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DNA methylation of promoter-associated CpG islands is involved in the transcriptional repression of
vertebrate genes. To investigate the mechanisms underlying gene inactivation by DNA methylation, we char-
acterized a human MBD1 protein, one of the components of MeCP1, which possesses a methyl-CpG binding
domain (MBD) and cysteine-rich (CXXC) domains. Four novel MBD1 isoforms (MBD1v1, MBD1v2, MBD1v3,
and MBD1v4) were identified by the reverse transcription-PCR method. We found that these transcripts were
alternatively spliced in the region of CXXC domains and the C terminus. Green fluorescent protein-fused
MBD1 was localized to multiple foci on the human genome, mostly in the euchromatin regions, and particu-
larly concentrated in the pericentromeric region of chromosome 1. Both the MBD sequence and genome
methylation were required for proper localization of the MBD1 protein. We further investigated whether MBD1
isoforms are responsible for transcriptional repression of human genes. A bacterially expressed MBD1 protein
bound preferentially to methylated DNA fragments containing CpG islands from the tumor suppressor genes
p16, VHL, and E-cadherin and from an imprinted SNRPN gene. All MBD1 isoforms inhibited promoter
activities of these genes via methylation. Interestingly, MBD1 isoforms v1 and v2 containing three CXXC
domains also suppressed unmethylated promoter activities in mammalian cells. These effects were further
manifested in Drosophila melanogaster cells, which lack genome methylation. Sp1-activated transcription of
methylated p16 and SNRPN promoters was inhibited by all of the MBD1 isoforms, whereas the isoforms v1 and
v2 reduced Sp1-activated transcription from unmethylated promoters as well. These findings suggested that
the MBD1 isoforms have different roles in methylation-mediated transcriptional silencing in euchromatin.

DNA methylation at position 5 of cytosine within CpG
dinucleotides is the major epigenetic modification of mamma-
lian genomes and is involved in a wide range of biological
phenomena, including genomic imprinting (3, 33), X chromo-
some inactivation (2), and tissue-specific gene expression (3).
Lack of a gene encoding the DNA methyltransferase is also
reported to be lethal to mice at midgestation (34). In addition,
aberrant DNA methylation patterns have been linked to al-
tered gene expression in certain genetic diseases and tumors
(4, 16). These observations are based upon the fact that ge-
nome methylation regulates gene transcription and higher-
order chromatin structure (29). There are two possible mech-
anisms by which methylation can suppress gene expression
(37). One is a direct mechanism: some transcription factors,
such as E2F1, cannot bind their recognition sequences when
they are methylated (5, 24). In contrast, transcription factors,
such as Sp1, are not sensitive to the methylation status of the
recognition sites (23, 30). In such cases, methylation may re-
press transcription by additional mechanisms. The other is an
indirect mechanism: repressor molecules which bind specifi-
cally to methylated DNA and induce subsequent chromatin
assembly cause the gene inactivation. This is supported by
observations that methylation-dependent silencing of genes
occurs only after chromatin is assembled (13) and that meth-
ylation has additional repressive effects on transcription con-

ferred by nucleosomes alone (29). Thus, trans-acting factors
targeted for methylated sequences are likely to play a role in
gene repression and chromatin structure.

The proteins, designated methyl-CpG binding proteins
(MeCPs), either independently or together with other compo-
nents of chromatin, contribute to the regulation of gene tran-
scription via methylation (5, 9, 29). They have no DNA se-
quence specificity except for the requirement for CpG
methylation, suggesting that these proteins affect the genome
globally. Two MeCPs, MeCP1 (9, 37) and MeCP2 (32, 41),
have been initially determined to bind specifically to methyl-
ated DNA. In mammalian genomes, approximately 60 to 90%
of CpG dinucleotides are methylated, and most of them are
dispersed on the vast chromosomes. However, the CpG is-
lands, a cluster of CpG sequences, are almost unmethylated in
the promoter regions of actively transcribed genes (1). Thus,
the distribution of methylated cytosines on the genome is dis-
proportionate. MeCP1 was reported to bind preferentially to
DNA containing a cluster of symmetrically methylated CpGs
(37), while MeCP2 can bind to a single methylated CpG pair
(42). MeCP2 is more abundant than MeCP1 and is thought to
associate mainly with dispersed methylated CpGs to prevent
inappropriate transcription (32). MeCP2 provides a transcrip-
tional noise reduction system on the genome (8), and this may
be consistent with a recent report that Mar-binding protein,
which is involved in the loop domain organization of chroma-
tin, is homologous to MeCP2 (51).

A human protein, MBD1 (formerly PCM1), was reported to
be a component of the MeCP1 complex and to repress tran-
scription from a methylated adenovirus promoter in vitro (15).
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Recently, three additional human and mouse proteins, named
MBD2, MBD3, and MBD4, have been identified based on a
sequence similarity to the methyl-CpG binding domain (MBD)
of MeCP2 and MBD1 (20). MBD1, MBD2, and MBD4 bound
specifically to oligonucleotide probes with methylated CpG.
The expression of MBD1 and MBD2 was detected in somatic
tissues but not in embryonic stem cells or germ cells, which are
deficient in MeCP1 activity. Among these MBD-containing
proteins, only MBD1 was demonstrated to have sequences
similar to a cysteine-rich CXXC domain, which was originally
found in DNA methyltransferase (7). The conserved presence
of a CXXC domain represents the first link between MeCPs
and DNA methyltransferase, although the significance of the
CXXC domain is poorly understood. The lines of evidence
suggest that MBD1 is involved in methylation-mediated re-
pression of genes whose promoters carry CpG islands. How-
ever, the involvement of MBD1 in gene transcription and chro-
matin structure in mammalian genomes remains to be
elucidated. In the present study, therefore, we focused on the
characterization of MBD1, and our data have demonstrated
that four novel MBD1 isoforms which are alternatively spliced
in the region of CXXC domains play multiple roles in methy-
lation-mediated gene silencing in the euchromatin of the hu-
man genome.

MATERIALS AND METHODS

Cloning of human MBD1 isoforms. The method for PCR-based, full-length
cDNA cloning with the sequence information of human expressed sequence tags
(EST) in databases was reported previously (36). Briefly, our tblastn search of
the GenBank database with the amino acid sequences of the MBD of human
MeCP2 (accession no. P51608) revealed that several EST clones, including
H85883, had sequence similarity. Amplification of the corresponding cDNA
clone was carried out by a nested PCR procedure with a human fetal brain cDNA
library as a template and specific primers designed from the EST sequences. The
cDNA and deduced amino acid sequences were similar but not identical to those
of MBD1 (accession no. Y10746), according to Cross et al. (15). A set of primers
corresponding to the 59 and 39 untranslated regions of MBD1 cDNA, as de-
scribed below, amplified four alternatively spliced MBD1 isoforms from primary
cultured human fibroblasts.

