBD2a promoted Som-Luc activity in response to
PKA induction when Som-Luc was not methylated (Fig. 1B).

We were interested in the effects of MBD2a on unmethyl-
ated Som-Luc activity in PKA-induced cells. There is no con-
sensus sequence by PKA in MBD2a, and MBD2a was not
phosphorylated by PKA in vitro (data not shown). We hypoth-
esized that MBD2a might interact with the components of the
CREB transcriptional apparatus, including CREB, hTAFII130,
CBP, and RHA (33). To test this hypothesis, we performed the
yeast two-hybrid assays and liquid �-Gal assays designed so
that the interaction of components of the CREB complex with
MBD2a would result in �-Gal activity. We previously showed
that full-length RHA was not expressed in yeast and four
previously described fragments of RHA, termed RHA1,
RHA2, RHA3, and RHA4, were used (1). As shown in Fig. 1C,
MBD2a selectively bound to RHA1 in yeast.

MBD2 consists of two forms, MBD2a and MBD2b (Fig.
2A). We tested whether MBD2b interacted with RHA in yeast.
As shown in Fig. 2B, MBD2b did not bind to RHA. To confirm
the interaction between RHA and MBD2a, we used in vitro
binding assays. MBD2a and MBD2b were expressed as GST
fusion proteins and tested for binding to in vitro-translated
RHA. MBD2a bound to RHA in vitro, but MBD2b did not
(Fig. 2C). Furthermore, we tested whether this interaction
might occur through nucleic acids. The binding assay with
adequate amounts of nuclease revealed that this interaction
occurred directly (data not shown). To examine the MBD2a-
RHA interaction in vivo, we performed coimmunoprecipita-
tion experiments. HEK-293 cells were transiently transfected

with HA-tagged MBD2a (HA-MBD2a) or MBD2b (HA-
MBD2b). As shown in Fig. 2D, endogenous RHA was coim-
munoprecipitated only in the presence of HA-MBD2a. These
results of the binding experiments indicated that MBD2a se-
lectively interacted with RHA.

To define the binding region of MBD2a, several truncations
of RHA were tested for interaction with MBD2a (Fig. 3A).

FIG. 1. Enhancement of unmethylated CRE-dependent gene ex-
pression by MBD2a. (A) Repression of methylated Som-Luc activity
by MBD2a and MBD2b. HEK-293 cells were transfected with Som-
Luc reporter either after methylation with SssI methylase or after
mock methylation. The change in repression on both reporter con-
structs was calculated relative to the luciferase activity after transfec-
tion of the empty vector and unmethylated reporter. (B) Enhancement
of unmethylated Som-Luc activity by MBD2a. The luciferase activity of
cells transfected with empty vector alone and PKAmut was set as 1.
(C) Selective interaction of MBD2a with RHA in yeast. Yeast two-
hybrid experiments were performed with MBD2a as bait (GAL4 fu-
sion) and CREB, CBP, RHA1 to RHA4, and hTAFII130 as prey
(fusion to the activation domain).
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Specific binding was evident for the RHA truncation contain-
ing aa 1 to 262, termed RHA1 (Fig. 3B). We then attempted to
determine the minimal region required for binding to MBD2a.
As shown in Fig. 3C, MBD2a particularly bound to RHA1 (aa
1 to 90) and RHA1 (aa 160 to 262), which contained double-
stranded RNA binding domain (dsRBD) I and II, respectively.
Conversely, to map the domain on MBD2a that mediated the
interaction with RHA, a series of deletion mutants of MBD2a

was constructed (Fig. 3D) and expressed as GST fusion pro-
teins. In vitro binding experiments demonstrated that a region
containing aa 48 to 103, termed MBD2a-N5, interacted with
RHA. All deletion mutants that excluded this region failed to
interact with RHA (Fig. 3E). This region contains the glycine-
arginine repeat (GR11) that is the predicted functional region.
Therefore, we performed GST pull-down assays to test for the
interaction between RHA and GR11. GR11 was sufficient for

