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Within the human genome there are hundreds of copies of the rRNA gene, but only a fraction of these genes
are active. Silencing through epigenetics has been extensively studied; however, it is essential to understand
how active rRNA genes are maintained. Here, we propose a role for the methyl-CpG binding domain protein
MBD3 in epigenetically maintaining active rRNA promoters. We show that MBD3 is localized to the nucleolus,
colocalizes with upstream binding factor, and binds to unmethylated rRNA promoters. Knockdown of MBD3
by small interfering RNA results in increased methylation of the rRNA promoter coupled with a decrease in
RNA polymerase I binding and pre-rRNA transcription. Conversely, overexpression of MBD3 results in
decreased methylation of the rRNA promoter. Additionally, overexpression of MBD3 induces demethylation of
nonreplicating plasmids containing the rRNA promoter. We demonstrate that this demethylation occurs
following the overexpression of MBD3 and its increased interaction with the methylated rRNA promoter. This
is the first demonstration that MBD3 is involved in inducing and maintaining the demethylated state of a

specific promoter.

The cell’s ability to properly regulate the levels of rRNA
transcription is key for normal cell function. The cell maintains
tight control over the transcriptional machinery at many dif-
ferent levels to ensure that the levels of rRNA transcription
match the cell’s needs for protein production. Within the hu-
man genome there are over 400 copies of the rRNA gene, and
a fraction of these genes are epigenetically silenced. Therefore,
an increase in TRNA transcription may occur either through
increased transcription from already active copies of the rRNA
gene or through epigenetic activation of an increased number
of rRNA genes. The transcriptional activity of rRNA genes
varies with cell growth, and in exponentially growing cells the
need for ribosome production is high. Accordingly, it is likely
that for sustained increases in transcriptional, and downstream
translational, capacity the cell responds by increasing the num-
ber of active copies of the rRNA gene, as is seen in cancer cells.

Several studies have established a mechanism through which
rRNA transcription is epigenetically silenced. The transcrip-
tion termination factor 1 (Ttf-1) recruits the NoRC complex, a
transcriptional repressor complex consisting of Swi/Snf pro-
teins, histone deacetylases, and Ttf-1-interacting protein 5. The
binding of NoRC induces deacetylation of histone 4 and di-
methylation of histone 3 lysine 9 (43). This then leads to DNA
methylation of the promoter, which inhibits the binding of the
transcription factor upstream binding factor (UBF) (44). Stud-
ies regarding epigenetic activation showed by using the histone
deacetylase inhibitor trichostatin A that acetylation of histone
4 results in activation of rRNA genes (25), but the DNA
methylation pattern was not examined. The mechanism by
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which rRNA promoters become demethylated has yet to be
elucidated.

Hypomethylation of repetitive sequences is a hallmark of
cancerous cells (11); therefore, it is likely that the rRNA re-
petitive sequences become demethylated in cancer. Indeed,
although the transcribed region of the rRNA gene becomes
hypermethylated in breast cancer (50), the rRNA promoter
was shown to be hypomethylated in tumors (17), consistent
with an increase in rRNA transcriptional activity characteristic
of cancer cells. Cancer cells typically overexpress the methyl-
transferase DNMTT1 (13), indicating there is no lack of meth-
yltransferase activity in these cells, which raises the question of
how demethylated promoters may coexist with hypermethyl-
ated transcribed regions? An interesting possibility is the in-
volvement of specific proteins that protect the promoters from
methylation or target them for demethylation. Identification of
these proteins is critical for understanding how the epigenetic
state of rRNA genes is programmed in normal and cancer
cells.

Methyl-CpG binding domain (MBD) proteins target meth-
ylated DNA. This family of proteins, characterized by the
MBD, includes MBD1 to -4 and MeCp2. MBD2 and MeCp2
bind to methylated DNA and recruit transcriptional repressors
and histone-modifying enzymes, such as histone deacetylases
(HDACG:) and histone methyltransferases, resulting in silenc-
ing of genes. However, MBD?2 has also been characterized as
a DNA demethylase by our lab (1, 9, 10), although this finding
has been contested by other groups (3, 53). More recently,
MBD2 was demonstrated to be involved in activation of spe-
cific unmethylated and methylated promoters (12, 15, 18).

MBD3, another member of this family of proteins, has been
shown to associate with HDAC1 and to be a component of the
transcriptional repressor complex NuRD (41). However,
MBD3 does not exhibit selective binding to methylated DNA
in vitro, and this difference is probably due to two amino acid
sequence differences within the MBD (35, 48). MBD3 was
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TABLE 1. Primer sequences

. Primer . ) oAy Annealin;
Primer group and gene direction Primer sequence (5'-3") temp (°C§);
Bisulfite mapping primers
rRNA promoter S GTTTTTGGGTTGATTAGA 51
AS AAAACCCAACCTCTCC
Luciferase S GGAGAGTAATTGTATAAGGTT 56
AS AATATTCATACTATTAAACAATTC
ChIP primers
rRNA promoter S GAGAGAACAGCAGGCCCG 60
AS CCTTCGGTCCCTCGTCTC
rRNA promoter (quantitative PCR) S TCCTTGGGTTGACCAGAGGGAC 60
AS AGAGGACAGCGTGTCAGCATAAAC
Luciferase S AGAGATACGCCCTGGTTCC 54
AS CCAACACCGGCATAAAGAA
RT-PCR primers
MBD3 S ACGGGCAAGATGCTGATGAGC 60
AS CAGCAATGTCGAAGGCGTTCA
MBD2 S CTGGCAAGAGCGATGTC 53
AS AGTCTGGTTTACCCTTATTTTG
B-Actin S GTTGCTAGCCAGGCTGTGCT 60
AS CGGATGTCCACGTCACACTT
Luciferase S AGAGATACGCCCTGGTTCC 54
AS CCAACACCGGCATAAAGAA
Pre-rRNA S TCAGATCGCTAGAGAAGG 55
AS AGTGAGACGAGACGAGAC
GAPDH S TGCACCACCAACTGCTTA 60
AS GGATGCAGGGATGATGTTC

“§, sense; AS, antisense.

shown to bind to the rRNA promoter (17), and we hypothe-
sized that MBD3 binding is important in the regulation of
rRNA genes through DNA methylation. We used a combina-
tion of chromatin immunoprecipitation (ChIP) and bisulfite
mapping to examine the methylation status of each individual
CG within the rRNA promoter bound to MBD3 in living cells.
Surprisingly, we found that the population of rRNA promoters
bound to MBD3 was less methylated than the unbound frac-
tion. Additionally, we tested whether MBD3 plays a causal role
in determining the DNA methylation pattern of both the en-
dogenous rRNA promoter as well as an exogenous transiently
transfected rRNA promoter through small interfering RNA
(siRNA) knockdown and overexpression. Our data are consis-
tent with the hypothesis that MBD23 plays an important role in
maintaining the rRNA promoters in an unmethylated state.

MATERIALS AND METHODS

Cell culture and transfections. HeLa and HEK 293 cells were maintained as
a monolayer in Dulbecco’s modified Eagle’s medium (Life Technologies, Inc.)
containing 10% fetal calf serum (Colorado Serum Co.). HeLa cells were plated
at a density of 4 X 10°/10-cm tissue culture dish and transiently transfected with
20 nM siRNA (SMARTpool; Dharmacon) using Lipofectamine 2000 (Invitro-
gen), following the manufacturer’s protocol. The cells were replated 24 h later to
the same density, and the procedure was repeated three more times over a period
of 7 days. HEK 293 cells were plated at a density of 5 X 10°/10-cm tissue culture
dish and transiently transfected with 5 pug of plasmid DNA using the calcium
phosphate precipitation method as described previously (40).