Methylation-specific PCR assay. Genomic DNA was extracted from the lung
cancer cell line NCI-H1299. The DNA (1 mg) was treated with sodium bisulfite,
and the bisulfite-modified DNA was amplified with p16 gene-specific primers as
described previously (21). The sets of primers were p16-W-sense (59-CAGAGG
GTGGGGCGGACCGC-39) and p16-W-antisense (59-CGGGCCGCGGCCGT
GG-39) for the unmodified sequence, p16-M-sense (59-TTATTAGAGGGTGG
GGCGGATCGC-39) and p16-M-antisense (59-GACCCCGAACCGCGACCGT
AA-39) for the methylated sequence, and p16-U-sense (59-TTATTAGAGGGT
GGGGTGGATTGT-39) and p16-U-antisense (59-CAACCCCAAACCACAAC
CATAA-39) for the unmethylated sequence. The sets of primers p16-M and
p16-U were used for the amplification of bisulfite-modified DNA. PCR was
performed in a 25-ml reaction volume for 40 cycles with AmpliTaq Gold DNA
polymerase (Perkin-Elmer, Branchburg, N.J.).

Construction of GST-fused MBD1 protein and band shift assay. The MBD1v1
cDNA fragment (amino acids 1 to 421) was subcloned into a pGEX-2TH bac-
terial expression vector. Expression and purification of the glutathione S-trans-
ferase (GST)-fused MBD1 protein were performed as described previously (36).
DNA fragments containing the promoter regions of human p16, E-cadherin,
VHL, and SNRPN genes (accession no. X94154, L34545, U19763, and U41384,
respectively) were amplified from human genomic DNA. The sets of primers
used were as follows: p16-sense (59-CACGCTAGCACAGCGTCCCCTTGCCT
GGAA-39) and p16-antisense (59-CCGAAGCTTCCATGCTGCTCCCCGCCG
C-39), E-cadherin-sense (59-AGCGCTAGCAGGCTAGAGGGTCACCGCGT-
39) and E-cadherin-antisense (59-CCGAAGCTTCACAGGTGCTTTGCAGTT
CCG-39), VHL-sense (59-TAGGCTAGCTACAGTAACGAGTTGGCCTAGC-
39) and VHL-antisense (59-CAGAAGCTTCGGGCCGGACGCCGCGG-39)
and SNRPN-sense (59-TTGGCTAGCGTAGCATGCTTTTAGAGTTAGG-39)
and SNRPN-antisense (59-CGCAAGCTTGACAGATGCGTCAGGCATCTC-
39), containing NheI and HindIII sites (underlined). As competitor DNA, a
portion of the SNRPN CpG island was also amplified by the primers SNRPN-CF
(59-CCCTCTCATTGCAACAGTGCTGT-39) and SNRPN-DR (59-CGAGGGT
TCCTAAAGGGTACGC-39). A cycling reaction was performed in a 25-ml re-
action volume for 35 cycles with a cloned Pfu DNA polymerase (Stratagene, La
Jolla, Calif.). These PCR products were methylated by SssI methyltransferase as
indicated by the manufacturer (New England Biolabs, Beverly, Mass.). For a
band shift assay, the unmethylated or methylated DNA fragments (0.2 mg each)

were incubated with the GST-MBD1 protein or GST (0.3 mg each) in a binding
buffer containing 20 mM HEPES (pH 7.4), 1 mM EDTA, 3 mM MgCl2, 10 mM
2-mercaptoethanol, 0.4% glycerol, and 0.1% Triton X-100 on ice for 30 min.
Competitor DNA (0.4 mg each), either unmethylated or methylated, was added
to the reaction. The DNA-protein complexes were then electrophoresed on 1 or
3% agarose gels and were stained with ethidium bromide.

In vitro transcription analysis. The PCR products amplified from the pro-
moter regions of p16, E-cadherin, VHL, and SNRPN genes were double digested
with NheI and HindIII and ligated upstream of a luciferase cDNA in a pGL3-
Basic vector (Promega, Madison, Wis.). The template DNAs for in vitro tran-
scription were amplified from the promoter-inserted pGL3 constructs by primers
DF (59-TGCAGGTGCCAGAACATTTCTCT-39) and ER (59-CTCTATGCAT
TTATTATTAGCTATTTATCGTTTCATAGCTTCTGC-39) (the 39 untrans-
lated sequence of human SNRPN mRNA [underlined] was added to ensure the
stability of the transcript). These PCR products were methylated with SssI
methyltransferase. GST-MBD1 protein was incubated on ice for 60 min with
unmethylated or methylated DNA fragments (0.1 mg) in the binding buffer. The
transcription was then initiated by adding nucleoside triphosphate NTP mix (0.4
mM [each] ATP, CTP, GTP, and UTP) and 8 U of HeLa nuclear extract
(Promega), and the samples were incubated for 60 min at 30°C. After extraction
once with phenol-chloroform and precipitation in ethanol, RNA-containing sam-
ples were dissolved in nuclease-free water.

Primer extension assay. The primer ER was labeled with T4 polynucleotide
kinase (New England Biolabs) and [g-32P]ATP (3,000 Ci/mmol) (Amersham,
Buckinghamshire, England). The radiolabeled primer was mixed with the above-
mentioned RNA-containing samples in a 20-ml reaction buffer containing 50 mM
Tris-HCl (pH 8.3), 75 mM KCl, 3 mM MgCl2, 10 mM dithiothreitol, dNTP mix
(1 mM [each] dATP, dGTP, dCTP, and dTTP), and 200 U of SuperScript II
reverse transcriptase (Gibco BRL, Rockville, Md.). After incubation for 1 h at
42°C, the samples were extracted with phenol-chloroform and precipitated in
ethanol, electrophoresed on an 8% polyacrylamide gel, and exposed to X-ray
film.