FIG. 2. Interaction of MBD2a, but not MBD2b, with RHA. (A) Schematic representation of MBD2a and MBD2b. GR11, glycine-arginine
repeats; MBD, methyl-CpG binding domain. (B) No association of MBD2b with RHA in yeast. Yeast two-hybrid experiments were performed with
MBD2a and MBD2b as bait and RHA1 as prey. (C) Binding of GST-MBD2a to RHA in vitro. The GST fusion proteins were expressed in E. coli,
purified, and incubated with in vitro-translated, 35S-labeled RHA. (D) Interaction of MBD2a with RHA in vivo. A Western blot of HA shows the
immunoprecipitation of anti-HA antibody from HEK-293-transfected nuclear extracts. The asterisk indicates immunoprecipitated IgG heavy chain.
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binding to RHA (Fig. 3F). Considered together, these results
demonstrated that the minimal regions mediating the RHA-
MBD2a interaction corresponded to dsRBD I and/or II and
GR11.

MBD2a and RHA cooperatively promote activation of
cAMP-responsive genes via phospho (Ser133)-CREB. To con-
firm our finding that MBD2a promoted unmethylated Som-
Luc activity (Fig. 1B), we performed reporter assays in HEK-

FIG. 3. Determination of each binding region between MBD2a and RHA. (A) Schematic representation of deletion mutants of RHA. dsRBD,
double-stranded RNA binding domain; I to VI, conserved helicase motifs; RGG, arginine and glycine-rich region. (B) Interaction of MBD2a with
the RHA1 region in vitro. (C) Binding of MBD2a to dsRBD I and II within RHA in vitro. (D) Schematic representation of deletion mutants of
the N terminus in MBD2a. (E and F) Interaction of RHA with GR11 in MBD2a in vitro.
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293 cells. PKA induced Som-Luc reporter activity, and
cotransfected full-length MBD2a further enhanced Som-Luc
activity in a dose-dependent manner, whereas full-length
MBD2b did not influence the activity (Fig. 4A, left panel).

Some transcriptional factors, for example, ATF and CREM,
are known to bind to the CRE sequence and regulate CRE-
dependent transcription (33). To rule out possible effects of
MBD2 on CRE binding proteins other than CREB, reporter
assays were performed with G5b-Luc as artificial state in com-
parison with Som-Luc as endogenous state. The G5b-Luc re-
porter contains five copies of Gal4 sites in front of the E1b-
TATA but shows absence of CRE (60). Instead of Som-Luc,
CREB fused to GAL4-DBD (GAL4-CREB) and pG5b-Luc
was cotransfected with MBD2 into HEK-293 cells. The ability
of MBD2a to promote reporter activity was increased in a
dose-dependent manner. Results similar to those for Som-Luc
were obtained for MBD2b (Fig. 4A, middle panel). To confirm
that the effects of MBD2a depended on PKA-induced phos-
phorylation at Ser-133, we used a mutant GAL4-CREBM1
containing a Ser-133/Ala-133 substitution at the PKA phos-
phoacceptor site. GAL4-CREBM1 does not activate CRE-

dependent transcription in a phosphorylation-dependent man-
ner (37). Both MBD2a and MBD2b had no effect via GAL4-
CREBM1 (Fig. 4A, upper panel, right), confirming that the
promotion of CRE-dependent gene expression by MBD2a is
indeed phospho (Ser133) dependent. These results indicated
that MBD2a enhanced CREB dependent transcriptional acti-
vation in both a dose- and phospho (Ser133)-dependent manner.