Immunocytochemistry. HelLa cells were plated at a density of 3 X 10%/24-well
tissue culture dish on glass coverslips. Cells were fixed for 30 min in 4% para-
formaldehyde and blocked for 1 h in 10% serum plus phosphate-buffered saline
(PBS)-Tween. Primary antibodies were diluted in 5% serum plus PBS (anti-
MBD3, 1:50, Santa Cruz; anti-UBF, 1:50, Santa Cruz; anti-Mi-2, 1:500 [47];
anti-HDACI, 1:50, Santa Cruz; anti-HDAC2, 1:100, Santa Cruz; anti-Sin3A,

1:400, Santa Cruz; anti-Aurora A, 1:100, BD Biosciences) and incubated for 2 h.
Secondary antibodies were diluted (1:400) in 5% serum plus PBS (Molecular
Probes) and incubated for 1 h. Visualization was performed using a Zeiss
Axioplan 2 imaging fluorescence microscope equipped with a high-resolution
color digital camera and connected to a computer with the Zeiss Axiovision 4.1
software (Zeiss Canada).

Bisulfite mapping. Bisulfite mapping was performed as described previously
with minor modifications (6). Five micrograms of sodium bisulfite-treated DNA
samples was subjected to PCR amplification using the primers listed in Table 1.
The PCR products were either sequenced directly (33, 34) or were subsequently
cloned using the Invitrogen TA cloning kit (following the manufacturer’s proto-
col), and the clones were sequenced using the T7 sequencing kit (Amersham
Pharmacia Biotech, following the manufacturer’s protocol C). The primer se-
quences are listed in Table 1. The primers for bisulfite mapping do not contain
any CG dinucleotide sequences, thereby ensuring that methylated and unmeth-
ylated sequences are amplified with equal efficiency. Additionally, to ensure the
bisulfite reaction was complete, we only included clones in which 95% of the
cytosine residues in non-CpG dinucleotide sequences had been converted to
thymidine. Any clones which contained less than 95% bisulfite reaction efficiency
were not included in the analysis.

Western blot analysis. Total cell extracts were prepared using standard pro-
tocols and resolved on a 12% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis. After transferring to nitrocellulose membrane and blocking the
nonspecific binding with 0.5% bovine serum albumin, MBD3 protein was de-
tected using an antibody specific for MBD3 (Santa Cruz) followed by anti-goat
immunoglobulin G (IgG; Santa Cruz) and an enhanced chemiluminescence
detection kit (Amersham Pharmacia Biotech). Actin was detected using an
antibody specific for B-actin (Sigma) followed by anti-mouse IgG and use of the
enhanced chemiluminescence detection Kit.

Chromatin immunoprecipitation. ChIP assays (7) were performed as de-
scribed previously (5), using an anti-MBD3 antibody (Santa Cruz), anti-RPA-116
antibody (45), anti-UBF antibody (Santa Cruz), or normal rabbit IgG antibody
(Santa Cruz). DNA was purified from both the immunoprecipitated and preim-
mune (input) samples and was subjected to PCR amplification. In all experi-
ments, 1/10 of the input sample was used for PCR amplification. Samples were
taken every 2 cycles from 22 to 32 cycles to ensure the amplification was in the
linear range. For amplification of the rRNA promoter, quantitative real-time
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PCR mixtures (20 pl) containing the immunoprecipitated DNA, FailSafe
GREEN real-time PCR capillary enzyme, buffer C8, and 0.4 uM primer were
loaded into LightCycler capillaries (Roche Molecular Biochemicals). For ampli-
fication of the luciferase sequence, quantitative real-time PCR mixtures (25 pl)
containing the reverse-transcribed cDNA, SuperArray enzyme mix, and 0.4 pM
primer were loaded into LightCycler capillaries (Roche Molecular Biochemi-
cals). Samples were run in the LightCycler 3.5 (Roche Molecular Biochemicals).
To determine the C; ratio, a five-point calibration curve of increasing amounts
of DNA (0.5, 1, 2.5, 5, and 7.5 pl) as well as a no-template negative control were
performed by using separate tubes for each reaction. The primer sequences are
listed in Table 1. The double ChIP experiments were performed as above;
however, between the two immunoprecipitations the beads were incubated two
times with 20 mM dithiothreitol for 30 min at 37°C in order to release the sample
from the beads. The elutions were combined and diluted to 1.5 ml with ChIP
dilution buffer before adding the second antibody (10 wg) for immunoprecipi-
tation overnight at 4°C.

RT-PCR. Reverse transcription (RT) was performed as described previously
(31), with one modification. Following extraction, the RNA was subjected to
DNase I (Roche) treatment to ensure complete elimination of the DNA from the
extract. PCR amplification from RNA in the absence of RT was performed to
verify complete elimination of the DNA from the RNA sample. Samples were
taken every 2 cycles from 16 to 25 cycles to ensure the amplification was in the
linear range. Quantitative real-time RT-PCR mixtures (25 wl) containing the
reverse-transcribed cDNA, SuperArray enzyme mix, and 0.4 pM primer were
loaded into LightCycler capillaries (Roche Molecular Biochemicals) and run in
the LightCycler 3.5 (Roche Molecular Biochemicals). To determine the C; ratio,
a five-point calibration curve of increasing amounts of DNA (0.5, 1, 2.5, 5, and
7.5 ul) as well as a no-template negative control were performed by using
separate tubes for each reaction. The primer sequences are listed in Table 1.

[*H]leucine incorporation assay. Cells were plated in a six-well plate (8 X
10*well). For the final 6 h of incubation, 1 p.Ci/ml [*H]leucine (Perkin-Elmer
Life Sciences) was added to the medium. After five washes with ice-cold PBS, the
cells were incubated in 10% trichloroacetic acid for 2 h at 4°C, washed for 30 min
twice with cold 5% trichloroacetic acid, and then lysed with 0.1 N NaOH and
0.1% sodium dodecyl sulfate. [*H]leucine incorporation was measured using a
liquid scintillation counter (LKB Wallac).

In vitro methylation of substrates. rRNA-pGL3 plasmid was methylated in
vitro by incubating 10 pg of plasmid DNA with 20 U of SssI CpG DNA meth-
yltransferase (New England BioLabs, Inc.) in a buffer recommended by the
manufacturer containing 160 pM S-adenosylmethionine, at 37°C for 3 h. After
repeating this procedure twice, full protection from Hpall digestion was ob-
served.

Actinomycin D treatment. At 24 h after transfection with 5 ug rRNA-pGL3 or
CMV-pGL3 plasmids (as described above), HEK 293 cells were treated with 5
ng/ml of actinomycin D and cells were harvested at 0, 2, 4, or 8 h.

Southern blot analysis. DNA was first digested with 50 U of EcoRI followed
by digestion with 20 U of either Hpall or Mspl restriction enzyme (see Fig. S2A
in the supplemental material) or DNA was digested with 50 U of Dpnl restriction
enzyme (see Fig. 7C, below). Southern blot analysis was performed exactly as
described previously (8).

Luciferase assay. HEK 293 cells were plated at a density of 6 X 10* in six-well
dishes and transiently transfected with 0.5 pg rRNA-pGL3 or CMV-pGL3 or
pGL3 plasmids using the calcium phosphate method as described previously
(40). The cells were harvested 72 h after transfection and lysed, and luciferase
activity was assayed using the luciferase assay system (Promega) according to the
manufacturer’s protocol.