Construction of expression plasmids. The full-length cDNAs for MBD1v1 to
MBD1v4 isoforms were PCR amplified with cDNA fragments from primary
cultured human fibroblasts and specific primers. These are a forward primer
(59-CTGCTTGTTACCTCTAGAATGGCTGAGGACTGGCTGGAC-39) and
a reverse primer (59-AGTTTTTCTAGAAAGCTTTTCATACAATCTCTGTA
CTTGCTG-39), each containing an XbaI site (underlined). Cycling reactions
were performed in a 25-ml reaction volume for 30 cycles with a cloned Pfu DNA
polymerase. Each cycle included denaturation at 96°C for 1 min, annealing at
55°C for 2 min, and extension at 72°C for 5 min 30 s. The PCR fragments were
digested with XbaI and ligated into pCGN mammalian expression vectors
(termed pCGN-MBD1v1 to pCGN-MBD1v4) and into pAc5.1/V5-His Drosoph-
ila melanogaster expression vectors (termed pAc5.1-MBD1v1 to pAc5.1-
MBD1v4) (Invitrogen, Carlsbad, Calif.). To express epitope-tagged MBD1, the
MBD1 vectors were transfected into COS-7, HeLa, NCI-H1299, and CHO cells
by the liposome-mediated gene transfer method. The pAc5.1-MBD1 vectors
were transfected into Drosophila Schneider cell line 2 (SL2) derived from Dro-
sophila embryos (provided by R. M. Evans) by the calcium phosphate method.
To express enhanced green fluorescent protein (EGFP) fusion proteins, we
ligated cDNA for full-length MBD1 isoforms into the eukaryotic expression
vector pEGFP-C1 (Clontech, Palo Alto, Calif.). In addition, the cDNA frag-
ments encoding amino acids 1 to 112 (which include both MBD and nuclear
localization signal [NLS]), amino acids 1 to 75 (which include MBD alone), and
amino acids 70 to 112 (which include NLS alone) of MBD1 were also sub-
cloned into the pEGFP-C1. These constructs were named pEGFP-MBD1
(MBD1NLS), pEGFP-MBD1(MBD), and pEGFP-MBD1(NLS). The full-
length cDNA for MeCP2 was amplified with cDNA fragments from U251 glioma
cells. The specific primers are a forward primer (59-CAGCTCTCTAGAGGAT
CCATGGTAGCTGGGATGTTAGGG-39) and a reverse primer (59-AATCCG
TCTAGAGGATCCTCAGCTAACTCTCTCGGTCAC-39), each containing an
XbaI site (underlined). The PCR fragments were digested with XbaI and ligated
into a pEGFP-C1 vector (termed pEGFP-MeCP2). The full-length cDNA for
E2F1 was amplified from an expression plasmid pDCE2F (26) (provided by K.
Ohtani) with a forward primer (59-GCGCGGGGATCCGATATCATGGCCTT
GGCCGGGGCCC-39) and a reverse primer (59-TGGTCCTCTAGAGAAATC
CAGGGGGGTGAGGTC-39) containing an EcoRV and an XbaI site (under-
lined), respectively, and it was digested with EcoRV and XbaI and ligated into a
pAc5.1/V5-His vector (termed pAc5.1-E2F1).

Cell cultures and preparation of cell lysates. COS-7, NCI-H1299, and HeLa
cells were cultured in a 1:1 mixture of Dulbecco’s modified Eagle’s minimum
essential medium and Ham’s F12 nutrient medium (Gibco BRL) supplemented
with 10% (vol/vol) heat-inactivated fetal bovine serum (Bio-Whittaker, Walkers-
ville, Md.). CHO cells were grown in the above-mentioned medium supple-
mented with 0.1 mM minimum essential medium nonessential amino acid solu-
tion (Gibco BRL). 5-Aza-29-deoxycytidine (Sigma, St. Louis, Mo.) was used for
the cell treatment. SL2 cells were cultured in Schneider’s Drosophila medium
(Gibco BRL) with 10% (vol/vol) heat-inactivated fetal bovine serum (Gibco
BRL) and 2 mM glutamine.

For preparing cell lysates, at 48 h after the transfection of pCGN-MBD1, the
cells on plates were washed with phosphate-buffered saline (PBS) and lysed with
a lysis buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 0.5% Triton X-100, 50
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mg of aprotinin/ml, 100 mg of phenylmethanesulfonyl fluoride/ml, 10 mg of
leupeptin/ml, 10 mg of pepstatin/ml, and 180 mg of sodium orthovanadate/ml) on
ice for 5 min. After centrifugation at 3,000 rpm for 5 min, the pellet and the
supernatant were separately solubilized by a Laemmli sample buffer (2% sodium
dodecyl sulfate, 100 mM dithiothreitol, 60 mM Tris-HCl [pH 6.8], and 0.001%
bromphenol blue) as nuclear and cytosolic fractions, respectively.

Western blot analysis. Samples containing equal amounts of protein (15 mg)
from the cell lysates were separated by sodium dodecyl sulfate–8% polyacryl-
amide gel electrophoresis and then transferred to a nitrocellulose membrane
with a constant current of 140 mA for 2 h. The membrane was blocked for 1 h
at 4°C with PBS containing 10% nonfat dry milk and then incubated with an
anti-hemagglutinin (HA) monoclonal antibody (12CA5; Boehringer Mannheim,
Mannheim, Germany) or rabbit anti-MBD1 polyclonal antibody, which we had
prepared with the GST-fused MBD1 protein, in PBS containing 0.03% Tween 20
for 1 h. After being washed with PBS containing 0.3% Tween 20, the membrane
was incubated with species-appropriate horseradish peroxidase-conjugated sec-
ondary antibodies for 40 min. After the membrane was washed with PBS con-
taining 0.3% Tween 20, visualization was performed with an enhanced-chemilu-
minescence detection system (Amersham).

Luciferase assay. The promoter-inserted pGL3 vectors were either unmeth-
ylated or methylated by SssI methyltransferase. At 48 h after the cotransfection
of the promoter-inserted pGL3, pCGN-MBD1, and pRL-SV40, which was used
for monitoring the transfection efficiency into CHO cells, the cells were collected
and lysed by a lysis buffer offered by the manufacturer (Promega). For Drosophila
cells, we cotransfected the promoter-inserted pGL3, pAc5.1-MBD1, and either
an Sp1 expression plasmid, pPacSp1 (14) (provided by J. T. Kadonaga), or an
E2F1 expression plasmid, pAc5.1-E2F1. The insertless pCGN, actin 5C (A5C)
(provided by R. M. Evans), or the pAc5.1/V5-His vector was used as a mock
transfection. The luciferase activities were determined by the Dual-luciferase
reporter assay system (Promega) and a luminometer (Niti-on, Funabashi, Ja-
pan).

CLSM analysis. The COS-7, NCI-H1299, and HeLa cells were incubated for
24 h at 37°C after the transfection of EGFP-fused MBD1 expression vectors.
After being washed two times with PBS, the cells were fixed with 4% parafor-
maldehyde in PBS for 10 min and then treated with 0.2% Triton X-100 for 5 min.
After being washed with PBS, the cells were incubated with anti-kinetochore
autoantibody from a patient with calcinosis, Reynaud’s phenomenon, esophageal
motility disorders, sclerodactyly, and telangiectasia (CREST) syndrome (40)
(provided by H. Nakakuma) in PBS containing 0.3% bovine serum albumin for
60 min at room temperature. After being washed with PBS, the cells were
incubated with a fluorolink Cy3-labeled goat anti-human immunoglobulin G
(Amersham) for 60 min. After being washed with PBS, the samples were
mounted in 80% glycerol. The cells were counterstained with propidium iodide
(Sigma) at a final concentration of 1 mg/ml. The cells were visualized with a
confocal laser scanning microscope (CLSM; Olympus, Tokyo, Japan).

