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Rett syndrome is a severe neurodevelopmental disorder mainly caused by mutations in the transcriptional
regulator MeCP2. Although there is no effective therapy for Rett syndrome, the recently discovered disease
reversibility in mice suggests that there are therapeutic possibilities. Identification of MeCP2 targets or modi-
fiers of the phenotype can facilitate the design of curative strategies. To identify possible novel MeCP2 inter-
actors, we exploited a bioinformatic approach and selected Ying Yang 1 (YY1) as an interesting candidate. We
demonstrate that MeCP2 interacts in vitro and in vivo with YY1, a ubiquitous zinc-finger epigenetic factor reg-
ulating the expression of several genes. We show that MeCP2 cooperates with YY1 in repressing the ANT1
gene encoding a mitochondrial adenine nucleotide translocase. Importantly, ANT1 mRNA levels are
increased in human and mouse cell lines devoid of MeCP2, in Rett patient fibroblasts and in the brain of
Mecp2-null mice. We further demonstrate that ANT1 protein levels are upregulated in Mecp2-null mice.
Finally, the identified MeCP2–YY1 interaction, together with the well-known involvement of YY1 in the regu-
lation of D4Z4-associated genes at 4q35, led us to discover the anomalous depression of FRG2, a subtelo-
meric gene of unknown function, in Rett fibroblasts. Collectively, our data indicate that mutations in
MeCP2 might cause the aberrant overexpression of genes located at a specific locus, thus providing new can-
didates for the pathogenesis of Rett syndrome. As both ANT1 mutations and overexpression have been
associated with human diseases, we consider it highly relevant to address the consequences of ANT1 dereg-
ulation in Rett syndrome.

INTRODUCTION

Epigenetic silencing is a fundamental mechanism in the preven-
tion of inappropriate gene expression during development and
differentiation. In particular, epigenetic phenomena play impor-
tant roles in brain development and neuronal functions. MeCP2,
which silences gene expression by binding methylated
sequences of the genome via the methyl-CpG-binding domain
(MBD) and by recruiting transcriptional corepressors capable
of altering chromatin structure, is essential for proper brain

maturation and function. Even though the precise mechanisms
by which MeCP2 mediates transcriptional regulation remain
elusive, MeCP2 appears to engage diverse cofactors such as
the repressors Sin3A, the Histone H3 lysine 9 methyltransferase
and ATRX (1–4) or the activator CREB1 (5). Thus, its associ-
ation with different binding partners seems to be fundamental
for the fine regulation of specific target genes (6).

MECP2 mutations are responsible for Rett syndrome
(RTT), a severe neurological disorder that affects almost
exclusively girls by their second year of life. Several
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heterogeneous symptoms characterize RTT including autistic
behavior, mental retardation and reduced intellectual
capacities (7). Moreover, it has been demonstrated that not
only the lack of, but also a subtle increase in MeCP2 protein
levels can lead to the development of an RTT-like phenotype
and to severe forms of mental retardation (8). Male mice with
Mecp2 deletions or over expressing MeCP2 develop severe
neurological phenotypes that result in death in early adult-
hood, confirming the importance of a proper regulation of
MeCP2 levels (9). Interestingly, it has recently been demon-
strated that MeCP2 dysfunction in glia might also be involved
in RTT pathogenesis (10,11).

Considering that the identification of novel MeCP2 interact-
ing factors might contribute to a better comprehension of the
molecular mechanisms by which MeCP2 acts, we exploited
a bioinformatics approach to identify possible novel MeCP2
interactors. Based on the principle that functionally correlated
genes tend to be expressed very similarly in space and time,
we screened large repositories of published microarray data
to identify genes that are consistently co-expressed with
MeCP2 (12,13). Among the different genes identified by this
screening, the ubiquitous zinc-finger transcription factor Yin
Yang 1 (YY1) was of particular interest, as it can either acti-
vate or repress transcription of a wide range of genes (14). Its
repressive functions have been suggested to play important
roles in cell growth and differentiation. YY1 also plays a sig-
nificant role in the establishment of epigenetic signals as it can
recruit Polycomb proteins on DNA, thus leading to histone
post-transcriptional modifications and stable transcriptional
repression possibly through the interaction with a HDAC1/
HDAC2-containing chromatin remodeling complex (14–16).
Interestingly, YY1 has been associated with fascioscapulo-
humeral muscular dystrophy (FSHD), a common myopathy
causally related to the reduction of D4Z4 tandem repeats
located on chromosome region 4q35 (17,18). YY1 belongs
to the multi-protein D4Z4 recognition complex (DRC),
which binds these genomic repeats, leading to the formation
of a chromatin structure that regulates the expression of
some genes located upstream of D4Z4, including Adenine
Nucleotide Translocator 1 (ANT1) and FSHD Region Gene 2
(FRG2). D4Z4 deletion results in the lack of DRC binding
and the consequent aberrant overexpression of 4q35 genes
(18). Here we show that MeCP2 interacts directly with YY1
and regulates the ANT1 gene, which encodes a mitochondrial
protein, and FRG2, a gene of unknown function, which is
specifically upregulated in FSHD. Notably, the lack of
MeCP2 causes, in both humans and mice, an increase of
ANT1 expression that could be relevant to some of the symp-
toms of RTT.