RESULTS

The active rRNA promoter is unmethylated in HeLa cells.
Previous studies have shown that methylation of the CpG at
—133 of the mouse rRNA promoter prevents the binding of
the transcription factor UBF (44). However, the rRNA pro-
moter is highly divergent between species, with very little se-
quence similarity between the mice and humans. Therefore, we
first tested whether DNA methylation correlates with the state
of activity of the rRNA promoter in human cells. The diagram
in Fig. 1A represents the human rRNA promoter and the area
amplified for bisulfite mapping and ChIP analysis. The rRNA
promoter consists of two key elements: the upstream control
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element (UCE) and the core promoter (CP) (21) to which the
transcription factor UBF binds (29). The areas amplified for
bisulfite mapping and ChIP analysis are shown (Fig. 1). The
primers used for PCR amplification were designed using the
human rRNA repeat (accession number U13369) and detected
the repeat sequence located on chromosomes 13, 14, 15, 21,
and 22 in the human genome (22).

Bisulfite mapping of the rRNA promoter from HeLa cells
showed that the majority of the clones were highly methylated
and only a fraction of the clones were unmethylated (Fig. 1B),
in accordance with a previous report that found that the rRNA
promoter is hypermethylated in tissue culture cells compared
to primary culture cells (28). This was quite a surprising report,
nonetheless, as we expected this promoter, due to its high
activity, to be unmethylated. Since the rRNA promoter is
present at a high copy number within the cell, it is possible that
the 20 clones selected were not representative of the entire
population. To try to determine an overall level of DNA meth-
ylation of the rRNA promoter, rather than sequencing indi-
vidual clones we automatically sequenced the PCR product
directly and quantified the C versus T peaks at the CG dinucle-
otides in the entire population (33, 34). These results showed
that on average the CG sites in the rRNA promoters are 70 to
80% methylated (Fig. 1C). These data are consistent with the
data obtained through bisulfite mapping of individual clones,
where 74% of the total number of CGs were methylated,
indicating that the rRNA promoter in HeLa cells is highly
methylated and that only a fraction of the molecules are un-
methylated at a given time.

Since only a fraction of the rRNA genes are active in the
cell, we tested the hypothesis that the active copies of the
rRNA promoter are unmethylated. To isolate the active pro-
moters, we used ChIP assays with antibodies against the tran-
scription factor UBF or RNA polymerase I (Pol I), the poly-
merase dedicated to rRNA transcription (Fig. 1D), and the
immunoprecipitated DNA was subsequently treated with so-
dium bisulfite. Additionally, primers specific for the ubiqui-
tously expressed B-ACTIN promoter, which was not predicted
to be bound by either UBF or Pol I, were used as negative
controls to test the specificity of the antibodies. No binding was
found to the B-ACTIN promoter by either anti-UBF or anti-
RPA-116, supporting the specificity of the immunoprecipita-
tion (Fig. 1D). The promoters bound to UBF had a distinct
pattern of methylation in the UCE, whereas the CP and down-
stream of the transcription start site were mostly unmethylated
(Fig. 1E). The promoters that bound to Pol I, which we pre-
sume to be the active copies of the rRNA gene, were mostly
unmethylated in both the UCE and the CP (Fig. 1F). There-
fore, DNA methylation provides a distinguishing covalent
modification of the DNA molecule which differentiates be-
tween the active and inactive TRNA promoters. Thus, the
DNA methylation of rRNA promoters could be used to define
the fraction of active TRNA genes in a given cell. Interest-
ingly, although the CP of rRNA promoters bound to UBF was
unmethylated, similar to the promoters bound to Pol I, the
UCE was heavily methylated, unlike the promoters bound to
Pol I, indicating that UBF may not bind exclusively to fully
active promoters but to a distinct intermediary population of
rRNA promoters which is less methylated than inactive pro-
moters but more methylated than active promoters. It has been
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FIG. 1. The rRNA promoter in HeLa cells is highly methylated; however, the active rRNA promoters bound to Pol I and UBF are
unmethylated. (A) Physical map of the rRNA promoter, with positions of the CGs indicated by vertical bars. The primers used for the ChIP assay
and bisulfite mapping are indicated with solid and dashed arrows, respectively. (B) Bisulfite analysis of the rRNA promoter from DNA extracted
from HeLa cells. Each line represents an independent clone. A filled circle represents a methylated CG dinucleotide, and an empty circle
represents an unmethylated CG dinucleotide. (C) Semiquantitative analysis of the C:T peaks of CG dinucleotides as determined through
sequencing of the sodium bisulfite PCR product. (D) Chromatin immunoprecipitation analysis of the association between UBF or Pol I binding
to the rRNA promoter in HeLa cells. To control for specificity of the antibodies used, the B-ACTIN promoter was amplified for all samples. The
graph represents results from quantitative real-time PCR analysis of the rRNA promoter and the B-4ACTIN promoter from anti-UBF or anti-Pol
I immunoprecipitates normalized to the input samples from three independent experiments. One-tenth of the input sample was used for PCR
amplification. (E and F) Bisulfite analysis of rRNA promoters from input samples or from samples immunoprecipitated with anti-UBF («a-UBF)
antibody (E) or anti-Pol I antibody (F). The arrows point out the predominant DNA methylation pattern bound to UBF. The results are
representative of three independent experiments.

shown that UBF binds throughout the cell cycle, including
during mitosis when rRNA transcription is shut down (16), as
well as when transcription has been inhibited through actino-
mycin D treatment or starvation (52), suggesting that UBF
binds to both the active and the inactive promoters. The fact
that the cell maintains a portion of the rRNA promoters un-
methylated while the rest of the copies are methylated raises
the question of how these two populations are established and
maintained.

MBD3 binds to unmethylated rRNA promoters. In prelim-
inary immunocytochemistry experiments, we found that MBD3
was the only known methylated DNA binding protein prefer-
entially localized to the nucleolus, indicating that MBD3 may
possess a specific nucleolar function. This is consistent with a
previous report which showed nucleolar localization of MBD3
(17). We therefore examined whether MBD3 plays a role in
regulating the state of activity of the rRNA promoter. ChIP
assay results confirmed the association of MBD3 with the
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FIG. 2. MBD3 binds to unmethylated rRNA promoters. (A) Chromatin immunoprecipitation analysis of the association between MBD3
binding to the rRNA promoter sequence in HeLa cells. To control for specificity of the antibody used, the B-ACTIN promoter was amplified for
all samples. The graph represents results from quantitative real-time PCR amplification of the rRNA promoter or the B-ACTIN promoter
amplified from the anti-MBD3 immunoprecipitates normalized to input samples from three independent experiments. One-tenth of the input
sample was used for PCR amplification. (B) Bisulfite analysis of rRNA promoters from input samples or samples immunoprecipitated with the
anti-MBD3 antibody. The arrow points out the promoter bound to MBD3 with a similar DNA methylation pattern as was found bound to UBF
in Fig. 1E. The results are representative of three independent experiments. (C) Quantification of the individual methylated versus unmethylated
CGs in the rRNA promoter from the nonimmunoprecipitated samples (input), combined from all three input samples, and the samples
immunoprecipitated with antibodies directed against UBF, Pol I, or MBD3.