Deconvolution system. After being washed two times with PBS, HeLa cells
were similarly fixed with 4% paraformaldehyde in PBS for 10 min and then
treated with 0.2% Triton X-100 for 5 min. After washing the cells with PBS, we
incubated them with anti-GFP polyclonal antibodies (Clontech) in PBS contain-
ing 0.3% bovine serum albumin for 55 min at room temperature, and DAPI
(49,6-diamidino-2-phenylindole) (Sigma) was added to make a final concentra-
tion of 0.2 mg/ml for nuclear staining for 5 min. The following deconvolution
system was used to show the localization of MBD1 and DAPI: a Zeiss Axioplan2
MOT epifluorescence microscope equipped with a filter wheel system and a
cooled charge-coupled camera (PentaMax-1317K1; Princeton Instruments, Inc.)
controlled by a Power Macintosh 9600/200MP computer running the software
program IPLab (Signal Analystics Co.). Several images for each cell captured at
different stage positions and then deconvoluted by the software HazeBuster
(VayTek, Inc.) are shown in the figures in the same focal plane.

Nucleotide sequence accession numbers. The accession numbers for MBD1v1,
-v2, -v3, and -v4 are AF078830, AF078831, AF078832, and AF078833, respec-
tively.

RESULTS

Identification of four MBD1 splice isoforms. We cloned an
MBD1 cDNA by a reverse transcription-PCR method from
primary cultured human fibroblasts. Four kinds of full-length
cDNAs appeared to be expressed equally in the cells. The
deduced amino acid sequences were very similar but not iden-
tical to that of MBD1 (Y10746) (15). We did not isolate a
cDNA encoding MBD1 (Y10746) from fibroblasts. The term
MBD1 (Y10746) is used throughout the text to distinguish this
isoform from the general name of the protein. The four novel
MBD1 isoforms were confirmed to be alternatively spliced,
and these splice variants were designated MBD1v1, MBD1v2,
MBD1v3, and MBD1v4 (Fig. 1A). There were one MBD (ami-
no acids 7 to 61) and one putative NLS (amino acid sequence,

K84KRKK88) in the common N-terminal region. MBD1v3
and MBD1v4 had CXXC domains 1 and 2, while MBD1
(Y10746) had CXXC domains 2 and 3. In contrast, MBD1v1
and MBD1v2 possessed CXXC domains 1, 2, and 3. In addi-
tion, MBD1v2 had a different C-terminal sequence with a
downstream stop codon, due to additional alternative splicing
events. From searches of the human database, we found the
presence of only one CXXC domain in DNA methyltrans-
ferase (7) and ALL-1/HRX (35), which is related to translo-
cation breakpoints in leukemia and has amino acid sequence
identity with trithorax proteins of Drosophila (Fig. 1B).

Localization of MBD1 isoforms in the nuclei of mammalian
cells. To characterize the subcellular localization of MBD1, a
Western blot analysis of COS-7 cells which had been trans-
fected with pCGN (mock transfection) or pCGN-MBD1v1
(amino acids 1 to 421) was performed with an anti-HA epitope
monoclonal antibody (12CA5). HA-tagged MBD1 was found
not in a cytosolic fraction but in a nuclear fraction from lysed
cells (Fig. 2A). A very similar result was obtained by expressing
full-length MBD1 isoforms (data not shown). In order to vi-
sualize the intranuclear localization of MBD1 isoforms in in-
tact cells, EGFP-MBD1 fusion proteins were transiently ex-
pressed in COS-7 cells and observed by CLSM (Fig. 2B to E).
The EGFP-MBD1 isoforms showed punctate distribution in

FIG. 1. Protein structure of MBD1 splice isoforms and sequence alignment
of the CXXC domains. (A) Diagrams of MBD1 isoforms. These include
MBD1v1, MBD1v2, MBD1v3, and MBD1v4 and a previously described MBD1
(formerly PCM1 [Y10746]). They show one methyl-CpG binding domain
(MBD), one putative NLS (KKRKK), and two or three cysteine-rich (CXXC)
domains, due to alternative splicing events, designated as CXXC1 to CXXC3.
The numbers below the diagrams indicate the positions of amino acids (a.a.)
from the N terminus. (B) Sequence alignment of the CXXC domains between
MBD1 isoforms, ALL1/HRX, and DNA (cytosine-5)-methyltransferase (MTase).
Conserved cysteine residues are indicated by boldface type. The accession num-
bers of the sequences are Q03164 (ALL1/HRX) and X63692 (MTase).
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the interphase nuclei except for the nucleolus. Multiple foci of
different sizes with intense staining were seen in the nuclei of
transfected cells. The result obtained with EGFP-fused full-
length MBD1v1 is shown in Fig. 2B. We then constructed three
additional vectors—pEGFP-MBD1(MBD1NLS), expressing
an EGFP fused to both MBD and putative NLS; pEGFP-
MBD1(MBD), expressing an EGFP fused to MBD alone; and
pEGFP-MBD1(NLS), expressing an EGFP fused to putative
NLS alone—and they were expressed in COS-7 cells to clarify
the roles of these domains. EGFP-MBD1(MBD1NLS) pre-
sented punctate labeling of the nuclei (Fig. 2C) similar to that
of full-length EGFP-MBD1v1. EGFP-MBD1(MBD) still

tended to locate in the nucleus and form multiple foci (Fig.
2D), and a portion of EGFP-MBD1(MBD) was retained in the
cytoplasm of some transfected cells. In contrast, EGFP-
MBD1(NLS) lacking MBD was localized uniformly in the nu-
cleolus (Fig. 2E). To demonstrate that the interaction of
MBD1 with chromosomal DNA is sensitive to genome meth-
ylation, we utilized a lung cancer cell line, NCI-H1299, which
had demonstrated the presence of hypermethylation in the
promoter region of the p16 gene. EGFP-MBD1(MBD1NLS)
was expressed in the cells which were untreated or treated with
5-aza-29-deoxycytidine (0.5 mM), a cytidine analog to inhibit
DNA methylation, for 6 days (Fig. 2F). EGFP-MBD1

FIG. 2. Subcellular localization of MBD1 protein. (A) Western blot analysis. pCGN-MBD1v1 (amino acids 1 to 421) was transfected into COS-7 cells. HA-tagged
MBD1 was present in the nuclear fraction (N) but not in the cytosolic fraction (C). (B to F) EGFP-fused MBD1 was transiently expressed in COS-7 and NCI-H1299
cells and observed with a CLSM. (B to E) The lower row shows a transmitted view (Nomarski) of the upper. (B) The result of the full-length MBD1v1 is shown in the
upper row. Three vectors were constructed: pEGFP-MBD1(MBD1NLS), expressing an EGFP fused to both MBD and putative NLS (C); pEGFP-MBD1(MBD),
expressing an EGFP fused to MBD alone (D); and pEGFP-MBD1(NLS), expressing an EGFP fused to putative NLS alone (E). (F) Localization of EGFP-
MBD1(MBD1NLS) in the nuclei of NCI-H1299 cells which were treated with 5-aza-29-deoxycytidine (0.5 mM) for 6 days. The methylation-specific PCR with bisulfite
modification of DNA (lower panels) demonstrated the demethylation of the promoter region of human p16 gene after the treatment. W, U and M indicate specifically
amplified fragments corresponding to unmodified, unmethylated, and methylated sequences, respectively.