The ability of MBD2a to associate with RHA in vivo
prompted us to evaluate the importance of this interaction for
transcriptional activation. We performed reporter assays with
Som-Luc and cotransfected full-length RHA with MBD2a or
MBD2b into HEK-293 cells. In PKA-stimulated cells, full-
length RHA and MBD2a enhanced Som-Luc activity 3.7-fold
and 2.5-fold, respectively. Remarkably, cotransfection of
MBD2a with RHA induced reporter activity 9.1-fold in PKA-
stimulated cells, demonstrating the ability of these proteins to
function cooperatively on cAMP-responsive promoters. In
contrast, MBD2b reduced RHA activity on the Som-Luc re-
porter (Fig. 4B, left panel). These results indicated that
MBD2a and RHA synergistically functioned in response to
PKA stimulation.

FIG. 4. Cooperation between MBD2a and RHA in promoting activation of cAMP-responsive genes via phospho (Ser133)-CREB. (A and B)
Reporter assays of HEK-293 cells by using Som-Luc (left), GAL4-CREB with G5b-Luc (center), or Ser/Ala 133 phosphorylation-defective mutant
GAL4-CREBM1 with G5b Luc reporter (right). Reporter activity was induced by cotransfection of PKAwt or PKAmut expression vector. The
luciferase activity of cells transfected with empty vector alone and PKAmut was set as 1. The dose-dependent effects of MBD2a and MBD2b
(A) and synergistic effects between RHA and MBD2a or MBD2b (B) are shown.
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To assess the regulatory effects of MBD2a and MBD2b on
CREB activity, the reporter assay was performed with GAL4-
CREB as indicated above. Overexpression of RHA and
MBD2a further potentiated GAL4-CREB activity 3.8-fold and
1.8-fold, respectively, in PKA-stimulated cells. When cotrans-
fected, RHA and MBD2a induced reporter activity 8.2-fold in
PKA-stimulated but not unstimulated cells. Conversely,
MBD2b repressed the effect of RHA (Fig. 4B, middle panel).
In the case of GAL4-CREBM1, results similar to those de-
scribed above were obtained (Fig. 4A, right panel, and Fig. 4B,
right panel). These experiments revealed the importance of the
MBD2a-specific N terminus for enhancement of CRE- and
GAL4-CREB-dependent gene expression.

The C terminus of MBD2 has weak transcriptional activity.
The results of promoting Som-Luc activity by MBD2a sug-
gested that MBD2a might have a functional domain for tran-
scriptional activation. Based on this hypothesis, we performed
a transactivation assay to identify the transactivation domain
within MBD2a. We divided MBD2a into three fragments,
termed MBD2a-A, MBD2a-B, and MBD2a-C (Fig. 5A). These
fragments were expressed as GAL4-DBD fusion proteins and
their transcriptional activities in yeast were quantified. Among
these three mutants, only MBD2a-C activated transcription
(twofold that of the empty vector), whereas full-length
MBD2a, MBD2a-A, and MBD2a-B did not (Fig. 5B).

To examine whether this region functions in higher eukary-
otic cells in addition to yeast cells, a reporter assay was per-
formed in HEK-293 cells. The same deletion mutants were
cotransfected into HEK-293 cells with pG5b-Luc reporter plas-
mids. As in yeast, MBD2a-C was capable of activating tran-
scription in mammalian cells (Fig. 5C). This region could not
be divided into smaller constituent region with transcriptional
activity (data not shown). These results suggested that the
C-terminal region of MBD2 might have weak transactivation
in both yeast and mammalian cells.