RESULTS

Identification of YY1 as a potential interactor of MeCP2
by co-expression analysis

It is well known that MeCP2 regulates the expression of
several target genes through association with different inter-
acting partners and that its role in control of gene transcription
is context dependent. Thus, identification of molecules inter-
acting with MeCP2 may provide useful information about

the molecular network regulated by this protein. To provide
a high-confidence list of new possible partners of MeCP2,
we resorted to a co-expression-based approach (12). To this
aim, we first concentrated on human cDNA microarray exper-
iments deposited in the Stanford Microarray Database, which
included data from four independent MeCP2 probes, covering
partially overlapping sets of experimental conditions. For
every probe, we generated a ranked list of genes showing
the highest co-expression with MeCP2, as previously
described (12). The final list of candidate MeCP2 partners
(Supplementary Material, Table S1) was obtained by selecting
only genes found in at least two independent MeCP2
co-expression lists. Interestingly, the analysis of the known
function of these genes revealed that a significant fraction of
them encode nuclear proteins involved in the control of gene
expression (Supplementary Material, Table S2). More impor-
tantly, a well-known MeCP2 interactor, ATRX, was among
the top hits of our list (4). As MeCP2 is strongly conserved
between species and may regulate gene expression in a tissue-
specific manner, to identify the candidates that are more likely
to play a role in the context of RTT, we performed a second
screening on an independent platform, looking for genes that
are strongly co-expressed with MeCP2 in the central nervous
system (CNS) of humans and mice. The list of these genes,
obtained using the procedures described in Ala et al. (13) on
a CNS-specific oligonucleotide-based microarray data set, is
shown in the Supplementary Material, Table S3. Strikingly,
the only gene common to both lists of candidates is the tran-
scription factor YY1. Keeping in mind the capacity of this
factor to repress transcription through its association with
chromatin remodeling factors, we selected it for further vali-
dation.

YY1 associates with MeCP2 in vitro and in vivo

To verify the interaction of MeCP2 and YY1 in vitro, we per-
formed a classical glutathione S-transferase (GST) pull-down
assay. Figure 1A shows that in vitro translated MeCP2 binds
immobilized GST–YY1 but not GST alone. We next
defined the region of MeCP2 that interacts with YY1 by del-
etion analysis. The pull-down assay was repeated using del-
etion derivatives of the methyl-binding protein (Fig. 1A).
The obtained data indicate that neither the N-terminal region
(amino acids 1–162) containing the MBD nor the C-terminal
region (amino acids 311–486) are able to bind YY1; in con-
trast, the first 53 residues of the TRD (amino acids 202–
255) appear to be the minimal region of MeCP2 sufficient
for the interaction with YY1. Additionally, a comparison of
the auto radiographic signals indicates that the intervening
domain between the MBD and the TRD also contributes sig-
nificantly to the association. We then tested whether the
association between the two proteins might be direct. For
this purpose, we performed a far-western experiment in
which GST–YY1 and GST were purified, separated by
SDS–PAGE, renatured after their transfer to a nitrocellulose
membrane and probed with purified recombinant MeCP2
(Fig. 1B). As shown, MeCP2 interacts with GST–YY1 but
not with GST. We thus conclude that MeCP2 and YY1 inter-
act directly in vitro and that part of the TRD and the interven-
ing domain define the interaction surface for this association.
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The capability of the two proteins of interacting in vivo was
analyzed by co-immunoprecipitation (Co-IP; Fig. 2). HEK293
cells were transiently transfected with Flag-YY1 and
Myc-MeCP2 and the total cell extract was immunoprecipitated
with anti-Flag antibodies. The subsequent immunoblotting
with anti-MeCP2 and anti-YY1 antibodies demonstrated a
specific co-precipitation of the methyl-binding protein with
YY1 (Fig. 2A). The interaction was also confirmed with
endogenous YY1 and MeCP2 in mouse brain total cell
extracts; in fact, YY1 antibodies, but not unrelated mouse
IgGs, were able to co-precipitate both proteins (Fig. 2B). In
addition, immunofluorescence experiments of NIH3T3 cells
indicated that the two proteins co-localize to some extent in
the nuclear compartment (Fig. 2C). On the basis of the
results shown in Figures 1 and 2, we concluded that MeCP2
and YY1 interact in vitro and in vivo.

MeCP2 and YY1 regulate ANT1 expression

Interestingly YY1, HMGB2 and nucleolin constitute a multi-
protein complex DRC that binds the D4Z4 module, regulates
chromatin organization and mediates transcriptional repression

of the 4q35 genes, FRG1, FRG2 and ANT1 (18). We thus
reasoned that MeCP2 might contribute to the YY1-dependent
regulation of 4q35 gene expression and that a reduction of
MeCP2 levels would cause some derepression of 4q35 genes.
We therefore depleted HeLa cells for MeCP2 and YY1 by
small interfering RNA (siRNA) and verified by western blotting
that the level of both proteins was reduced by .80% (Fig. 3A).
The expression levels of some 4q35 genes were then analyzed
by quantitative real-time PCR (qRT-PCR) (Fig. 3B and data
not shown). MeCP2 or YY1 depletion causes a significant
increase of ANT1 mRNA levels (Fig. 3B), whereas a slight
effect is observed for FRG1 and FRG2 (data not shown). Impor-
tantly, silencing of both MeCP2 and YY1 leads to an additive
increase in ANT1 mRNA expression (Fig. 3B), suggesting
that the two proteins cooperatively contribute in controlling
the activity of this gene. As mitochondrial defects have often
been associated with RTT (19–21), we decided to focus our
attention on the mitochondrial gene ANT1. We therefore ana-
lyzed the expression of ANT1 in cells from RTT patients carry-
ing mutations in MECP2 (Fig. 4). ANT1 mRNA levels were
evaluated in fibroblasts from a patient carrying a 705delG
mutation, affecting codon 235 (bar 1), one with a pQ244X trun-
cating mutation (bar 2) and two patients with the pT158M mis-
sense mutation in the MBD (bars 3 and 4). The results shown in
Fig. 4A demonstrated that ANT1 expression was significantly
upregulated in the samples carrying mutated MeCP2.