6418 FUJITA ET AL. MOL. CELL. BIOL.



(MBD1NLS) revealed a reduced punctate formation and was
distributed nonspecifically throughout the nuclei of the treated
cells. The methylation-specific PCR assay with bisulfite modi-
fication of genomic DNAs from these cells demonstrated that
the treatment with 5-aza-29-deoxycytidine induced the altered
levels of genomic demethylation. Both M and U primers, cor-
responding to methylated and unmethylated p16 promoter se-
quences, respectively, allowed the amplification of expected
fragments in the treated cells, while the use of M primers, but
not U primers, gave an amplified product in the untreated
cells. These findings indicate that both MBD and genome

methylation are required for the precise localization of MBD1
protein.

Intranuclear territories of MBD1 and other chromosomal
proteins. We further observed the localization of MBD1 and
other chromosomal proteins in human HeLa cells. CLSM
showed that EGFP-MBD1(MBD1NLS) produced a punctate
staining pattern in HeLa cells (Fig. 3A), while EGFP-MeCP2
was observed diffused throughout the nucleus (Fig. 3B). Chro-
mosomal DNA was counterstained with propidium iodide. The
merged images in the right-hand panels reveal that EGFP-
MBD1 localized not to the nuclear periphery but to the inte-

FIG. 3. Intranuclear territories of MBD1 and other chromosomal proteins in human HeLa cells. EGFP-MBD1(MBD1NLS) (green) transfected into HeLa cells
produced a punctate staining pattern in the nucleus (A and C), while EGFP-MeCP2 (green) was distributed throughout the nucleus (B). Chromosomal DNAs were
counterstained with propidium iodide (red) (A and B). MBD1(MBD1NLS) did not colocalize with kinetochores, which were labeled with autoantibodies from a patient
with the CREST syndrome of scleroderma (red) (C). The right-hand panels show merges of the left-hand and the middle panels.
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rior of the nucleus. Thus, these two MeCPs showed very dif-
ferent localization patterns for the same assay, indicating that
MBD1 is distinct from MeCP2. Next, interphase kinetochores
were labeled with autoantibodies from sera of a patient with
the CREST syndrome of scleroderma (Fig. 3C), as described
previously (40). The foci of CREST antigens in kinetochores
did not appear to colocalize with those of MBD1, suggesting
that MBD1 is not associated with kinetochores.

Localization of MBD1 in euchromatin regions and the peri-
centromeric region of human chromosome 1. A deconvolution
system with a highly sensitive charge-coupled camera was uti-
lized to detect the localization of MBD1 in the nucleus. The
chromosomal DNAs, especially in the heterochromatin re-
gions, were counterstained with DAPI (39) (Fig. 4A to C). In
HeLa cells, EGFP-MBD1(MBD1NLS) localized throughout
all the chromosomes (Fig. 4A shows the metaphase image) and
was reorganized and inherited in cell division (Fig. 4B). EGFP-
MBD1 tended to be found mostly in negatively DAPI-stained
euchromatin regions on the human chromosomes. To clarify
whether MBD1 associates with specific chromosomal regions,
we analyzed the localization of EGFP-MBD1 in metaphase
chromosome spreads of the transfected cells (Fig. 4C). The
EGFP-MBD1 was localized predominantly in DAPI-negative
euchromatic regions on the whole chromosomes, and the
merged image of EGFP-MBD1 and DAPI demonstrated their
complementary staining pattern. This is the first observation
that MBD1 targets the sites in euchromatin regions, which are

rich in transcribed genes on the genome. The telomeric region
of several chromosomes also appeared to be labeled by MBD1.
In addition, four regions of intense staining were found in the
pericentromeric regions of human chromosome 1, as deter-
mined by fluorescence in situ hybridization with chromosome
1-specific probes (data not shown). The HeLa cells exhibited
tetraploidy of chromosome 1, but we did not find any structural
abnormalities of this chromosome. This may be consistent with
the existence of specifically methylated repeat structures in the
pericentromeric region of chromosome 1 (47).

Band shift analysis and in vitro transcription assay. The
fact that MBD1 exists largely in euchromatin regions
prompted us to investigate whether MBD1 associates with
human genes via DNA methylation. We PCR amplified
genomic DNAs containing CpG islands from the promoter
regions of four genes and then cloned these fragments up-
stream of a luciferase cDNA in a pGL3-Basic vector (Fig. 5A).
The different types of CpG-rich gene promoters were analyzed
to demonstrate convincing data that MBD1 can generally tar-
get many genes on the genome. Tumor suppressor genes, in-
cluding p16, VHL, and E-cadherin, have been shown to have
aberrantly hypermethylated CpG islands in cancer cells (17, 22,
38), resulting in the transcriptional repression advantageous to
tumor progression. The CpG island of an imprinted SNRPN
gene is normally unmethylated and heavily methylated on the
active paternal and inactive maternal alleles, respectively, and
monoallelic expression is required for mammalian develop-

FIG. 4. Localization of MBD1 on human chromosomes. EGFP-MBD1(MBD1NLS) (green) was found in HeLa cells on the metaphase chromosomes (A), on the
chromosomes during mitosis (B), and on the metaphase chromosome spreads (C), using a deconvolution system with a highly sensitive charge-coupled camera.
Chromosomal DNAs, especially in the heterochromatin regions, were counterstained with DAPI (blue) (A to C). (C) MBD1 localized mostly in negatively
DAPI-stained euchromatic regions on human chromosomes and to pericentromeric regions of chromosome 1. The right-hand panel shows a merge of left-hand and
middle panels.
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ment (48). The nucleotide component of each cloned DNA
was as follows: p16 (221 bp long; G1C content, 70.1%; CpG/
GpC 5 0.69), VHL (212 bp long; G1C content, 69.4%; CpG/
GpC 5 1.20), E-cadherin (203 bp long; G1C content, 70.4%;
CpG/GpC 5 0.65), and SNRPN (516 bp long; G1C content,
52.0%; CpG/GpC 5 0.43). The MBD1v1 protein (containing
one MBD and three CXXC domains) fused to GST was ex-
pressed in Escherichia coli. First, the GST-MBD1 protein was
incubated with the PCR fragments containing a CpG island
which had been either unmethylated (M2) or methylated
(M1) by SssI methyltransferase, which methylates all cytosine
residues within the CpG dinucleotide. A band shift analysis
was performed by agarose gel electrophoresis (Fig. 5B). The
DNA-MBD1 complex was found to be shifted to a slow-mi-
grating, higher-molecular-mass band or to disappear into the
upper part. The recombinant MBD1 bound preferentially to
all of the methylated DNAs, while MBD1 was only slightly

