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Abstract Rett syndrome (RTT), the second most com-
mon cause of mental retardation in females, has been
associated with mutations in MeCP2, the archetypical
member of the methyl-CpG binding domain (MBD)
family of proteins. MeCP2 additionally possesses a
transcriptional repression domain (TRD). We have
compared the gene expression profiles of RTT- and
normal female-derived lymphoblastoid cells by using
cDNA microarrays. Clustering analysis allowed the
classification of RTT patients according to the locali-
zation of the MeCP2 mutation (MBD or TRD) and
those with clinically diagnosed RTT but without
detectable MeCP2 mutations. Numerous genes were
observed to be overexpressed in RTT patients compared
with control samples, including excellent candidate
genes for neurodevelopmental disease. Chromatin
immunoprecipitation analysis confirmed that binding of
MeCP2 to corresponding promoter CpG islands was
lost in RTT-derived cells harboring a mutation in the
region of the MECP2 gene encoding the MBD. Bisulfite
genomic sequencing demonstrated that the majority of
MeCP2 binding occurred in DNA sequences with
methylation-associated silencing. Most importantly, the
finding that these genes are also methylated and bound

by MeCP2 in neuron-related cells suggests a role in this
neurodevelopmental disease. Our results provide new
data of the underlying mechanisms of RTT and unveil
novel targets of MeCP2-mediated gene repression.

Introduction

Rett syndrome (RTT, MIM 312750) constitutes an
archetypical example of a disease in which both genetic
and epigenetic defects coincide. Clinical features of this
disorder, which occurs with an incidence of one in
10,000–15,000 women, do not develop until 6–18
months of age and include deceleration of head growth,
loss of purposeful hand movements, and autistic features
among others (Armstrong 1997). The identification of
mutations in the MECP2 gene (MIM 300005) as a
common feature in RTT patients represented a key
breakthrough in the understanding of the disease (Amir
et al. 1999; Webb et al. 2001). Mutations in the MECP2
gene are found in approximately 70–80% of classic RTT
patients (Van den Veyver et al. 2000) and the remaining
cases result from large deletions of the MECP2 gene
(Laccone et al. 2004), mutations in non-coding regions
of MECP2 gene, and perhaps, from mutations in other
genes (locus heterogeneity).

The MECP2 gene encodes a protein that preferen-
tially binds methylated CpG dinucleotides and, in turn,
mediates transcriptional repression through the recruit-
ment of histone deacetylases and other corepressors
(Jones et al. 1998; Nan et al. 1998).

CpG island methylation is associated with transcrip-
tional repression (Bird and Tweedie 1995). Although
very few examples of genes regulated by promoter
methylation during development or tissue-specific
expression have been reported, CpG methylation has
been implicated in stable alterations in gene expression
in cancer (Esteller 2000) and plays an important role in
inactivation of the X-chromosome and genomic
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imprinting (Nan and Bird 2001). Loss of function of
MeCP2 in RTT has been postulated to involve the
dysregulation of genes that are regulated upon interac-
tion of MeCP2 to their methylated promoters (Willard
and Hendrich 1999).

MeCP2 contains two well-defined domains: a methyl-
CpG binding domain (MBD), common to all the methyl-
CpG-binding proteins, and a transcriptional repression
domain (TRD), involved in recruiting Sin3A and histone
deacetylase to repress transcription (Jones et al. 1998;
Nan et al. 1998). Most RTT-associated missense muta-
tions in the MECP2 gene are clustered within the region
encoding the MBD, while deletion and insertion muta-
tions are concentrated in the C-terminal region (Kri-
aucionis and Bird 2003). Overall, eight mutational
hotspots account for 67% of all mutation-positive cases,
four at the MBD (R106, R133, T158, R168) and four at
the TRD (R255, R270, R294 and R306). Mutations
within the MBD impair MeCP2 for binding to methy-
lated DNA (Ballestar et al. 2000) and both MBD and
TRD mutations affect the ability of MeCP2 to repress
transcription when tethered to a promoter (Yusufzai and
Wolffe 2000). A hotspot of mutations at the C-terminus
of MeCP2 indicates the existence of an additional func-
tional domain (Vacca et al. 2001). In particular, a domain
with the ability to bind WW domains has been recently
found at the C-terminus of MeCP2 (Buschdorf and
Stratling 2004). Finally, recent data have shown that the
MECP2 gene suffers an event of alternative splicing
that produces two variants with different first exons,
MeCP2A and MeCP2B. The latter is the only one that
has deletions associated at its first exon in RTT patients
(Mnatzakanian et al. 2004).