rRNA promoter (Fig. 2A). To control for the specificity of the
ChIP assays with MBD3, we determined whether the ubiqui-
tously active B-ACTIN promoter was amplified from the
MBD3 ChIP. No signal was obtained for the B-ACTIN pro-
moter, supporting the specificity of the immunoprecipitation
with the anti-MBD3 antibody (Fig. 2A). MBD3 has been
shown to be a part of a transcriptional repressor complex,
NuRD, and therefore we hypothesized that it may be binding
to methylated rRNA promoters to repress transcription and
protect from demethylation. Although reports have shown that
MBD3 does not bind to methylated DNA in vitro (41), it has
been postulated that it is directed to methylated DNA in living
cells through MBD2, which associates with the NuRD complex
(53). To determine the methylation status of the rRNA pro-
moters bound to MBD3, the DNA immunoprecipitated with
the anti-MBD3 antibody was treated with sodium bisulfite.
Surprisingly, we found that MBD?3 binds preferentially to hypo-
methylated rRNA promoters (Fig. 2B). Whereas greater
than 70% of CGs in the unbound fraction are methylated, 75%
of the MBD3-bound fraction is unmethylated (Fig. 2C). A
previous report, however, indicated that MBD3 is bound to
methylated copies of the rRNA promoter (17). The discrep-

ancy between the two results may be attributed to the use of a
less sensitive technique in the previous report involving Hpall
digestion analysis, which only examines CG sites found in
CCGG sequences (17), whereas bisulfite mapping examines
the methylation status of each individual CG within the se-
quence amplified by PCR. There are two possible explanations
for the preferential interaction of MBD3 with hypomethylated
rRNA promoters. First, MBD3 may be acting as a transcrip-
tional repressor, binding to unmethylated promoters to pre-
vent their spurious activation. Alternatively, MBD3 may be
binding to the active, hypomethylated rRNA promoters in
order to maintain them in an unmethylated state, protecting
them from aberrant methylation.

MBD3 colocalizes with UBF in the nucleolus. In order to
elucidate the function of MBD3 in the nucleolus, we used
immunocytochemistry to colocalize MBD3 with other tran-
scriptional repressors or activators in the nucleolus. Since
MBD3 has been characterized as a member of the NuRD
complex, comprising nucleosomal remodelling enzymes and
histone deacetylases, including HDAC1 (53), immunocyto-
chemistry was used to determine whether MBD3 and HDACI1
colocalize in the nucleolus and work together to repress rRNA
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transcription. Surprisingly, although MBD3 and HDAC1 do
colocalize in some areas of the nucleus as previously reported,
there is no colocalization in the nucleolus (Fig. 3A).

We further confirmed that MBD3 is not associated with the
silencing complex NuRD in the nucleolus by using antibodies
for other components of the NuRD complex, HDAC2 (49) and
Mi-2 (20). Similar to the results with HDACI, we found that
although MBD3 colocalizes with HDAC2 and Mi-2 in different
positions in the nucleus, supporting previous reports in which
it was found that MBD3, HDAC1/2, and Mi-2 form a complex
(30, 41, 53), there was no colocalization detected in the nucle-
olus (Fig. 3B and C, respectively). It has been previously re-
ported through chromatin immunoprecipitation assays, how-
ever, that HDACI does bind to the rRNA promoter (54);
therefore, a complete lack of these proteins in the nucleolus is
unlikely. Additionally, we examined the possibility that MBD3
may be localized with the transcriptional repressor Sin3A, but
again we found there was no colocalization within the nucle-
olus between MBD3 and Sin3A (Fig. 3D). It is possible that
transcriptional repressors reside on the periphery of the nu-
cleolus or that the concentration of these proteins within the
nucleolus is very low and thus undetectable using immuno-
cytochemistry.

A previous report had indicated that MBD3 localizes with
the kinase Aurora A at the centrioles during mitosis (42). In
order to examine the possibility that the foci of MBD3 ob-
served in the immunocytochemistry experiment represents
centrioles rather than the nucleolus, we performed immuno-
cytochemistry with an antibody against Aurora A, together
with an anti-MBD3 antibody. Similar to earlier reports which
used exogenously expressed proteins (42), we found colocal-
ization between Aurora A and MBD3 in mitotic cells (Fig. 3E).
However, examination of nonmitotic cells within the same field
revealed that although Aurora A was not visualized in these
interphase cells, MBD3 still localized to the nucleolus (Fig.
3F), suggesting that most of the MBD3 foci detected in our
immunochemistry experiment were not colocalized with Au-
rora in the centrioles.

To obtain further confirmation that MBD3 is localized to
the nucleolus, we used antibodies against MBD3 and the nu-
cleolar protein UBF and found that MBD3 colocalizes with
this transcriptional activator in the nucleolus (Fig. 3G). This
localization to the nucleolus is specific, as control experiments
using a blocking peptide against the MBD3 antibody, or using
no primary antibody, demonstrated a lack of nuclear and nu-
cleolar signal (see Fig. S1IA and B, respectively, in the supple-
mental material). The fact that MBD3 binds to unmethylated
rRNA promoters and that it is not colocalized with the known
members of the NuRD repressor complex, HDAC1/2 and
Mi-2, in the nucleolus is inconsistent with the hypothesis that
MBD3 acts as a transcriptional repressor of rRNA genes.
Rather, they suggest that MBD3 may be involved in activating
rRNA genes, binding to the unmethylated rRNA promoters to
protect them from methylation to allow for Pol I binding and
transcription.

MBD3 and UBF bind to the same rRNA promoters. In order
to further elucidate the role of MBD3 in activating transcrip-
tion at the rRNA promoter, we used a double ChIP assay to
determine whether MBD3 and UBF are binding to the same
rRNA promoter molecules (Fig. 4). We first immunoprecipi-
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FIG. 3. MBD3 colocalizes with UBF and Pol I in the nucleolus.
HeLa cells were grown on coverslips and stained with anti-MBD3
antibody (left panel, red). The same cells were also stained with anti-
HDACI (A), anti-HDAC2 (B), anti-Mi-2 (C), anti-Sin3A (D), anti-
Aurora A (E and F, the same field with different focus levels), or
anti-UBF (G) antibody (middle panel, green). Right panel, confocal
merge of MBD3 with the other proteins examined.
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tated the chromatin with an anti-UBF antibody, followed by
immunoprecipitation with an anti-MBD3 antibody (lane 5).
These results were confirmed through quantitative real-time
PCR (Fig. 4B), using the signal from the first immunoprecipi-
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are the results of a double chromatin immunoprecipitation assay of the
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samples. One-tenth of the input sample was used for PCR amplifica-
tion. (A) Immunoprecipitated HEK 293 extracts. Lanes: 1, nonimmu-
noprecipitated input; 2, single immunoprecipitation with anti-MBD?3;
3, single immunoprecipitation with anti-UBF; 4, double immunopre-
cipitation with anti-MBD?3 followed by anti-UBF; 5, double immuno-
precipitation with anti-UBF followed by anti-MBD?3; 6, double immu-
noprecipitation with nonimmune IgG. The results are representative
of triplicate PCRs from two independent experiments. (B) Quantita-
tive real-time PCR amplification of the rRNA sequence amplified
from immunoprecipitated samples normalized to the input samples.
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tation as the input for the second immunoprecipitation, and
demonstrated that a majority of the rRNA promoter molecules
which are bound by UBF are also bound by MBD3. However,
when the order of antibodies was reversed, using an anti-
MBD3 antibody for the first immunoprecipitation followed by
an anti-UBF antibody for the second (lane 4), the binding in
the double ChIP was decreased relative to the single ChIPs
with either MBD3 or UBF, suggesting that a fraction of the
rRNA promoters occupied by MBD3 also binds UBF at the
same time. These results are in accordance with the bisulfite
mapping data from the immunoprecipitation studies of both
UBF (Fig. 1E) and MBD3 (Fig. 2B). While both MBD3 and
UBF bind to fully unmethylated rRNA promoters, the pre-
dominant methylation pattern of the rRNA promoter bound to
UBEF, with a highly methylated UCE and highly unmethylated
CP, was also found within the population of rRNA promoters
bound to MBD3 (Fig. 1E and 2B). Therefore, the bisulfite
mapping analysis strongly supports the double ChIP analysis
where MBD3 and UBF bind to the same rRNA promoter
molecules.