associated with the unmethylated versions. The methylated
DNA-MBD1 complexes were unaffected by the presence of an
excess of unmethylated competitor DNA (containing a portion
of the SNRPN CpG island (1,319 bp long; G1C content,
61.3%; CpG/GpC 5 0.68) or a VHL CpG island [212 bp long,
same as above]), but the complex formations were abolished
when the methylated competitor DNA was added to the reac-
tion. The MBD1 binding to the methylated fragment contain-
ing a VHL CpG island, which had the highest content of CpG
dinucleotides in this study, was not inhibited by the methylated
SNRPN competitor, indicating that MBD1 binds preferentially
to a high density of methylated CpGs. GST alone bound to
neither methylated nor unmethylated DNAs, and purified hi-
stone proteins bound strongly to the DNAs regardless of the
methylation status (data not shown). Next, to test whether
MBD1 affects transcription from these promoter sequences,
the GST-MBD1 was added to in vitro-transcription reaction

FIG. 5. Effect of MBD1 on promoter-associated CpG islands of p16, VHL, E-cadherin, and SNRPN genes. (A) PCR-amplified DNA fragments from the gene
promoters were subcloned upstream of a luciferase cDNA in a pGL3-Basic vector. The position of the transcription start site and the oligonucleotide primers DF and
ER to amplify DNA fragments utilized for the in vitro transcription assay are shown by solid and open arrows, respectively. The presence of CpG dinucleotides within
the inserted promoter sequences of four genes is indicated by vertical lines. (B) Band shift of methylated DNAs complexed with MBD1. Unmethylated (M2) and
methylated (M1) DNA fragments containing CpG islands from these genes were incubated with GST-fused MBD1v1 or GST alone. The in vitro methylation of CpG
sequences was performed with SssI methyltransferase. 1, present; 2, absent. (C) Transcriptional repression by MBD1 in a methylation-dependent manner. GST-MBD1
was incubated with either unmethylated (M2) or methylated (M1) DNA fragments which were PCR amplified from the promoter-inserted pGL3 vectors with primers
DF and ER. Transcripts from the promoters were synthesized in HeLa nuclear extract and detected by the primer extension method with a radiolabeled ER primer.
The amount of a predicted cDNA product was measured by a Bioimaging analyzer, MacBAS version 2.51, and the relative amount of transcript compared with that
of the unmethylated promoter without GST-MBD1 is indicated below each panel.
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mixtures containing HeLa nuclear extract and either unmeth-
ylated or methylated DNA fragments which were PCR ampli-
fied from the promoter-inserted pGL3 vectors with primers
DF and ER (Fig. 5A). A primer extension analysis with a
radiolabeled ER primer was then performed to detect a spe-
cific transcript driven by the promoter (Fig. 5C). The in vitro-
transcription products were electrophoresed on an 8% poly-
acrylamide gel, and the radioactivities of the bands were
quantitatively elucidated by the bioimaging analyzer MacBAS
version 2.51 (Fuji Film, Tokyo, Japan). The unmethylated and
methylated promoters had similar transcriptional activities in
the absence of GST-MBD1, suggesting that DNA methylation
alone does not complete the gene repression. The addition of
GST-MBD1 (0.6 mg) repressed transcription from the meth-
ylated promoters by two- (p16), four- (E-cadherin), and five-
fold (VHL and SNRPN) compared with the results in the
absence of MBD1. The unmethylated promoters, however,
were little affected by the presence of MBD1. The lack of DNA
template indicated that there was no transcription product in
the reaction, and GST protein alone did not affect the result
(data not shown).

Transcriptional repression by MBD1 isoforms in mamma-
lian cells. To determine whether MBD1 isoforms are involved

in the regulation of gene activities in the cell, we constructed
four HA-tagged full-length MBD1 expression vectors (pCGN-
MBD1v1 to pCGN-MBD1v4) and transfected each of them
into CHO cells. A Western blot analysis was performed with an
anti-HA epitope monoclonal antibody, and MBD1 isoforms
were found to be approximately 70 to 80 kDa in molecular
mass (Fig. 6A). In addition, the promoter-inserted pGL3 vec-
tors (pGL3-p16, pGL3-VHL, pGL3-E-cadherin, and pGL3-
SNRPN) were utilized to express a Photinus pyralis luciferase
under the promoter-associated CpG islands of the genes (Fig.
5A). Both the promoter-inserted pGL3 and pCGN-MBD1 vec-
tors in the appropriate combinations were cotransfected into
CHO cells, and the level of luciferase activity was measured
with a luminometer. The pRL-SV40 vector expressing Renilla
reniformis luciferase was simultaneously used as an internal
control for correcting the transfection efficiency. The average
data from three or four independent experiments are shown
throughout this report. In the mock transfections shown in the
left bar of each panel (Fig. 6B), the relative luciferase activity
of the methylated construct (M1) was repressed by 35- (p16),
90- (VHL), 60- (E-cadherin) and 90-(SNRPN) fold compared
with that of the unmethylated version (M2), probably due to
the involvement of endogenous cellular factors (9, 41, 46). The

FIG. 6. Transcriptional repression by MBD1 isoforms in mammalian cells.
(A) Expression of HA-tagged MBD1 isoforms. Four vectors expressing MBD1
isoforms, pCGN-MBD1v1 to pCGN-MBD1v4, were transfected into CHO cells,
and a Western blot analysis with an anti-HA epitope monoclonal antibody was
performed. (B) Inhibition of p16, VHL, E-cadherin, and SNRPN gene promoter
activities by MBD1 isoforms. Both promoter-inserted pGL3 and pCGN-MBD1
vectors in the appropriate combinations were cotransfected into CHO cells. The
level of luciferase activity in the cotransfection of unmethylated promoter-in-
serted pGL3 and pCGN (mock) was normalized to 10,000 in each gene pro-
moter. The average of relative activities from four independent experiments is
indicated by each bar. Unmethylated (M2) and methylated (M1) promoter-
inserted pGL3 vectors are shown in the upper and lower rows, respectively.
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expression of the MBD1 isoforms repressed transcription from
all of the methylated constructs. MBD1v1 and MBD1v2, which
contain three CXXC domains, inhibited the luciferase activi-
ties more than did MBD1v3 and MBD1v4 (both have two
CXXC domains) in the methylated promoters tested. On the
other hand, MBD1v1 and MBD1v2 could repress transcription
from the unmethylated promoters whereas MBD1v3 and
MBD1v4 had a subtle influence on the unmethylated promoter
activity. This suggested that MBD1 isoforms v1 and v2 associ-
ate with unmethylated as well as methylated promoters, pos-
sibly through interaction with certain cellular factors affecting
transcription in the cell.