To confirm the contribution of each region within MBD2a to
MBD2a-mediated enhancement of Som-Luc activity, we per-
formed reporter assays with full-length MBD2a, MBD2b, and
MBD2a truncations (Fig. 5A). As described above, MBD2a
enhanced Som-Luc activity in PKA-stimulated cells, and
MBD2b repressed this activity. The mutant MBD2a-� GR11,
lacking the GR11 that is sufficient for interaction with RHA,
reduced CRE-dependent reporter activity below the level ob-
tained with full-length MBD2a (Fig. 5D). Binding assays with
yeast demonstrated that the mutant MBD2a-� GR11 but not
the mutant MBD2a-N1 �GR11 (Fig. 3D) weakly bound to
RHA1 (data not shown), indicating that the effects of the
mutant MBD2a-� GR11 might be associated with the weak
interaction with RHA. These results suggested that the activa-
tion of CRE-dependent gene expression by MBD2a was de-
pendent on interaction with RHA. The mutant MBD2a-� C,
lacking the C terminus, reduced CRE-dependent reporter ac-
tivity below the level obtained with full-length MBD2a. Inter-
estingly, MBD2a-C resulted in approximately 50% of PKA
induction on the Som-Luc reporter (Fig. 5D). These results
suggested that the C terminus of MBD2a was important for
promotion of CRE-dependent gene expression and that it
might possess weak transcriptional activity.

MBD2a binding to RHA does not associate with HDAC1.

Previous studies showed that MBD2a is a component of the
MeCP1 complex containing HDAC1 (15, 41). MBD2a binds to
methylated DNA and represses transcription with recruitment
of HDAC1 (21, 41). In the present study, we found that
MBD2a interacted with RHA and promoted CRE-dependent
gene expression. Therefore, we postulated that MBD2a bind-
ing to RHA did not associate with HDAC1. To test this hy-
pothesis, we performed coimmunoprecipitation assays in
HEK-293 cells. Each of the proteins was transiently expressed
and analyzed by Western blotting with antibodies specific to
HDAC1, HA-tag and FLAG-tag. As shown in Fig. 6A,
HDAC1 was immunoprecipitated in the presence of FLAG-
MBD2a or -MBD2b (Fig. 6A, right upper panel, lanes 6 and 7),
but not HA-RHA (Fig. 6A, right upper panel, lane 2). In
addition, RHA interacted with MBD2a, but not MBD2b (Fig.
6A, right lower panel, lanes 3 and 4). Interestingly, cotransfec-
tion of HA-RHA with FLAG-MBD2a or FLAG-MBD2b did
not result in immunoprecipitation of a significant level of
HDAC1 (Fig. 6A, right upper panel, lanes 3 and 4). These
results suggested that RHA did not associate with HDAC1,
although RHA could interact with MBD2a. In other words,
MBD2a binding to RHA was not associated with HDAC1.

To confirm this, we assessed the ability of RHA1 to disso-
ciate the MBD2a-HDAC1 complex by using an in vitro-in vivo
binding assay. FLAG-MBD2a was expressed in HEK-293 cells.
After a GST-RHA1 pull-down assay with nuclear extracts, the
supernatants were immunoprecipitated with anti-FLAG to de-
tect the interaction between MBD2a and HDAC1 (Fig. 6B).
When the extracts were preincubated with increasing amounts
of GST-RHA1, MBD2a was detected only in GST-RHA1 pre-
cipitates (Fig. 6B, GST pull-down, upper panel). In contrast,
no HDAC1 signal was detected in GST-RHA1 precipitates,
and HDAC1 levels were comparable in the supernatant de-
rived from GST-RHA1 precipitation (Fig. 6B, GST pull-down,
lower panel). Immunoprecipitation with anti-FLAG from the
supernatants obtained after incubation with GST-RHA1 re-
vealed that MBD2a-HDAC1 complexes were present in all
extracts (Fig. 6B, IP FLAG, lower panel). These results sug-
gested that RHA1, incapable of associating with HDAC1, did
not displace HDAC1 from MBD2a. Alternatively, MBD2a-
RHA complexes are distinct from MBD2a-HDAC1 com-
plexes.

RHA-MBD2a interaction is functionally related in vivo. To
assess the putative activation mechanisms by MBD2a, we
tested whether MBD2a was associated with CBP and Pol II,
activating partners of RHA. HEK-293 cells were transiently
transfected with RHA, MBD2a, or MBD2b expression plas-
mids. As shown in Fig. 7A, MBD2a interacted with Pol II
(upper panel) as well as RHA. Similar results were obtained
with CBP (data not shown). These results demonstrated that
MBD2a could associate with the activator complex including
RHA, CBP, and Pol II.