The identification of genes whose expression is regu-
lated by MeCP2 is essential to understanding the path-
way of this disease. Recent reports have investigated the
transcriptional profile of RTT-derived samples or mouse
models that mimic RTT (Colantuoni et al. 2001; Tray-
nor et al. 2002; Tudor et al. 2002). The results of these
experiments have revealed that expression changes are
subtle, indicating that regulation exerted by MeCP2
could be very specific. However, pure expression studies
on MeCP2-deficient samples do not inform whether
those changes are a consequence of a direct MeCP2 lack
of function over certain gene promoters or a secondary
effect due, for instance, to the indirect disregulation of a
transcription factor. It is, therefore, an issue of inherent
interest to distinguish between direct or indirect MeCP2
targets as it can be potentially helpful in the design of
new therapeutical strategies.

In order to examine the putative distorted expression
profile of RTT patients, we established six lymphoblas-
toid cell lines derived from patients with different
mutations in the MBD and TRD regions of MeCP2.
Furthermore, four patients with clinically diagnosed
RTT, but without apparent mutations in the coding
region of MECP2, were also included in the study.
Relative gene expression profiles, compared with normal
females, were determined by cDNA microarray analysis.

Both global and specific disregulation of the expression
pattern was observed, with overexpression of a signifi-
cant number of genes in RTT patients. Most impor-
tantly, the vast majority of upregulated genes exhibited
MeCP2/methylation-mediated silencing in normal cells
that was lost in the RTT cells. This was confirmed by
combining chromatin immunoprecipitation analysis
(ChIP), bisulfite genomic sequencing and treatment with
demethylating agents. ChIP assays, bisulfite sequencing
and expression analysis of neuron-related cell lines
indicate that aberrant overexpression of these genes may
be relevant to the neurodevelopmental disease. In sum-
mary, our results demonstrate an essential role for
MeCP2 in the specific repression of a set of methylated
genes and the consequences of the lack of functional
MeCP2 in RTT patients.

Materials and methods

Establishment of B lymphoblastoid RTT cell lines
and neuroblastoma cell cultures

Samples of peripheral blood were obtained from six
different RTT patients for which mutations in MeCP2
had been determined (Monros et al. 2001) and four
patients with clinically diagnosed RTT but without
detectable MeCP2 mutations in the coding region
(Monros et al. 2001). The mutation analysis had been
previously characterized by direct sequencing of the
coding region of the MECP2 gene (including the exon 1
open reading frame of MeCP2B) (Monros et al. 2001;
Mnatzakanian et al. 2004). We first isolated peripheral
blood mononuclear cells (PBMCs) from blood by den-
sity sedimentation with Ficoll/Hypaque (Amershan) and
used a standard protocol of infection of B lymphocytes
with Epstein–Barr virus (EBV) to produce immortalized
lymphoblastoid cell lines (Kempkes et al. 1995). The
selected RTT cell lines used in the study expressed more
than 50% of the mutant MECP2 allele according to
direct cDNA sequencing. The neuroblastoma cell lines
SK-N-AS and IMR-32 were cultured in Dulbecco’s
modification of Eagle’s medium: with 4.5 g/l glucose and
L-glutamine supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin.