Transcriptional regulation by MBD1 isoforms in Drosophila
cells. The above-mentioned results in mammalian cells suggest
that endogenous MeCPs participate in constitutive repression
of transcription from the methylated constructs. In addition,
we did not exclude the possibility that unmethylated constructs
might be methylated de novo to some degree after being trans-
fected into the cells (7). Thus, the levels of factors influencing
gene transcription appear to be high in mammalian cells. Fi-
nally, in order to determine whether MBD1 isoforms are truly
involved in the repression of these tumor suppressor and im-
printed genes via DNA methylation, we employed D. melano-
gaster cells, which lack genome methylation (50), as host cells.
Drosophila cells possess a general transcription machinery ho-
mologous to that of mammalian cells (18, 19), but the methy-
lation-insensitive transcription factor Sp1 and endogenous
MeCPs are known to be deficient or present at very low levels
(14, 30). First, we tested the effect of cytosine methylation of
the promoter-inserted pGL3 vectors in SL2 cells. Since the p16
and SNRPN promoter sequences which were cloned into the
pGL3 vectors had three putative Sp1 binding motifs (GGCT
GG, GGGTGG, and CGGCGG) and one putative Sp1 site
(GGGAGG), respectively, we utilized pGL3-p16 and pGL3-
SNRPN in combination with the Sp1 expression vector
pPacSp1 for a transient expression assay. As shown in Fig. 7A,
both the unmethylated and methylated promoters of these
genes could confer extremely weak transcriptional activities
without cotransfection of pPacSp1. Cotransfection of pPacSp1
led to approximately 10- (p16) and 50- (SNRPN) fold increases
in the promoter activity from methylated as well as unmethyl-
ated constructs. The relative luciferase activity of the methyl-

ated construct was found to be almost equal to that of the
unmethylated version in Drosophila cells, indicating that Sp1
can transactivate both p16 and SNRPN promoters in Drosoph-
ila SL2 cells even when these promoters are methylated. To
clarify whether these constructs might alter their methylation
status in the Drosophila cells, we utilized methylation-sensitive
transcription factor E2F1 instead of Sp1. The effect of cytosine
methylation on transcriptional activation by E2F1 was investi-
gated with the pGL3-VHL and pGL3-SNRPN vectors in com-
bination with the E2F1 expression vector pAc5.1-E2F1. The
VHL and SNRPN promoters contained one putative E2F bind-
ing motif (TTCGCGC) and three putative E2F sites (CTGG
CGC, TTGCCGC, and ATGGCGC), respectively. Neither the
unmethylated nor the methylated promoters of these genes
showed transcriptional activities in the absence of coexpression
of E2F1. Cotransfection of pAc5.1-E2F1 and unmethylated
pGL3 constructs led to approximately 4- (VHL) and 25-
(SNRPN) fold increases in luciferase activity, while transcrip-
tion from methylated constructs could not be stimulated any
more. Thus, methylation alone could inhibit the transcriptional
activity of E2F1 but not of Sp1. Therefore, we confirmed that
the constructs used here did not change their methylation
status in Drosophila SL2 cells. Next, we examined whether
MBD1 can independently down-regulate p16 and SNRPN pro-
moters activated by Sp1 and whether MBD1 isoforms with two
or three CXXC domains have different effects on these meth-
ylated and unmethylated promoters. The full-length cDNAs
encoding MBD1 isoforms were subcloned into a pAc5.1/V5-
His vector, which can induce a high expression in Drosophila
cells. pAc5.1-MBD1v1 to pAc5.1-MBD1v4 vectors were each
transfected into Drosophila SL2 cells, and a Western blot anal-
ysis was performed with an anti-MBD1 polyclonal antibody to
confirm their expression (data not shown). The effect of MBD1
isoforms on the Sp1-activated transcription from methylated
and unmethylated promoters was examined by coexpressing
Sp1 and one of the MBD1 isoforms (Fig. 7B). The MBD1
isoforms intensely repressed transcription from both p16 and
SNRPN promoters when the promoters were methylated. In-
terestingly, MBD1v1 and -v2 also inhibited the activities of
unmethylated promoters, although the repression levels in un-
methylated promoters were lower than those in the methylated
versions. In contrast, MBD1v3 and -v4 somewhat increased

FIG. 7. Transcriptional regulation by MBD1 isoforms in Drosophila SL2 cells. (A) Unmethylated (M2) or methylated (M1) pGL3 construct (pGL3-p16 and
pGL3-SNRPN or pGL3-VHL and pGL3-SNRPN) was cotransfected in combination with mock A5C vector (solid bars), pPacSp1 expressing transcription factor Sp1
(hatched bars on the left), or pAc5.1-E2F1 expressing transcription factor E2F1 (hatched bars on the right) into SL2 cells. The level of luciferase activity in the presence
of unmethylated pGL3 and mock vectors was normalized to 1 for each gene promoter. (B) Methylated (solid bars) or unmethylated (hatched bars) promoter-inserted
pGL3 vector was cotransfected with pPacSp1 and MBD1-expressing plasmids (pAc5.1-MBD1v1 to pAc5.1-MBD1v4) or insertless plasmid (mock). The luciferase
activity of unmethylated pGL3 in the combination of pPacSp1 and mock was normalized to 100 for each gene promoter, and the relative luciferase activities are
presented.
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transcription activities from unmethylated constructs, com-
pared with the results of insertless mock transfections. MBD1
isoforms had a very similar effect on E2F1-activated transcrip-
tion from unmethylated promoters of VHL and SNRPN genes
(data not shown). Thus, MBD1 isoforms can regulate tran-
scription from an unmethylated promoter which is activated by
the distinct transcription factor Sp1 or E2F1. Taken together,
our independent transcription analyses in the both mammalian
and Drosophila cells consistently demonstrated that MBD1
isoforms display multiple effects on transcription from both
methylated and unmethylated promoters, depending upon the
alternatively spliced CXXC domains.

DISCUSSION

In this report, we have presented evidence that MBD1 iso-
forms can provide an important gene regulation system in
mammals, according to the methylation status of many genes
in euchromatin regions. These MBD1 isoforms repress tran-
scription preferentially from methylated gene promoters, and
MBD1v1 and -v2 also affect unmethylated promoter activities.