To evaluate whether RHA and MBD2a were recruited to
the active promoter, we analyzed the association of MBD2a
with the promoter of CREB target genes by chromatin immu-
noprecipitation (Ch-IP) assay. We used the stable NIH 3T3
cell line D5, containing rat somatostatin gene sequences from
750 bp upstream of the promoter to 3 kb downstream of the
coding region. D5 cells were transiently transfected with RHA,
MBD2a, or MBD2b expression plasmids, and the DNA frag-
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FIG. 5. Identification of the transactivation domain in the C terminus of MBD2. (A) Schematic representation of deletion mutants of MBD2.
(B and C) Transactivation assays were performed with yeast (B) and mammalian (C) cells transformed with MBD2 deletion mutants. The �-Gal
or luciferase activity of each mutant was compared to that of the empty vector alone, which was set as 1. Each value of relative �-Gal or luciferase
activity represents the mean � standard error (n � 3). (D) Effects of each domain within MBD2 on CRE-dependent gene expression. HEK-293
cells were cotransfected with Som-Luc and the plasmids expressing various MBD2 mutants. The luciferase activity of cells cotransfected with empty
vector alone and unmethylated Som-Luc was set as 1. Each value of relative luciferase activity represents the mean � standard error (n � 3).
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FIG. 6. Distinct complex formation among MBD2a, RHA, and HDAC1. (A) Cells of the HEK-293 cell line were transiently transfected to
produce HA-RHA and/or FLAG-MBD2a and FLAG-MBD2b. The cell lysates were immunoprecipitated with anti-HA antibody or anti-FLAG
antibody and immunoblotted with anti-HDAC1 (upper panel), anti-HA antibody (middle panel), or anti-FLAG antibody (lower panel). The
asterisk indicates immunoprecipitated IgG heavy chain. (B) HEK-293 cells were transfected with FLAG-MBD2a, and each nuclear extract was
subsequently incubated with increasing mounts of GST-RHA1. The amount of GST-recruited MBD2a was visualized by Western blotting by using
anti-FLAG antibodies. The MBD2a present in the supernatant of GST pull-down was immunoprecipitated with anti-FLAG-conjugated beads, and
associated HDAC1 was detected by Western blotting by using anti-HDAC1 antibodies.
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ments immunoprecipitated by anti-HA antibodies were ana-
lyzed by semiquantitative PCR for the presence of the CRE
regions of somatostatin promoter. The regions selected for
Ch-IP analysis corresponded to the sequences containing the
functional CRE. In unstimulated cells, there was no associa-

tion of each of the proteins with the promoter of rat soma-
tostatin (Fig. 7B, indicated as PKAmut). In contrast, both
RHA and MBD2a, but not MBD2b, were recruited to the
CRE of rat somatostatin promoter in PKA-stimulated cells
(Fig. 7B, indicated as PKAwt). These results indicated that

FIG. 7. Putative activation mechanisms by MBD2a. (A) HEK-293 cells were transiently transfected with HA-RHA, HA-MBD2a, and HA-
MBD2b. The cell lysates were immunoprecipitated with anti-HA antibody and immunoblotted with anti-Pol II antibody (upper panel) or anti-HA
antibody (lower panel). The asterisk indicates immunoprecipitated IgG heavy chain. (B) Ch-IP assay of D5 cells containing integrated copies of
the rat somatostatin gene. D5 cells were transfected with HA-RHA, HA-MBD2a, and HA-MBD2b and cotransfected with PKAmut or PKAwt.
After 24 h of transfection, formaldehyde cross-linked protein-DNA complexes were immunoprecipitated with anti-HA. A PCR analysis to amplify
somatostatin promoter sequences (�100 to �55) is shown, including input DNA. (C) RT-PCR of total RNA from D5 cells expressing chromo-
somal copies of the rat somatostatin gene (som). Cells were transfected with HA-RHA, HA-MBD2a, and HA-MBD2b and cotransfected with
PKAmut or PKAwt. The expression of �-actin, a ubiquitous mRNA, was used as an internal control.
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RHA and MBD2a could be recruited to active endogenous
CRE in a phospho-(CREB at Ser-133)-dependent manner.