Figure 1. MeCP2 and YY1 interact directly in vitro. (A) The MeCP2 region
that binds YY1 was identified by GST pull-down assays in which full-length in
vitro translated [35S]methionine-labeled MeCP2 or its mutated derivatives
were incubated with immobilized recombinant GST and GST–YY1. The
MeCP2 derivatives are shown schematically to the left (filled circles indicate
the methionines present in MeCP2) and the corresponding autoradiograms to
the right. + and 2 indicate the presence and absence, respectively, of inter-
action. (B) A far-western assay (FW) was performed with 1 mg of GST and
GST–YY1, separated by SDS–PAGE, transferred to a nitrocellulose mem-
brane and probed with recombinant MeCP2 after renaturation. MeCP2 was
detected with anti-MeCP2 antibodies (lanes 1 and 2). Coomassie staining
(Coom.) was used to visualize the recombinant GST and GST–YY1 proteins
(lanes 3 and 4, respectively) used in the far-western assay.

Figure 2. MeCP2 and YY1 interact in vivo. (A) Co-IP of exogenously
expressed Myc-MeCP2 and Flag-YY1. HEK293 cells were transiently trans-
fected with vectors expressing Myc-MeCP2 and Flag or Flag-YY1 in different
combinations. A total cell extract (TCE) was immunoprecipitated with anti-
Flag antibodies, and the precipitated proteins were revealed with anti-MeCP2
(monoclonal) and anti-YY1 (polyclonal) antibodies. Inputs corresponding to
10% of the TCEs were also analyzed. (B) Co-IP of endogenous MeCP2 and
YY1 from a mouse brain extract. YY1 was immunoprecipitated from a P28
mouse brain TCE and the precipitated proteins revealed with anti-MeCP2
and anti-YY1. Mouse IgGs were used as negative control. Input corresponds
to 10% of the TCE. (C) Endogenous YY1 and MeCP2 partially co-localize
in NIH3T3 cells. Cells were immunostained with anti-MeCP2 (a, polyclonal)
and anti-YY1 (b, monoclonal) antibodies and counterstained with DAPI (d).
Merged images are shown in (c).
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Moreover, as our results raised the possibility that functional
inactivating mutations of MECP2 might lead to inappropriate
expression of other 4q35 genes, we also analyzed expression
of FRG2. Interestingly, significantly increased FRG2 levels
were observed in the three analyzed samples. We conclude
that MeCP2 mutations cause a consistent increase in the
expression of at least two 4q35 genes, even though the induction
levels seem to depend on the specific mutation and/or genetic
background.

Based on the fact that D4Z4 repeats, as well as FRG2, are
absent in the murine genome, we investigated whether
MeCP2 and YY1 modulate Ant1 transcription independent
of the repeats. Ant1 mRNA levels were determined by
qRT-PCR in N2a cells depleted for the two proteins
(Fig. 5A). Whereas the absence of MeCP2 or YY1 causes a
subtle increase in Ant1 expression, the depletion of both pro-
teins generates an additive effect, confirming that MeCP2
and YY1 also cooperate in regulating Ant1 levels in murine
cells.

Interestingly, as shown in Fig. 5B, we also found a signifi-
cant increase in Ant1 mRNA levels in both total brain and cer-
ebellum of Mecp2-null mice, supporting the role of MeCP2 in
regulating Ant1 expression in mouse tissues. In contrast, no
differential Ant1 expression was found in fibroblasts derived
from Mecp2-null embryos and their wild-type litters (data
not shown). As ANT1 deregulation was observed in fibroblasts
derived from RTT patients, these data might indicate a stage-
specific regulation. Of the three murine Ant genes, Ant1 is con-
sidered to be the muscle-specific adenine nucleotide transloca-
tor (22); by western blotting, we therefore compared ANT1
protein levels in muscles from Mecp2-null mice with their

wild-type litters and, importantly, we found a significant
increase in the mutant mice (Fig. 5C).

MeCP2 and YY1 bind to the Ant1 promoter

The regulation of Ant1 expression by MeCP2 and YY1 was
further investigated to address the potential interaction of the
two proteins with its promoter sequences. To achieve this,
we performed chromatin immunoprecipitation (ChIP) assays
on chromatin from wild-type mouse cerebella. We analyzed
the region of the Ant1 promoter that extends �2000 bp
upstream of the transcription start site and subdivided it for
PCR amplification in six shorter regions schematically rep-
resented in Fig. 6A. MeCP2 is not bound to the region encom-
passing the transcription start site (+86 to 2188) but appears

Figure 3. ANT1 expression is upregulated in MeCP2- and YY1-depleted cells.
(A) HeLa cells were transiently transfected with the indicated siRNAs; total
cell extracts were collected 24 h post-transfection and analyzed by western
blotting using anti-MeCP2 and anti-YY1 antibodies. (B) qRT-PCR analysis
of ANT1 mRNA expression relative to Actin performed on RNA extracted
from siRNA-treated HeLa cells (A). ANT1 expression in control cells trans-
fected with a scrambled siRNA was normalized to 1 (Ctrl). Statistical analysis
was performed on samples analyzed in triplicate. Significance was tested using
the t-test. ∗P , 0.05. Error bars indicate standard deviations. This experiment
is representative of three independent experiments.