MoL. CELL. BIOL.

siRNA knockdown of MBD3 results in rRNA promoter hy-
permethylation, decreased Pol I binding to the rRNA pro-
moter, and decreased pre-rRNA transcription. The biological
role of MBD3 at the rRNA promoter may be either as a
transcriptional repressor as previously suggested or as a tran-
scriptional activator as implied by its colocalization with UBF
(Fig. 3G) and its binding to the same rRNA promoter mole-
cules as UBF (Fig. 4). In order to test this, we knocked down
MBD3 in HeLa cells using a pool of four siRNAs directed
against MBD3 (siMBD3). The knockdown was confirmed
through both quantitative RT-PCR and Western blot analyses
(Fig. 5A and B, respectively). Quantitative RT-PCR of MBD3
(Fig. 5A, left panel) showed a time-dependent decrease in the
levels of MBD3 mRNA, while the mRNA levels of the highly
similar MBD2 remained unaffected, demonstrating the speci-
ficity of the knockdown (Fig. 5A, right panel). Quantitative
RT-PCR of glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
mRNA was used as a loading control. A Western blot assay
(Fig. 5B, top panel) confirmed the knockdown in mRNA levels
corresponded to a knockdown in MBD3 protein levels. The
membrane was stripped and reblotted with an antibody against
B-actin (bottom panel) to demonstrate equal loading. As an
additional control, mock transfections with the vehicle were
also performed and showed no change in MBD3 mRNA or
protein levels (see Fig. S2A and B in the supplemental mate-
rial).

We first examined the effects of MBD3 knockdown on the
methylation levels of the rRNA promoter following 7 days of
treatment using bisulfite sequencing (Fig. 5C). Interestingly,
the levels of methylation increased over the siControl-trans-
fected group from 51% to 83% (Fig. 5D). More interestingly,
none of the clones examined in the siMBD3-transfected group
was completely unmethylated, indicating an overall increase in
methylation of the rRNA promoter. These results are consis-
tent with the hypothesis that MBD3 is involved in maintaining
the rRNA promoter in an unmethylated state, as there is a
rebound hypermethylation in the absence of MBD3.

Next, ChIP assays were used to determine whether MBD3
knockdown had an effect on Pol I occupancy of the rRNA
promoter. If MBD3 were acting as a transcriptional repressor,
then a knockdown of MBD3 would result in increased Pol I
binding to the rRNA promoter, as the unmethylated promot-
ers previously bound to MBD3 would now be accessible for Pol
I to bind. Alternatively, if MBD3 were participating in the
transcriptional activation of the rRNA promoter, then a de-
crease in MBD3 binding would also result in decreased Pol 1
binding. ChIP assays show that a knockdown of MBD?3 results
in a significant decrease in Pol I occupancy on the rRNA
promoter (P < 0.05) (Fig. SE). Despite almost a complete
knock-down in the mRNA and protein levels of MBD3 (Fig.
5A and B), we were still able to detect a small level of MBD3
binding to the rRNA promoter following 7 days of siMBD3
transfection. Additionally, when a ChIP analysis was per-
formed 48 h after siMBD3 transfection, although there was a
significant decrease in the protein levels, there was no change
in the binding of MBD3 to the rRNA promoter (see Fig. S2C
and D in the supplemental material). Therefore, we believe
that the turnover of MBD3 bound to the rRNA promoter
occurs at a very slow rate.

We next tested whether decreased Pol I binding to the
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FIG. 5. siRNA knockdown of MBD3 over 7 days results in increased methylation of the rRNA promoter, decreased Pol I binding to the rRNA
promoter, and decreased pre-rRNA transcription. (A and B) HeLa cells were transfected with 20 nM siControl or siMBD3 for 1, 3, 5, or 7 days.
(A) Quantitative RT-PCR of MBD?3 (left panel) and MBD2 (right panel) normalized to GAPDH mRNA levels. Student’s ¢ test was used to analyze
the siMBD3 versus siControl response (*, P < 0.05). (B) Western blot analysis of MBD3 (upper panel) and B-actin (lower panel), a control for
total protein loading. (C to G) HeLa cells were transfected with 20 nM siControl or siMBD3 for 7 days. (C) Bisulfite analysis of the rRNA promoter
from siControl or siMBD3 transfectants. Each line represents an independent clone. Filled circles, methylated CG dinucleotides; empty circles,
unmethylated CG dinucleotides. (D) Quantification of individual methylated CGs in the rRNA promoter from siControl or siMBD3 transfectants.
(E) Chromatin immunoprecipitation assays of the association between MBD3 or Pol I binding to the rRNA promoter. Results shown are from
quantitative real-time PCR of the rRNA sequence amplified from MBD3- or RPA-116-immunoprecipitated HeLa extracts, normalized to the nonim-
munoprecipitated extracts (input), from three independent experiments. One-tenth of the input sample was used for PCR amplification. Student’s ¢ test
was used for analysis of siControl versus siMBD3 (*, P < 0.05). (F) Quantitative RT-PCR of pre-rRNA sequences normalized to GAPDH mRNA levels
from three independent experiments. Student’s ¢ test was used for analysis of siMBD3 versus mock or siControl (¥, P < 0.05).

rRNA promoter also results in decreased transcription. Using nificant reduction in pre-rRNA levels in siMBD3-transfected
RNA that was treated with DNase, we measured the levels of  cells compared to mock- or siControl-transfected cells (P <
pre-TRNA transcription with quantitative RT-PCR, as de- 0.05). Together, the increase in DNA methylation of the rRNA
scribed in Materials and Methods (Fig. 5F). There was a sig- promoter and the decrease in both Pol I binding to the rRNA
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FIG. 6. MBD3 overexpression in HEK 293 cells results in decreased methylation of the rRNA promoter. HEK 293 cells were transfected with
empty vector pEF6 (control) or MBD3-pEF6 for 72 h. (A) Western blot analysis of the endogenous MBD3 (34 kDa) and exogenous MBD3 with
an X-press epitope (40 kDa) visualized with an anti-MBD3 antibody (upper panel). The membrane was reprobed for B-actin as a control for
loading (lower panel). (B) Bisulfite analysis of the rRNA promoter from control or MBD3 transfectants. Each line represents an independent
clone. Filled circles, methylated CG dinucleotides; empty circles, unmethylated CG dinucleotides. (C) Quantification of the individual methylated
CGs in the rRNA promoter from control or MBD3 transfectants. (D) Chromatin immunoprecipitation assays of the association between MBD3
or Pol I binding to the rRNA promoter. Results are from quantitative real-time PCR of the rRNA promoter amplified from MBD3- or
RPA-116-immunoprecipitated HEK 293 extracts, normalized to the nonimmunoprecipitated extracts (input), from three independent experiments.
One-tenth of the input sample was used for PCR amplification. Student’s ¢ test was used for analysis of MBD3 versus control (%, P < 0.05).
(E) Quantitative RT-PCR of pre-rRNA sequences normalized to GAPDH mRNA levels from three independent experiments.