To confirm whether MBD2a would activate the endogenous
promoter in vivo, we evaluated somatostatin mRNA accumu-
lation in D5 cells by RT-PCR. As shown in Fig. 7C, the ex-
pression of endogenous somatostatin mRNA was not detected
in unstimulated cells (Fig. 7C, indicated as PKAmut). In con-
trast, RHA and MBD2a, but not MBD2b, increased the ex-
pression of somatostatin mRNA in PKA-stimulated cells (Fig.
7C, indicated as PKAwt). Taken together, these data indicated
that MBD2a could functionally activate CREB-dependent
transcription and be recruited to the endogenous promoter of
CREB target genes.

DISCUSSION

Different roles of MBD2a and MBD2b. Our results showed
that MBD2a but not MBD2b interacted with RHA in vitro and
in vivo (Fig. 2B, C, and D). In addition, in vitro binding ex-
periments indicated that GR11 was sufficient for binding to
RHA (Fig. 2F). GR11 is unique in MBD2a among members of
the MBD family and is the predicted functional region (6).
However, its functions and interactants are not clear. There-
fore, RHA was the first molecule to functionally interact with
GR11.

We showed that MBD2a and MBD2b played distinct roles
via interaction with RHA. It is known that several proteins
alter regulation of gene expression by distinct isoforms (3, 30).
For example, the homeobox protein, Pbx, consists of two iso-
forms generated from alternative splicing. Pbx forms a dimer
with Pdx, and the Pbx-Pdx dimer recruits coactivator-corepres-
sor complexes in an isoform-specific manner. The transcrip-
tional properties of the Pbx-Pdx complex appear to be regu-
lated at the level of alternative splicing via different expressions
of Pbx isoforms in endocrine versus exocrine compartments of
the adult pancreas (3). MBD2 is ubiquitously expressed in
tissues excluding ES cells (21). Although the different expres-
sion patterns in MBD2a and MBD2b are not clear in cells and
tissues, it is possible that MBD2 may regulate gene expression
by a similar mechanism.

The roles of each domain within MBD2a on CREB-depen-
dent gene expression. Our results showed that MBD2a con-
tained a potent transactivation domain in its C terminus in
yeast and mammalian cells (Fig. 5B and C). The C terminus of
MBD2a involves the coiled-coil motif. In some cases, it has
been shown that this motif is important for transcriptional
activation via interaction with activating factors (24, 25, 50).
However, we have not yet found the interactants that bind to
the C terminus (Fig. 7, indicated as X). Full-length MBD2a
and MBD2b repressed transcriptional activity despite the pres-
ence of the C terminus when fused to GAL4, and the results
were almost similar to those of previous reports (Fig. 5B and
C). Recent work has shown that MBD2a associates with
NuRD complex via their MBD and coiled-coil motif when
MBD2a binds to methylated DNA (55, 62). It is therefore
possible that the C terminus might be masked under conditions
of binding to DNA. Furthermore, the mutant, lacking the C
terminus (MBD2a-� C), reduced enhancement of cAMP-re-
sponsive gene activation (Fig. 5D), indicating that the C ter-

minus of MBD2a could be important for promoting CRE-
dependent transcription by MBD2a.

MBD2a and RHA cooperatively enhanced CRE- and
CREB-dependent gene expression, but MBD2b did not (Fig.
4C and D), indicating the importance of RHA-MBD2a inter-
action via GR11. MBD2b reduced RHA activity on the Som-
Luc reporter (Fig. 4B, left panel). It is therefore possible that
MBD2b might remove factors that interact with the C terminus
of MBD2a. These results indicated that the interaction of
MBD2a with RHA is critical for promoting CRE-dependent
gene expression by MBD2a. Taken together, the results of our
study demonstrated that MBD2a could promote CRE-depen-
dent transcription via its C terminus and GR11.