Figure 4. ANT1 and FRG2 mRNAs are upregulated in RTT patients’ fibro-
blasts. (A) Schematic illustration of the MeCP2 mutations in the analyzed
Rett patients’ fibroblast. (B) ANT1 mRNA levels in primary fibroblasts from
four RTT patients with different MECP2 mutations were measured by
qRT-PCR analysis and normalized to Actin. (C) FRG2 mRNA levels were
analyzed in fibroblasts from three RTT patients by qRT-PCR analysis and nor-
malized to B2M levels. The different bars correspond to the following MECP2
mutations: bar 1, 705delG; bar 2, pQ244X; bars 3 and 4, pT158M. ANT1 and
FRG2 mRNA expression in fibroblasts from three unaffected patients (Ctrl)
was normalized to 1. Statistical analysis was performed on samples analyzed
in triplicate. Significance was tested using the t-test. ∗P , 0.05. Error bars
indicate standard deviations.
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particularly enriched on the region spanning nucleotides 2389
to 21517; YY1 binding appears confined to the region limited
by nucleotides 2840 to 21709 (Fig. 6B). These data show
that both proteins interact with the Ant1 promoter. As
MeCP2 is generally recognized as a methyl-binding protein
capable of repressing transcription of methylated genes, we
investigated the presence of methyl-CpG sites in the Ant1
regions bound by MeCP2. Bisulfite sequencing of the Ant1
promoter in cerebellum revealed a high concentration of
methylated CpG dinucleotides between 21205 and 21709
and a low density in the region from 2840 to 21205
(Fig. 6C). Consistent with recent findings (23), the many
CpG sites at the proximal promoter region (from +86 to
2840) are not methylated. Overall, our data do not show a
perfect coincidence between MeCP2 binding and DNA methyl-
ation. Indeed, they suggest a strong residency of MeCP2 on

fragments c–e, therefore including DNA segments that lack
or contain very little CpG methylation.

DISCUSSION

Mutations in the X-linked MECP2 gene are the main cause of
RTT, a severe neurodevelopmental disorder, considered as the
second most common cause of mental retardation in females.
The disease onset is marked by a neurological decline, which
appears around 6–18 months of age when a sudden decelera-
tion in head growth associated with progressive loss of pre-
viously acquired skills, stereotypic hand movement, muscle
hypotonia, breathing disturbances, autonomic dysfunctions
and severe cognitive impairment appear.

Mice deficient for MeCP2 have a wide range of neurologi-
cal and physiological abnormalities that mimic the human dis-
order (9). Although no specific treatments for RTT are
available, the recently discovered disease reversibility in
mice suggests that there are therapeutic possibilities for Rett
patients (24). Therefore, understanding the molecular patho-

Figure 5. MeCP2 and YY1 depletion increases Ant1 expression in murine
cells and brain. (A) N2a cells were transiently transfected with the indicated
siRNAs; total RNA was extracted 24 h post-transfection and analyzed by
qRT-PCR to determine Ant1 mRNA levels relative to GAPDH. Ant1
expression in control cells transfected with a scrambled siRNA was normal-
ized to 1 (Ctrl). Statistical analysis was performed on samples analyzed in tri-
plicate. Significance was tested using the t-test. P , 0.05. Error bars indicate
standard deviations. This experiment is representative of three independent
experiments. (B) Representative qRT-PCR analysis showing Ant1 up regu-
lation in the brain and cerebellum (Cer.) of one Mecp2-null mouse (KO).
Similar results were observed with six other mutant animals in which we con-
sistently observed a more pronounced augmention in the cerebellum. The data
were evaluated using the t-test. ∗P , 0.05. Error bars indicate standard devi-
ations. Ant1 mRNA levels are relative to GAPDH. Ant1 expression in the WT
mouse was normalized to 1. (C) Western blot showing ANT1 protein levels in
total extracts of tibial muscles from normal and Mecp2-null mice. Numbers
below the western blot indicate the increase in ANT1 levels normalized to
a-tubulin with respect to the wild-type controls.

Figure 6. MeCP2 and YY1 bind to a specific region of the mouse Ant1 pro-
moter. (A) Schematic representation of the Ant1 promoter region used for
PCR amplification of immunoprecipitated DNA. The sequence was amplified
by PCR in six sub regions (a–f). The numbers 2188, 2389, 2840, 21205,
21517 and 21709 indicate the relative distance upstream of the transcrip-
tional start site (black arrow). Vertical bars in the upper part indicate CpG
dinucleotides. (B) ChIP reveals binding of MeCP2 and YY1 to a common
region of the Ant1 promoter. Chromatin from mouse cerebella was immuno-
precipitated with anti-MeCP2 and anti-YY1 antibodies or control IgGs and
analyzed by PCR. Non-precipitated chromatin was used as control (Input).
(C) CpG methylation of the Ant1 promoter region. The promoter region was
divided into four sub-regions (a + b, c, d and e + f) and the methylation
status of CpGs monitored by bisulfite analysis. The filled and open circles rep-
resent the methylated and unmethylated CpG dinucleotides, respectively. A
mean of 10 separate clones was analyzed for each region. Partial methylation
was observed in d, e + f.
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genesis of RTT becomes of major importance for developing
curative strategies.

Several scientific reports suggest that MeCP2 works as an
epigenetic transcriptional repressor that binds methylated
DNA and causes the formation of a compact, transcriptionally
inert chromatin structure, mainly by recruiting repressive
chromatin-modifying complexes (1,2). However, more
recently, it has been proposed that MeCP2 might also function
as a transcriptional activator (5). Nonetheless, there is a
general consensus that MeCP2-related disorders are caused
by changes in the expression levels of several genes. Further-
more, it has been proposed that the protein partners of MeCP2,
and therefore its mechanisms of actions, might change in a
DNA template-dependent manner (6). Here we show that
YY1 interacts with MeCP2 and participates in the repression
of the ANT1 gene. YY1 is a ubiquitously expressed transcrip-
tion factor, belonging to the Polycomb proteins that can either
activate or repress transcription depending upon cell type,
stimuli and/or promoter context (14). YY1 is expressed in
all major brain regions with levels that vary depending on
the brain structure, but with a significantly higher expression
in neurons than in glia. The relevance of YY1 in the mainten-
ance of cell homeostasis in the adult brain is suggested by its
involvement in the pathogenesis of different disorders such as
schizophrenia, Parkinson’s and Alzheimer’s disease (25).
Importantly, the conditional knockout of YY1 in the oligoden-
drocyte lineage determines an arrest in cell differentiation
leading to tremor and ataxia (26).