promoter and pre-rRNA transcription are consistent with the
hypothesis that MBD3 is important for protecting the rRNA
promoter from methylation, thereby allowing Pol I to bind.
HeLa cells deficient in MBD3 have decreased protein pro-
duction and altered cell morphology. To define the biological
consequences of MBD3 depletion and reductions in pre-rRNA
transcription, we examined total protein production by mea-
suring [*H]leucine incorporation in HeLa cells transfected with
siMBD3 over 7 days. There was a significant decrease in pro-
tein production in the cells deficient in MBD3 compared to the

mock- or siControl-transfected cells (see Fig. S3A in the sup-
plemental material), in accordance with the decreased pre-
rRNA transcription. Additionally, using 4’,6'-diamidino-2-
phenylindole staining, we observed a significant increase in the
number of multinucleated cells (cells containing two or more
nuclei) when MBD3 was knocked down (see Fig. S3B and C in
the supplemental material). Flow cytometry experiments were
done to confirm these results. Although there was not a sig-
nificant change between siMBD3- and siControl-transfected
cells in the percentage of cells in the G,/G1 and S phases of the
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cell cycle (Gy/Gy, 41% versus 42%; S, 15% versus 16%), there
was a reduction in cells found in G, (24% versus 16%), which
could be partially explained by an increase in the multinucle-
ated cell count in the siMBD3 transfectants (4% versus 7%)
(see Fig. S3D in the supplemental material). Moreover, we
observed striking morphological changes in the cells trans-
fected with siMBD3 compared to siControl transfectants (see
Fig. S3E in the supplemental material). The HeLa cells lacking
MBD3 became less rounded and developed long processes.

Overexpression of MBD3 resulted in demethylation of the
rRNA promoter and increased Pol I binding. To confirm the
results from the MBD3 knockdown, we overexpressed MBD3
in HEK 293 cells to determine whether it would induce effects
opposite to the MBD3 depletion. HEK 293 cells were used for
the overexpression experiment, since these cells are trans-
fected at very high efficiency. We verified the overexpression of
MBD?3 using Western blot analysis. Two specific bands were
seen when the membrane was blotted with an antibody specific
to MBD3 (Fig. 6A, upper panel); the lower band represents
the endogenous MBD3, while the upper band represents the
exogenous X-press-tagged MBD3. The membrane was stripped
and reblotted with anti-B-actin to demonstrate equal loading (Fig.
6A, lower panel).

Bisulfite mapping was used to determine the levels of meth-
ylation of the rRNA promoter in response to MBD3 overex-
pression. In contrast to the results obtained with the MBD3
knockdown in HeLa cells (Fig. 5C), overexpression of MBD3
in HEK 293 cells induced hypomethylation of the rRNA pro-
moter compared to the control transfectants (Fig. 6B and C)
with an increase in fully demethylated promoters. The meth-
ylation pattern of the rRNA promoter in HEK 293 cells, how-
ever, is markedly different than that observed in HeLa cells.
Although the promoter is heavily methylated, there are two
specific sites that are fully unmethylated in all copies. It is
possible that this demethylation is sufficient to allow for Pol I
binding, as seen in Fig. 6D. Ectopic expression of MBD3 mark-
edly increased the fraction of rRNA promoters which are fully
unmethylated and decreased the average methylation of CGs
in the rRNA promoter region from 87% to 63% (Fig. 6C).
These data support a role for MBD3 in maintaining the un-
methylated state of the rRNA promoters. ChIP assays showed
an increase in Pol I binding to the promoter when there are
increased levels of MBD3 (Fig. 6D). However, there was no
increase in pre-rRNA transcription, as assayed with quantita-
tive RT-PCR (Fig. 6E). These results suggest that although
ectopic MBD3 increases the fraction of unmethylated rRNA
promoters, other regulatory mechanisms exist to limit rRNA
transcription.

Overexpression of MBD3 induces demethylation and ex-
pression of an exogenous, in vitro-methylated gene driven by
the rRNA promoter. In order to determine whether ectopic
MBD3 expression can induce demethylation of a methylated
gene driven by the rRNA promoter, we transfected a plasmid
containing the rRNA promoter and the luciferase reporter
gene into HEK 293 cells. A decrease in methylation could
occur through either a passive loss of methylation during cell
division in the absence of DNA methyltransferase or by active
removal of the methyl group by an enzymatic demethylation
process. The plasmid used here does not replicate during tran-
sient transfection; therefore, this model system has been used
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FIG. 7. rRNA-pGL3 transcription is driven by Pol I. (A) Physical
map of the rRNA-pGL3 plasmid containing the rRNA promoter and
the luciferase gene. The positions of the CGs within the area examined
are indicated by the vertical bars. The primers used for ChIP assay and
bisulfite mapping are indicated with solid and dashed arrows, respec-
tively. (B) HEK 293 cells were transfected with CMV-pGL3 or rRNA-
pGL3 for 32 h. Prior to harvesting, the cells were treated with 5 pug/ml
actinomycin D for 0, 2, 4, or 8 h. RNA was extracted and treated with
DNase. Results shown are from quantitative RT-PCR amplification of
luciferase (squares) and pre-rRNA (circles) sequences normalized to
GAPDH mRNA levels. Student’s ¢ test was used to analyze rRNA-
pGL3 versus CMV-pGL3 luciferase mRNA amplification (%, P <
0.05). (C) HEK 293 cells were transfected with CMV-pGL3, rRNA-
pGL3, or pGL3 (promoterless, empty vector [EV]) for 48 h. Values
represent luciferase activities relative to total protein levels and are
representative of three independent experiments (mean * standard
error of the mean). Student’s ¢ test was used for analysis of CMV-
pGL3 versus rRNA-pGL3 or pGL3 (***, P < 0.001). NS, nonsignif-
icant change between the rRNA-pGL3 and pGL3 luciferase values.