Roles of MBD2a on CREB-dependent gene expression. It is
well known that methylation occurs on CRE in the tissue-
specific genes and the tumor suppressor genes, resulting in
transcriptional repression (13, 32, 45). However, the underly-
ing mechanisms are poorly understood. In our study, MBD2a
and MBD2b repressed transcription of methylated CRE (Fig.
1A). Previous studies indicated that MBD2 specifically binds to
methylated DNA only in the presence of two methyl groups
(43, 44, 56). Therefore, it is not clear whether MBD2 specifi-
cally binds to methylated CRE in vivo. It is possible that the
transcription of methylated CRE might be partially repressed
by MBD2.

In our study, MBD2a and MBD2b repressed transcription of
methylated CRE (Fig. 1A), but this repression seemed to be
alleviated by PKA induction (Fig. 1B). There are two possibil-
ities. The first is that Som-Luc was not fully methylated in vitro
and thus minimal induction occurred by PKA. However, meth-
ylated Som-Luc reporter plasmid was insensitive to the meth-
ylation-sensitive restriction enzyme HpaII in vitro. The second
is that PKA would induce directly or indirectly demethylation
and/or derepression.

We showed that MBD2a enhanced CREB-dependent gene
expression in transient transfection assays (Fig. 4) and the
mRNA expression of endogenous CREB target gene (Fig. 7C).
For some MBD proteins (MeCP2, MBD1, and MBD2), tran-
scriptional repression has been shown to occur (38, 41, 42).
Our study was therefore the first to show that MBD protein
might act as cofactor for transcriptional activation.

MBD2a is a component of the MeCP1 corepressor complex
(41) containing HDAC1/2 and components of the NuRD com-
plex (15, 41, 61, 62). In our study, we found that MBD2a
interacted with RHA and Pol II in vivo (Fig. 7A). The Ch-IP
assay revealed that RHA and MBD2a were recruited to the
endogenous promoter of the CREB target gene in PKA-stim-
ulated cells (Fig. 7B), indicating that MBD2a would form a
complex with activators on the endogenous promoter. Inter-
estingly, MBD2a binding to RHA was not associated with
HDAC1 (Fig. 6A and B). These results indicated that MBD2a
could be involved in two different complexes, the corepressor
complex and the activator complex.

Methylation and demethylation occur on CRE. During can-
cer progression, methylation is induced on unmethylated CRE,
resulting in transcriptional repression (13, 45). Conversely,
during cell differentiation, demethylation is induced on meth-
ylated CRE, and thereby transcriptional activation ensues (11,
26, 48). It is also known that CRE within the cell-specific genes
is consistently methylated and associated with transcriptional
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inactivation in other cells (27, 29). Our results showed that
MBD2a performed a distinct function according to the pres-
ence or absence of methylation on CRE (Fig. 1). It is possible
that MBD2a bound to methylated CRE represses transcription
while MBD2a that did not bind to methylated CRE might
function as cofactor for transcriptional activation. Alterna-
tively, MBD2a may alter functions between repressor and co-
factor for transcriptional activation in accordance with the
methylation states on CRE.

Taken together, we propose a model in which MBD2a has
discrete roles, transcriptional repression and activation, ac-
cording to the presence or absence of DNA methylation on
CRE (Fig. 8). MBD2a would bind to methylated CRE and
repress its transcription via association with the corepressor
complex (Fig. 8, upper panel). On the other hand, MBD2a
could associate with the CBP/RHA/Pol II complex and pro-
mote the transcription of unmethylated CRE in a phospho-
(CREB at Ser133)-dependent manner (Fig. 8, lower panel).
Alternatively, MBD2a could have opposite roles in gene reg-
ulation.
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