Interestingly, YY1 is part of a multi-protein complex
together with HMGB2 and nucleolin that regulates
4q35-associated genes (18). As we demonstrate that MeCP2
and YY1 interact in vivo and cooperate in the repression of
genes associated with 4q35, we tested the relevance of
MeCP2 and YY1 interaction for RTT. Remarkably, analysis
of 4q35 gene expression revealed the significant upregulation
of ANT1 and FRG2 in fibroblasts from RTT patients bearing
MeCP2 mutations.

ANT1, which encodes an adenine nucleotide translocator, is
a central component of the mitochondrial permeability tran-
sition pore complex, whereas FRG2 is a gene of unknown
function, which was found uniquely expressed in FSHD
(18,27). As mitochondria have long been implicated in RTT,
we decided to focus our further studies on this gene. Interest-
ingly, we found that the pQ244X mutation, which maintains
most of the minimal region of interaction we identified in
Figure 1, leads to a very subtle deregulation of ANT1. Vice
versa, the frameshift mutation occurring at residue 235
(patient 705delG), which interferes to a larger extent with
the surface of interaction, has effects comparable to that of
the missense mutation, affecting the capability of MeCP2 to
bind methylated DNA (28). Even though this result correlates
with the importance of the interaction of MeCP2 and YY1 for
a proper repression of the ANT1 promoter, we only want to
highlight that ANT1 is derepressed in all samples where
MeCP2 is malfunctioning. Indeed, we are aware that the
genetic background and the level of X-chromosome inacti-
vation might influence the result in addition to the specific
mutation. Notably, in RTT human primary fibroblasts, we
also observed a considerable activation of FRG2, the most
proximal gene to the D4Z4 repeats. This observation

reinforces the idea that MeCP2 contributes substantially to
the chromatin organization at 4q35 and MECP2 mutations
might thus affect 4q35 gene expression significantly.

Additionally, our experiments revealed that MeCP2 and
YY1 control Ant1 expression even in murine cells and
tissues, whose genome lacks the D4Z4 repeat, including the
FRG2 gene. Expression analyses conducted in both total
brain and cerebellum of Mecp2-null adult mice, a mouse
model of RTT, and in embryonic fibroblasts from the same
mouse model revealed the selective increase of Ant1 in
neural tissues. As we observed an effect of MECP2 mutations
on ANT1 mRNA levels in human fibroblasts, we hypothesize
that MeCP2 might regulate ANT1 in a stage-specific manner
even though we cannot exclude that a tissue-specific regu-
lation might also exist. Ant1 has a significantly higher
expression in skeletal muscles where it represents the vast
majority of adenine nucleotide translocators; by western blot-
ting we were also able to demonstrate that ANT1 protein
levels were significantly increased in muscles from mice
devoid of MeCP2. The same analysis was performed on
brain extracts. Even though our not shown data do suggest
an upregulation of the protein in neuronal samples, the
results are less clear. We believe that this is mainly due to
the fact that the antibody recognizes all ANT isoforms includ-
ing ANT2 that is also significantly expressed in brain.

Interestingly, our ChIP results clearly indicate that the
identified ANT1 regulation is a direct effect of MeCP2
binding, even though our methylation studies did not show
an exact correspondence between MeCP2 occupancy and the
methylation profile of the regulatory sequences analyzed.
This result might represent the capability of the MBD to
bind unmethylated DNA, albeit that we favor the hypothesis
that the observed presence of MeCP2 on DNA fragments con-
taining very little or no methylation is given by the TRD or the
C-terminal portion of the protein. In fact, it has been demon-
strated that the TRD of MeCP2 is able to bind non-specifically
to DNA and to cross-link unmethylated DNA and nucleosomal
arrays into oligomeric superstructures (29), whereas the
C-terminal portion leads to chromatin compaction through
nucleosome–MeCP2–nucleosome interactions (30).

Collectively, our results show that YY1 is a novel partner of
MeCP2 and that ANT1 is a target gene of these two proteins;
the lack of a functional MeCP2 protein leads to the upregula-
tion of ANT1 in both human and mouse cells. ANT1 is a
nuclear gene encoding the mitochondrial adenine nucleotide
translocase-1, a bi-functional protein that transports ADP
and ATP across the mitochondrial membrane, and regulates
the mitochondrial permeability transition pore, involved in
initiating the apoptotic response (31). Even though there are
three different ANT isoforms in humans, only ANT1, which
is predominantly expressed in skeletal muscles and heart,
but is also present in brain, has thus far been associated with
mitochondrial diseases in humans. In fact, ANT1 mutations
have been linked in humans to inherited progressive external
ophthalmoplegia (32,33). Moreover, Ant12/2 mice develop
mitochondrial myopathy associated with ragged-red fibers
and abnormal mitochondria and a hypertrophic cardiopathy
(34). Importantly, ANT1 overexpression induces apoptosis
and a link between the excessive apoptosis observed in
tissues from DCM (dilated cardiomyopathy) patients and a
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dramatic upregulation of ANT1 in heart tissue of these patients
has been proposed (35). It has been postulated that ANT1 dere-
pression might correlate with the higher sensitivity of muscle
cells to oxidative stress observed in FSHD, one of the most
common hereditary myopathies. This disease is generally
characterized by the adult onset of a progressive and spatially
restricted muscle weakness; in the most severe cases, extra-
muscular manifestations such as mental retardation and sei-
zures have also been described (36). Even though, so far,
Rett symptoms are considered to be the result of neuronal
defects, in the future it might be relevant to address what
are the consequences of ANT1 deregulation in both neuronal
and muscle cells deficient for MeCP2.