in our lab to examine replication-independent demethylation
in human cells (5). We first verified that expression of the
luciferase reporter gene was indeed driven by Pol I and not Pol
II. Following transfection of HEK 293 cells with a plasmid
containing the luciferase gene driven by either the rRNA pro-
moter (rRNA-pGL3) or the cytomegalovirus promoter (CMV-
pGL3), the cells were treated with actinomycin D. Actinomy-
cin D is a potent inhibitor of Pol I transcription, with lesser
effects on Pol II-driven transcription (36). Quantitative RT-
PCR was used to monitor the rate of disappearance of the
luciferase transcript following actinomycin D treatment, and
we found that the transcript driven by the rRNA promoter was
reduced at a faster rate (¢,,, 2.5 h) compared to the same
transcript driven by the CMV promoter (¢,,,, 4 h). Since the
RNA sequence is identical for both promoters, the difference
in mRNA depletion should reflect decreased transcription and
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FIG. 8. MBD3 overexpression can induce expression and demethylation of an in vitro-methylated exogenous gene driven by the rRNA
promoter. HEK 293 cells were transfected with in vitro-methylated rRNA-pGL3 and pEF6 (control) or MBD3-pEF6 (MBD3) for 72 h.
(A) Quantitative RT-PCR of luciferase mRNA relative to GAPDH mRNA from three independent experiments. Student’s ¢ test was used for
analysis of MBD3 versus control (¥, P < 0.001). (B) Bisulfite analysis of the luciferase gene. Each line represents an independent clone. Filled
circles, methylated CG dinucleotides; empty circles, unmethylated CG dinucleotides. (C) Quantification of the individual methylated CGs in the
rRNA promoter from the control or MBD3 transfectants. (D) Chromatin immunoprecipitation assays of the association between MBD3 or Pol
I binding to the rRNA promoter. Results are from quantitative real-time PCR of the luciferase gene amplified from MBD3- or RPA-116-
immunoprecipitated HEK 293 extracts, normalized to the nonimmunoprecipitated extracts (input), from three independent experiments. One-
tenth of the input sample was used for PCR amplification. Student’s ¢ test was used for analysis of MBD3 versus control (¥, P < 0.05). (E) Bisulfite
analysis of the luciferase gene immunoprecipitated with anti-MBD3 antibody (MBD3), anti-RPA-116 antibody (Pol I), or nonimmunoprecipitated
DNA (input). (F) Percentage of demethylated cytosines within the sequence amplified from the luciferase gene from input, MBD3-, or Pol
I-immunoprecipitated samples. Student’s ¢ test was used for analysis of input versus MBD3 or Pol I (¥, P < 0.05).
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FIG. 9. MBD3 induces active demethylation. (A) Active versus passive demethylation. Filled shapes, methylated sites; shapes with white,
unmethylated sites; black lines, parent DNA strands; gray lines, daughter strands resultant from DNA replication; squares, Dpnl sites; triangles,
EcoRII sites; circles, CG dinucleotide sites. (B) Representative sequencing gel with methylated EcoRII sites. (C) Southern blot of DNA extracted
from HEK 293 cells transfected with in vitro-methylated rRNA-pGL3 and pEF6 (control) or MBD3-pEF6 (MBD3), digested with Dpnl.
Untransfected rRNA-pGL3 digested with Dpnl was used as a control (plasmid).

not RNA stability (Fig. 7B). There was very little endogenous
pre-rRNA transcription following 2 h of actinomycin D treat-
ment in either group (Fig. 7B), indicating that the actinomycin
D treatment was effective in both transfectant groups.

Transcripts driven by Pol I are not capped and thus cannot
enter the ribosome for translation; therefore, no luciferase
protein production is expected. To verify that there is no spu-
rious Pol II-driven transcription from the rRNA-pGL3 con-
struct that would lead to luciferase protein production, a lu-
ciferase assay was used (Fig. 7C). As expected, the luciferase
activity detected from the rRNA-pGL3 transfectants was sim-
ilar to the background levels found with the empty vector
transfectants. Together, these experiments support that tran-
scription from the rRNA promoter on the luciferase construct
is driven by Pol L.

Next, the rRNA-pGL3 plasmid was methylated in vitro using
mSssI methyltransferase and transfected with or without
MBD3 into HEK 293 cells to determine whether ectopic
MBD3 could induce expression of the gene. Using quantitative
RT-PCR we found that the levels of luciferase mRNA were
significantly increased when MBD3 was overexpressed (Fig.
8A). We next examined the methylation of the luciferase gene
driven by the rRNA promoter using Southern blot analysis, a
regional methylation assay (data not shown), and bisulfite
mapping (Fig. 8B). To differentiate between the exogenous
rRNA promoter and the endogenous rRNA promoter, we
chose to examine the luciferase gene sequence immediately
downstream to the rRNA promoter as readout of demethyl-
ation triggered by MBD3 in the rRNA promoter region. Since
the demethylation associated with MBD?3 is not site specific
but spans the entire CG region of the rRNA promoter, we
reasoned that this demethylation would extend into the lucif-
erase CG-rich region immediately downstream. Figure 7A de-
picts the region examined for both ChIP and sodium bisulfite
analysis. Increased demethylation of the rRNA-pGL3 plasmid
was observed with overexpression of MBD3 (Fig. 8B and C).

MBD3 binds to the exogenous gene driven by the rRNA
promoter and is involved in its demethylation. ChIP assays

were used to verify that MBD3 is binding to the exogenous
rRNA-luciferase reporter construct. Indeed, both MBD3 and
Pol I bind to the in vitro-methylated rRNA-pGL3, and over-
expression of MBD3 increased the binding of both MBD3 and
Pol I (Fig. 8D). Additionally, sodium bisulfite analysis of the
immunoprecipitated DNA revealed that the DNA bound to
both MBD3 and Pol I was demethylated when MBD3 was
overexpressed (Fig. 8E and F). These data support the hypoth-
esis that MBD3 interacts with a methylated gene driven by the
rRNA promoter, induces its demethylation, and activates its
expression.

In order to determine whether the actions of MBD3 are
specific to the rRNA promoter or are part of a more global
mechanism, we in vitro methylated the CMV-pGL3 construct
described earlier and transfected it with or without MBD3 into
HEK 293 cells. Methylation effectively suppressed luciferase
expression by 75-fold (relative luciferase expression of un-
methylated CMV-pGL3, 33,964,178 = 585,291.4 [mean =
standard error of the mean] versus methylated CMV-pGL3,
455,228.4 + 74,971.43; Student’s ¢ test comparing unmethyl-
ated versus methylated, P < 0.0001). While we did observe a
significant increase in the levels of luciferase production with
the overexpression of MBD3 (P < 0.05) (see Fig. S4A in the
supplemental material), there was no change in the levels of
demethylation of the luciferase gene over that observed in the
control sample (see Fig. S4B and C). Therefore, the ability of
MBD3 to induce demethylation of the luciferase gene appears
to be promoter specific.

MBD3 induces active demethylation of the in vitro-methyl-
ated rRNA-luciferase construct. DNA demethylation may oc-
cur through either a passive or an active mechanism, as out-
lined in Fig. 9A. Passive demethylation is dependent on DNA
replication. The newly replicated strand is void of methylation
until methylated by the maintenance methyltransferase. If the
methyltransferases are blocked, the newly replicated strand of
DNA will remain unmethylated, resulting in a passive loss of
the methylation pattern. Active demethylation on the other
hand does not depend on replication of the DNA and involves
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the removal of the methyl group by an enzyme from the cyto-
sine nucleotide found in the CG dinucleotide sequence.

To determine whether the demethylation observed with
MBD3 overexpression was dependent on DNA replication, we
took advantage of the rRNA-pGL3 plasmid, which does not
contain a mammalian origin of replication and should not
replicate once transfected into mammalian cells. Therefore,
any demethylation of the transiently transfected rRNA-pGL3
should be due to an active process. Since the plasmid is raised
in bacteria, it acquires the bacterial DNA methylation pattern.
Mammalian cells do not contain the DNA methyltransferases
which methylate these sites; therefore, they would be lost if the
plasmid replicated in mammalian cells. We examined EcoRII
sites (CCA/TGG), in which the second C is methylated in
bacteria, and Dpnl sites (GATC), in which the A is methylated
in bacteria. Within the sequence analyzed with bisulfite map-
ping, there were two EcoRII sites present, and these sequences
remained methylated while the adjacent CG sites became de-
methylated with MBD3 overexpression (Fig. 9B). Additionally,
following transient transfection, the plasmid was digested with
Dpnl enzyme, which cuts the plasmid only if the GATC sites
remain methylated. Southern blot analysis following Dpnl di-
gestion revealed that rRNA-pGL3 maintained its Dpnl sensi-
tivity and did not replicate following transient transfection
(Fig. 9C). In summary, the demethylation observed with the
overexpression of MBD3 was due to a replication-independent
mechanism.