The patterns of genome methylation are propagated
through mitosis in order to stably maintain the DNA structure
and transcriptional state of the genome. There are other types
of heritable transcriptional regulation systems in organisms
that seem to lack genome methylation. The best-known exam-
ple is homeotic gene regulation in Drosophila (45). On the
basis of reciprocal homeotic phenotypes in several mutants,
two classes of genes have been identified: the trithorax group
(trxG), which is responsible for sustaining the active state of
homeotic gene expression, and the Polycomb group (PcG),
which encodes a stable repressor. A direct linkage between
DNA methylation and the PcG-trxG system is supported by the
recent identification of the cysteine-rich CXXC domain shown
in MBD1, DNA methyltransferase, and ALL-1/HRX. The
CXXC region in DNA methyltransferase is reported to be a
regulatory sequence which can give Zn-binding activity and
sense the methylation status of unmethylated and hemimethy-
lated CpG sites (7). It has been found that the amino-terminal
region containing the CXXC domain in DNA methyltrans-
ferase inhibits its de novo methylation activity (6). However,
certain genes in organisms whose genomes do not contain
detectable methylated cytosines encode sequences highly ho-
mologous to the CXXC domain (45), suggesting the presence
of undiscovered roles of the CXXC domain. Our transcription
assays imply that an alternatively spliced CXXC region causes
MBD1 isoforms to respond differently to specific sites on the
genome which are densely or sparsely methylated and unmeth-
ylated. Thus, the CXXC domain is thought to be a regulatory
element of MBD1.

The localization of EGFP-tagged MBD1 was observed in
intact mammalian cells. Full-length MBD1 formed multiple
foci in the nucleus, which may indicate chromatin complex
formation, reported as MeCP1 complex (31, 37). There was no
significant difference in subnuclear localization among MBD1
isoforms, although we did not determine whether these iso-
forms assemble in the same or different sites in the nucleus.
Both the MBD sequence and genome methylation were dem-
onstrated to be indispensable for normal localization of the
protein. The localization pattern of MBD1 was quite distinct
from that of MeCP2, which exists throughout the nucleus.
Thus, these two MBD-containing proteins have different roles
in interaction with methylated DNA in the cell. In addition, the
increase of the acetylated core histones H3 and H4 in the
presence of sodium butyrate and histone deacetylase inhibitor
had much less effect on the MBD1-containing focus complexes

(data not shown). A link between DNA methylation and his-
tone deacetylation was recently reported (27, 43). Our data,
however, emphasized that the localization of MBD1 is depen-
dent on genome methylation rather than on histone acetyla-
tion.

A deconvolution system with a highly sensitive charge-cou-
pled camera revealed that MBD1 is present mostly in the
euchromatin regions of the human genome. MBD1-containing
complexes are likely to target methylated genes for their re-
pression and to construct local heterochromatin regions within
the euchromatin region. On the other hand, MBD1 concen-
trated in the pericentromeric regions of chromosome 1q12,
which is known to contain the longest region of heterochro-
matin adjacent to the centromere, known as juxtacentromeric
heterochromatin (47). This heterochromatin region consists of
a classical satellite 2 sequence that is normally methylated. Of
note, the pericentromere of chromosome 1 is related to the
occurrence of hypomethylation and recombination in a rare
human genetic disease, immunodeficiency, centromeric region
instability, and facial anomalies (25), and many kinds of cancer
(47). We further determined the chromosomal location of the
MBD1 gene at 6.29cR from WI-6206 on chromosome 18q21
(data not shown), which is frequently mutated in cancers (49).
Thus, MBD1 may be involved in chromosome structure and
genome stability. Recently, it was reported that three human
PcG proteins, BMI1, RING1, and hPc2, are tightly associated
with the heterochromatin regions in 1q12 (44). Taken together,
these data indicate that MBD1 may be involved in local het-
erochromatin production within the euchromatin region and in
the construction of pericentromeric heterochromatin on chro-
mosome 1, either independently or together with other pro-
teins.

We next demonstrated gene repression by MBD1 in a meth-
ylation-dependent manner by using CpG-rich promoters from
tumor suppressor and imprinted genes. Recombinant MBD1
could preferentially bind methylated DNAs of the gene pro-
moters and inhibited transcription from methylated rather
than unmethylated promoters. We further focused on the sig-
nificance of MBD1 isoforms, using a transient transfection
system in mammalian cells. The cytosine methylation of pro-
moter-inserted constructs gave very low transcriptional activi-
ties, even in the absence of MBD1 coexpression. Thus, mam-
malian cells appear to have high gene repression activity,
probably due to the involvement of endogenous MeCPs (9, 41,
46) or de novo methylation (7). Under such conditions, MBD1
isoforms more strongly repressed transcription from methyl-
ated promoters. Interestingly, the MBD1 isoforms v1 and v2
containing three CXXC domains could also reduce transcrip-
tion from unmethylated promoters. Finally, in order to dem-
onstrate the precise mechanism of gene regulation by MBD1,
we investigated the effect of these isoforms on Sp1- or E2F1-
activated transcription in methylation-deficient Drosophila SL2
cells. Sp1 and E2F1 are known to be methylation-insensitive
and methylation-sensitive transcription factors, respectively. In
Sp1-activated transcription, MBD1v1 and -v2 repressed gene
expression from both methylated and unmethylated promot-
ers, while MBD1v3 and -v4 inhibited the transcriptional activ-
ities only when the promoter was methylated. In addition,
MBD1v1 and -v2, but not MBD1v3 and -v4, similarly repressed
transcription from unmethylated promoters that were transac-
tivated by E2F1 (data not shown). Accordingly, we concluded
that MBD1 can affect both methylated and unmethylated pro-
moters, depending upon the presence of alternatively spliced
CXXC3 sequence. Thus, all of the MBD1 isoforms could in-
hibit transcription from methylated genes by DNA contact
through the MBD sequence, and MBD1v1 and -v2 might ac-
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quire the ability to repress unmethylated promoters by inter-
action between the CXXC3 and the general transcriptional
machineries, some chromosomal proteins, or DNA itself. An-
other protein that can bind to methylated DNA is MDBP-2-
H1, which belongs to the histone H1 family (28). The phos-
phorylation of MDBP-2-H1 is required for the binding and
suppressive activities of the methylated promoter (11, 12). The
regulation of MBD1 by the RNA-splicing events exemplifies a
new molecular mechanism in methylation-mediated transcrip-
tional regulation. Boyes and Bird reported that MeCP1 can
repress transcription from sparsely methylated promoters and
that the inhibition was fully overcome by the presence of en-
hancer (10). In contrast, densely methylated genes could not be
reactivated by the enhancer. Sparsely methylated genes seem
to form an unstable complex with MeCP1. Recently, Hendrich
and Bird pointed out that MBD1 binds to DNA with low levels
of methylation in DNA methyltransferase-deficient mouse
cells (20). These observations may be explained by the content
of MBD1 isoforms in the MeCP1 complex, since these iso-
forms can have different effects on DNAs due to their meth-
ylation status. Possibly, these MBD1 isoforms may allow meth-
ylated genes to be transcribed or unmethylated genes to be
repressed, which is known as methylation-mediated chromatin
remodeling. Therefore, MBD1 isoforms are thought to play an
important role in the establishment and maintenance of local
chromatin states to regulate gene activities.
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