Finally, our results provide evidence that MeCP2 is capable
of influencing expression of genes associated with the D4Z4
repeat on chromosome 4. Notably, D4Z4 is an element with
heterochromatin features, belonging to a family of repetitive
elements, which are present at 1q12 and on the short arm of
acrocentric chromosomes in the human genome (37). It is
therefore plausible to speculate that investigating the same
molecular mechanism involving different chromosomes con-
taining this repetitive element might lead to a deregulation
of genes important for the onset of RTT symptoms.

MATERIALS AND METHODS

Co-expression analysis

In order to identify high-confidence putative partners of
MeCP2, we performed two different co-expression analyses,
conforming to very stringent criteria. In the first analysis, we
obtained a list of human genes consistently co-expressed
with MeCP2 in a previously described set of microarray exper-
iments extracted from the Stanford Microarray Database (12).
The analyzed data set was composed of 2803 ratiometric
experiments, comprising in total 74 588 probes that contained
four independent MeCP2 probes. For every MeCP2 probe, we
calculated the Pearson correlation coefficient with all other
probes and ranked the remaining probes according to the
values of this index. The final list (Supplementary Material
Table S1) was obtained considering only those genes that
fell in the top 1% rank in at least two of the four lists. In
the second analysis, we obtained a list of the genes displaying
brain-specific co-expression with MeCP2 in both human and
mouse. In this case, a large set of brain-specific oligonucleo-
tide array experiments (618 human and 473 mouse samples,
respectively) were downloaded from the Gene Expression
Omnibus. A tissue-specific conserved co-expression network
was then produced, using the procedure previously described
(13). The list of putative MeCP2 partners (Supplementary
Material, Table S3) was obtained by extracting from the
network MeCP2 first-level links.

Cell cultures, fibroblast clones and animals

The human cervical epithelial carcinoma cell line, HeLa, and
the human embryo-derived kidney cell line, HEK293, were
maintained in Dulbecco’s Modified Eagle Medium sup-
plemented with 10% fetal bovine serum (FBS), penicillin
(100 U/ml), streptomycin (100 g/ml) and 2 mM glutamine.

Mouse neuroblastoma cells, N2a, were grown in MEM sup-
plemented with 10% FBS, penicillin (100 U/ml), streptomycin
(100 g/ml) and 2 mM glutamine. All cells were grown at 378C
and 5% CO2. Three fibroblast strains from females with clini-
cally diagnosed RTT and two wild-type controls were obtained
from Coriell Cell Repositories. MECP2 mutations are as
follows: GM16548: 730C . T (pQ244X); GM7982: 705
delG; GM17880: 473 C . T (pT158M). The fourth RTT fibro-
blast clone with the pT158M MeCP2 mutation and fibroblasts
from one healthy control patient were a kind gift from
A. Martinuzzi. The cells were grown in monolayer and were
trypsinized for expansion at confluency. Growth rates and cel-
lular morphology were closely monitored. The B6.129P2#-
Mecp2tm1-Bird mice (38) from the Jackson Laboratory were
maintained on a C57BL/6 background. Hemizygous mutant
males were generated by crossing heterozygous knockout
females to C57BL/6 males. All experiments were performed
on hemizygous Mecp2-deficient males of about 4 weeks of
age. Wild-type males of the same litter and age were used as
controls for each hemizygous Mecp2-deficient male analyzed.

Plasmids

The following plasmids have already been described: pMyc-
MeCP2 (39), pGST-hYY1 (18). pFlag-YY1 contains the
hYY1 sequence cloned in- frame with the Flag-tag in
p3xFlag-myc-CMV (Sigma-Aldrich).

GST pull-down assays

Expression and purification of GST and GST–YY1 fusion
proteins were performed using glutathione–Sepharose 4B
(Amersham Pharmacia Biotechnology) according to the man-
ufacturer’s instructions. Immobilized GST proteins (5 mg)
were incubated with 20 ml of in vitro translated [35S]methion-
ine labeled MeCP2 in 300 ml of binding buffer [PBS, 0.1%
Triton X-100, 1 mM phenyl-methylsulfonyl fluoride (PMSF),
1 mg/ml bovine serum albumin (BSA), protease inhibitor
mixture] for 3 h at 48C, and the beads were subsequently
washed with PBS, 0.1% Triton X-100, 0.1% NP-40, 1 mM

PMSF. Bound proteins were fractionated by SDS–PAGE
and detected by autoradiography of the dried gel. In vitro
translated full-length MeCP2 was obtained using the TNT
T7 Coupled Reticulocyte Lysate System (Promega) with
MeCP2 as template. [35S]Methionine-labeled MeCP2 deriva-
tives were obtained using the TNT T7 Quick for PCR DNA
(Promega).

Far-western assay and western blotting

Purified GST and GST–YY1 (1 mg) were resolved by SDS–
PAGE, transferred to a nitrocellulose membrane (Hybond;
Amersham Biosciences) and renatured by overnight incu-
bation at 48C in binding buffer (50 mM Tris–HCl, pH 7.5,
100 mM KCl, 5 mM MgCl2, 0.5% Triton X-100, 10% glycerol,
5% non-fat dried milk). After two washes with PBS and 0.2%
Tween-20, the membrane was probed with 3 mg of recombi-
nant hMeCP2 purified from Escherichia coli (40) in binding
buffer without milk for 2 h at 48C. MeCP2 was detected by
western blotting with polyclonal or monoclonal anti-MeCP2
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antibodies (Sigma-Aldrich). To detect ANT1 protein by
western blotting, we used a polyclonal anti-Ant1 antibody
(Santa Cruz).