DISCUSSION

The regulation of rRNA transcription is tightly controlled
within the cell at many levels, and the fraction of rRNA genes
that are either active or silenced is determined through epige-
netics. Several studies have addressed the mechanisms respon-
sible for epigenetic inactivation of rRNA genes; however,
questions remain as to how the active fraction is protected
from silencing and how the fraction silenced through DNA
methylation may become reactivated. In this paper we identify
the protein MBD3 as a candidate for maintaining active, un-
methylated rRNA genes. Previously, MBD3 was shown to be a
component of the NuRD complex, which is involved in tran-
scriptional repression (53), and was also proposed to be in-
volved in silencing of rRNA genes (17). However, here we
present evidence supporting a role for MBD3 in both the
maintenance of unmethylated active rRNA genes and de-
methylation of rRNA genes.

MBD?3 interacts with hypomethylated copies of the rRNA
promoter (Fig. 2B), and this binding is likely directed through
the activity of UBF (Fig. 4). Depletion of MBD?3 resulted in a
rebound methylation of the rRNA promoters (Fig. 5C), indi-
cating an essential role for MBD3 in maintaining these pro-
moters in an unmethylated state. Overexpression of MBD3 led
to increased demethylation of both the endogenous rRNA
promoter (Fig. 6B) and an exogenous gene driven by the
rRNA promoter (Fig. 8E), suggesting that MBD3 not only
protects unmethylated promoters from remethylation but may
also be instrumental in the demethylation of the rRNA pro-
moters. Additionally, the demethylation appears to be occur-
ring in a promoter-specific fashion, as similar experiments with
the luciferase gene driven by the CMV promoter did not result
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in demethylation (see Fig. S4 in the supplemental material).
Finally, the observed demethylation of the exogenous gene
occurs in an active manner, in the absence of DNA replication
(Fig. 9B and C). Together these data strongly support an es-
sential role for MBD3 in the activation of rRNA genes through
the induction of hypomethylation of the rRNA promoter.

One possible mechanism that must be considered is that
MBD3 acts indirectly on rRNA promoters, through silencing
of another gene, which in turn acts as a repressor of rRNA
activity. However, we have provided evidence from ChIP as-
says that MBD3 interacts with the rRNA promoter (Fig. 2A).
Moreover, using double ChIP assays, we showed that MBD3
and the transcriptional activator UBF occupy the same rRNA
promoters (Fig. 4). Thus, our evidence points to involvement
of MBD3 with transcriptional activity and hypomethylation at
the rRNA promoter. The question remains as to whether
MBD3 is binding directly to the rRNA promoter or whether
this interaction is occurring indirectly through the chromatin.
MBD3 has been shown to bind nonspecifically to DNA, and
therefore it is possible that it may bind directly to the promoter
(14, 23). However, while indirect binding of MBD3 to DNA
has been shown (19, 46), it is well-documented that wild-type
MBD3 has an MBD that does not possess methyl-DNA bind-
ing activity, neither as a recombinant protein nor in the NuRD
complex purified from mammalian cells (30, 41). From ChIP
experiments it cannot be determined whether MBD3 is bind-
ing directly to the rRNA promoter or whether it is associated
through the chromatin. Our data point to the suggestion that
the interaction of MBD3 with the unmethylated rRNA pro-
moter may be occurring through the transcription factor UBF
(Fig. 4).

Traditionally, it was thought that unmethylated DNA is pas-
sively maintained due to the maintenance methyltransferase
being highly inefficient in de novo methylation (38). Demethyl-
ation of specific genes has previously been reported, including
the immunoglobulin k gene during B-cell differentiation (27)
and a-actin during muscle cell differentiation (51), but it was
believed that once a gene is demethylated during differentia-
tion or early development its demethylated state is passively
maintained. To our knowledge this is the first report illustrat-
ing that a specific protein must protect an unmethylated pro-
moter and that in its absence remethylation may occur, even in
somatic cells.

Two theories exist regarding the formation of the preinitia-
tion complex at the rRNA promoter (32). The first involves a
stepwise assembly of the numerous factors involved, with bind-
ing of UBF regarded as the initial step in the assembly of the
preinitiation complex and the binding of Pol I as the final step
required for rRNA transcription. The second theory is that the
complex binds as a holoenzyme; however, UBF is thought to
remain bound to the rRNA promoters regardless of activation.
In either case, the binding of UBF precedes the binding of Pol
I and transcription initiation. Therefore, the observation that
the promoters bound to UBF have higher levels of methylation
than the promoters bound to Pol I, particularly in the UCE
(Fig. 1E and F, respectively), indicates that there must be a
demethylation event occurring after UBF binding which pre-
cedes, or occurs concurrently with, Pol I binding.

The overexpression of MBD3 led to increased demethyla-
tion of the rRNA promoter and an increase in Pol I binding;
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however, it did not lead to an increase in pre-rRNA transcrip-
tion (Fig. 6E). Similarly, it was shown that although the binding
of B-actin to Pol I is essential for rRNA transcription, overex-
pression of B-actin did not lead to increased rRNA transcrip-
tion (37). The failure of the overexpression of both B-actin and
MBD?3 to increase rRNA transcription may be attributed ei-
ther to a saturation of the system by the endogenous proteins
or to an additional level of control over the rates of rRNA
transcription in the cell. There exists a large excess of Pol I in
the cell (2), which may account for the increase in Pol I binding
to the newly available unmethylated promoters; however, an
increase in pre-rRNA transcription most likely was inhibited
through additional regulatory mechanisms.

It is known that MBD3 plays an essential role in develop-
ment, as MBD3 knockouts in mice and Xenopus laevis are
embryo-lethal (24, 26). Therefore, an essential role for MBD3
in the regulation of rRNA transcription is in accordance with
the embryo lethality of these knockout models. If MBD3 were
required for maintaining unmethylated copies of the rRNA
promoter, then a lack of MBD3 would result in increased
methylation of the promoter to which Pol I cannot bind, sim-
ilar to the siRNA knock-down of MBD3 in HeLa cells (Fig. 5C
and E). However, since the mouse embryos develop to embry-
onic day 8.5, it implies that MBD3 is not required for rRNA
expression early in embryogenesis (24).

Whether MBD3 causes demethylation itself or if it recruits
another enzyme(s) remains unknown. Our data suggest that
MBD3 directly interacts with the rRNA promoter and induces
their replication-independent active demethylation. MBD3 has
been shown to form heterodimers with MBD2 (46), which we
have proposed to be a DNA demethylase (1, 4, 39), and has
previously been shown to bind to the rRNA promoter (17).
Therefore, it is possible that MBD3 is required to recruit
MBD?2 to the rRNA promoter for demethylation. However,
the demethylase activity of MBD2 has been contested by sev-
eral groups (3, 53), although we have since demonstrated de-
methylase activity from recombinant MBD2 (9). Alternatively,
MBD?3 shares over 71% homology with MBD2 (23); therefore,
it is possible that MBD3 may also share the as-yet-undeter-
mined catalytic domain for demethylase activity. Experiments
are currently under way to determine the in vitro demethylase
activity and specificity of MBD3. Whereas the biochemical
activity responsible for demethylation of the rRNA promoter
remains unknown, our data demonstrate that MBD3 plays a
critical role in maintaining the unmethylated rRNA promoters
in eukaryotic cells and that in its absence these promoters
would be susceptible to silencing through DNA methylation.
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