Co-immunoprecipitation

HEK293 cells were transfected with pFlag-YY1 and/or pMyc-
MeCP2 expression vectors. After 24 h, cells were collected,
resuspended in lysis buffer (50 mM Tris–HCl, pH 7.4, 150 mM

NaCl, 1% Triton X-100, 1 mM EDTA) supplemented with phos-
phatase and protease inhibitors (1 mM Na3VO4, 1 mM DTT, 5 mM

NaF, 1 mM PMSF and protease inhibitor mixture), sonicated and
centrifuged for 15 min at 13 000g at 48C. After pre-clearing the
extracts for 1 h with 10 ml of 100% mouse IgG–agarose beads at
48C, 25 ml of 100% EZviewRed Anti-Flag M2 Affinity gel
(Sigma-Aldrich) was added and the mixture incubated for 2 h
30 min at 48C. Immunocomplexes were collected by centrifu-
gation, washed three times with the above lysis buffer and
twice with the lysis buffer containing 400 mM NaCl. The immu-
nocomplexes were detected by western blotting with monoclonal
anti-MeCP2 (Sigma-Aldrich) and polyclonal anti-YY1 (Santa
Cruz Biotechnology) antibodies. For immunoprecipitation of
endogenous proteins, P28 mouse brains were extracted by the
addition of lysis buffer as above and centrifuged for 20 min at
13 000g. The pre-cleared extract was incubated with monoclonal
anti-YY1 (Santa Cruz Biotechnology) or an unrelated IgG over-
night at 48C and immunocomplexes precipitated with protein-
G–agarose (Invitrogen). The immunocomplexes were analyzed
by western blotting with polyclonal anti-YY1 and anti-MeCP2
(Sigma-Aldrich) antibodies.

Bisulfite treatment and sequencing analysis

Bisulfite treatment of 1 mg of mouse cerebellum genomic
DNA was carried out using the MethylDetectorTM kit
(Active Motif). Four microliters of bisulfite-treated DNA
were amplified by PCR. Primers used for this analysis
were designed using the MethPrimer software (41) and the
forward and reverse sequences were: (a + b) 5′-GAGTT
GAGAGAGATTAGGAGTTAATAAAGGAG-3′ and 5′-CCCC
TTAATACTTCAAAAAAAACTCTTTTTAACC-3′; (c) 5′-GG
TTAAAAAGAGTTTTTTTTGAAGTATTAAG-3′ and 5′-CCT
TAAAAAAAACTCAAAACCTAATCC-3′; (d) 5′-GTGGAAG
GGGTAGTAGTATGGAAAATATGTATAG-3′ and 5′-GTGG
AAGGGGTAGTAGTATGGAAAATATGTATAG-3′; (e + f)
5′-GTTTATGGAAATTGTTGTGTGAAATTGTG-3′ and 5′-CT
ATACATATTTTCCATACTACTACCCCTTCCAC-3′. PCR
products were cloned into the pGEM-T Easy vector
(Promega) and about 10 colonies for each insert were sequenced
for analysis of the percentage of methylated CpGs.

Chromatin immunoprecipitation

Cerebella from adult mice (age 5 months) were fixed by incu-
bation in 1.8% formaldehyde in PBS. After 5 min, the tissue
was mechanically chopped, the fixation continued for 10 min
at room temperature under gentle agitation and then quenched
with 0.125 M glycine for 5 min. Pelleted cells were washed
with PBS and homogenized in a Dounce homogenizer. After
centrifugation, cells were resuspended in 1 ml of lysis buffer

(5 mM PIPES pH 8.0; 85 mM KCl, 0.5% NP40, 1 mM PMSF
and protease inhibitor mixture). Lysates were triturated
through a 25-guage needle to remove lumps and incubated on
ice for 15 min with an additional 1 ml of lysis buffer. Nuclei
were then harvested by spinning at 4000g for 5 min at 48C,
resuspended in 700 ml of sonication buffer (1% SDS; 10 mM

EDTA, pH 8.0; 50 mM Tris–HCl, pH 8; 1 mM PMSF and pro-
tease inhibitor mixture) and incubated for 10 min on ice. To
obtain chromatin DNA fragments of an average of 400 bp,
the extract was sonicated for 5 min using 35 s pulses (40%
amplitude) with a 15 s rest between pulses with a Branson
Digital Sonifier (Branson Ultrasonic) at power setting of
20–30 W. The chromatin was then cleared by centrifugation,
pre-cleared with protein G–agarose (Invitrogen) and subjected
to overnight immunoprecipitation with rabbit polyclonal anti-
bodies against MeCP2 (Sigma) and YY1 (Santa Cruz Biotech-
nology) or with immunopurified IgG (Upstate). Antibody
precipitates were bound to protein G–agarose (Invitrogen)
for 1 h with agitation and washed five times with buffer A
(0.1% SDS; 2 mM EDTA, pH 8.0; 20 mM Tris–HCl, pH 8;
1% Triton X-100; 150 mM NaCl; 1 mM PMSF and protease
inhibitor mixture), four times with buffer B (0.1% SDS;
2 mM EDTA, pH 8.0, 20 mM Tris–HCl, pH 8; 1% Triton
X-100; 500 mM NaCl; 1 mM PMSF and protease inhibitor
mixture) and once with Tris–EDTA. Antibody precipitates
were then extracted twice with elution solution (1% SDS;
100 mM NaHCO3), NaCl was added to a final concentration
of 200 mM and cross-links were reversed by overnight incu-
bation at 658C. The proteins were digested with 200 mg/ml
of proteinase K (Sigma) for 2 h at 448C. The DNA was recov-
ered by phenol–chloroform extraction and ethanol precipi-
tated using glycogen as carrier. DNA was resuspended in
30 ml of nuclease-free water, and 1 ml was used for PCR
amplifications. The forward and reverse primers used for
this analysis were: (a) 5′-GCTCCCGGAAGCGTCTT-3′ and
5′-GAAAGCCGGGCGCACA-3′; (b) 5′-CAAAAAGAGCTT
CCCTTGAAGC-3′ and 5′-GAAGACGCTTCCGGGAGCT-
3′; (c) 5′-CTAATAGCACTCATTCTTGTGG-3′ and 5′-CTT
GGGATTCTCTCGTG-3′; (d) 5′-CTCCAGCAACATGGTA
ACG-3′ and 5′-CCACAAGAATGAGTGCTATTAG-3′; (e)
5′-GCCAAATGGAGTAGACACAC-3′ and 5′-CAAAGAAG
ACACACGCATAGAC-3′; (f) 5′-GAGAGTCAGAAAGGCT
GTGG-3′ and 5′-GTGTGTCTACTCCATTTGGC-3′.

Small interfering RNA assay

The oligonucleotides used for the siRNA experiments were
obtained from Dharmacon RNA Technologies and were as
follows: siRNAMeCP2 (sense) 5′-GGAAAGGACUGAAGA
CCUGUU-3′, (antisense) 5′-CAGGUCUUCAGUCCUUUCC
UU-3′; siRNAYY1 (sense) 5′-CAUAAAGGCUGCACAAAG
AUU-3′, (antisense) 5′-UCUUUGUGCCUUUAUGUU-3′. A
scrambled siRNA was used as negative control. HeLa cells
were transfected with Lipofectamine 2000 (Invitrogen) with
20 nM siRNA (final concentration). N2a cells were transfected
with the same siRNA (1 nM each) using MetafecteneTM Pro
(Biontex) according to the manufacturer’s instructions. After
24 h, the cells were harvested and used for western blotting
and qRT-PCR assays. No major effects in cell cycle regulation
and proliferation were observed probably because of the
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limited time occurring between the transfection and the har-
vesting of cells.

Reverse transcription and qRT-PCR analysis

Total RNA was isolated from mouse brains and cerebella using
an AURUMTM Total RNA Fatty and Fibrous Tissue kit
(Bio-Rad) according to the manufacturer’s instructions. Total
RNA from the different cell lines was extracted using the
TRIzol RNA extraction Reagent (Invitrogen) and genomic
DNA eliminated with DNase I (New England Biolabs).
cDNAs were prepared from 1 mg of purified RNA using Super-
Script II (Invitrogen), and 1 ml was PCR-amplified. qRT-PCR
analysis was performed using a Chromo 4TM Detector real-time
PCR machine with IQ SYBR green Supermix or IQ Supermix
(Bio-Rad). Each independent sample was analyzed in triplicate
from RNA collected from at least three independent siRNA
assays or was confirmed with n ¼ 7 animals. All qRT-PCR
values were normalized to either Actin or GAPDH, as indicated.
For expression analysis of FRG2, which requires more sensi-
tivity and specificity, a TaqMan assay was performed. cDNAs
were prepared from 2 mg of total RNA, isolated as above,
and 1 ml was analyzed by RT-PCR with ABI PRISM 7500
FAST (Applied Biosystems) using B2M levels as an endogen-
ous control for data normalization.

Forward and reverse primer sequences used are: Ant1:
5′-tcgtaggatgatgatgcagtct-3′ and 5′-gctccttcatcttttgcaatct-3′;
Gapdh: 5′-ATTGTCAGCAATGCATCCTG-3′ and 5′-ATGG
ACTGTGGTCATGAGCC-3′; ANT1: 5′-TGGGCHAGAGCA
CGAACG-3′ and 5′-CACCACACAATCAATGATCCCTTT
G-3′; ACTA1: 5′-TCCTTCCTGGGCATGGAG-3′ and 5′-AG
GAGGAGCAATGATCTTGATCTT-3′. TAQ-MAN ASSAY:
FRG2: 5′-GGAGTGCAGCTTGTCATTGAATAA-3′, 5′-CG
AATTGACGGTGTTTGGACTC-3′ and probe: 5′-AGACCT
ATGCCGCTTGCTGTGCCC-3′; B2M: 5′-CGCTCCGTGGC
CTTAGC-3′, 5′-AATCTTTGGAGTACGCTGGATAGC-3′

and probe: 5′-CTCGCGCTACTCTCTCTTTCTGGCCTG-3′.

Immunofluorescence staining

NIH3T3 cells were seeded on glass coverslips and transfected
with Lipofectamine 2000 (Invitrogen). The cells were fixed
with 4% paraformaldehyde and stained with monoclonal
anti-YY1 antibodies (Santa Cruz Biotechnology; diluted
1:100) and polyclonal anti-MeCP2 (Sigma; diluted 1:2000)
in PBS, 1% FBS, 0.1% Triton-X-100 for 1 h at room tempera-
ture. Alexa Fluor 488-conjugated anti-rabbit and Alexa Fluor
555-conjugated anti-mouse IgGs (Molecular Probes) were
used as secondary antibodies. Nuclei were stained with
DAPI (Sigma-Aldrich). Microscopic analysis was performed
with an Olympus BX51 fluorescence microscope.

SUPPLEMENTARY MATERIAL

Supplementary material is available at HMG online.
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