HUMARA assay for clonality

The analysis of X-chromosome inactivation was per-
formed by the human androgen-receptor (HUMARA)
assay as reported (Allen et al. 1992). Briefly, DNA
samples were first digested with a methylation sensitive
restriction enzyme, HpaII, in order to cleave the unme-
thylated, active alleles of the HUMARA gene. After
digestion, the DNA samples were amplified by PCR of
the HUMARA gene. The sequences of the HUMARA
primers were as follows: forward primer, 5¢-GCTGTG-
AAGGTTGCTGTT-3¢, and reverse primers, 5¢-TCCA-
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GAATCTGTTCCAGAGCGTGC-3¢. Samples were
analyzed in a non-denaturing 6% 29:1 acrylamide/bis-
acrylamide gel and stained with ethidyum bromide.

Microarray analysis

The profiles of gene expression were determined by
cDNA microarray analysis with the CNIO Oncochip. In
this microarray, cDNAs were printed onto chemically
activated glass slides (CMT-GAPS; Corning, Corning,
N.Y., USA) using the spotter Multigrid II (BioRobotics,
Woburn, Mass., USA). The cDNA microarray consists
of 7,237 sequence validated I.M.A.G.E. clones, includ-
ing 5,253 clones representing known genes and the
remaining 1,984 clones representing expressed sequence
tags (ESTs). Human cDNA clones were purchased
from Research Genetics (Huntsville, Ala., USA). The
list of genes on the array can be found at: http://
bioinfo.cnio.es/data/oncochip. The CNIO Oncochip has
been previously validated for the study of the patterns of
gene expression in different tumor types (Tracey et al.
2002; Moreno-Bueno et al. 2003).

In our study, total RNAs, extracted with the RNeasy
kit (Qiagen) from each of the control and RTT cell lines,
were converted to double-stranded cDNA using the
superscript choice system (Life Technologies) with an
oligo(dT) primer containing a T7 RNA polymerase pro-
moter. Fluorescent first-strand cDNA was made in the
presence of 50 lmol/l of Cy5-dCTP (red) for each sample
or Cy3-dCTP (green) for Universal Human Reference
RNA (Stratagene). This reference comprises a collection
of RNA pooled from ten human cell lines for optimal
broad gene coverage and provides the ability to cross-
compare data sets from multiple experiments as a single,
common control. Slides were simultaneously hybridized
with labeled sample and references in the presence of the
following competitors: human Cot1 DNA (Invitrogen),
yeast total tRNA (Sigma) and poly(A)DNA (Amershan).
Slides were then scanned for Cy3 and Cy5 fluorescence
using Scanar ray 5000 XL (GSI Lumonics Kanata, ON,
Canada) and quantified using the Quantarray software
(GSI Lumonics) and GenePix Pro 4.0 software (Axon
Instruments, Union City, Calif., USA).

Fluorescence intensity measurements from each array
probe were compared with local background (measure-
ment outside the spots) and subtraction of this was per-
formed; spots that this value was lower than 500
fluorescence units were excluded. Scanned data were ad-
justed to a matrix generated by the Gene-Pix 4.0 program
for the identifications of all the clones. Data were pre-
processed (Herrero et al. 2003) in the following way: (1)
log-transformation to obtain symmetrical ratios, (2) rep-
licate handling (removing inconsistent replicates and
merging the remaining ones), (3) missing value manage-
ment (Troyanskaya et al. 2001), (4) flat pattern filtering by
standard derivation, and (5) pattern standardization by
subtracting the pattern average and dividing the values by
the standard derivation. We performed cluster analysis

employing the self-organizing hierarchical neural net-
work SOTA (Dopazo andDopazo 1997), anunsupervised
neural network with a binary tree topology, combining
the advantages of divisive and customizablemethods. The
analysis was performed blind, whereby the MeCP2
mutation type corresponding to each sample was decoded
at the end of the process.

In order to identify genes associated with specific
groups of samples, i.e. genes differentially expressed in
RTT cases versus control cells or in RTT cases with
TRD mutations versus RTT cases with a different kind
of alteration, and to take both magnitude and rank into
account, we used the following two-step approach. First,
the average fold-change was calculated as a ratio of the
means of the comparison groups. Then, a statistical test
was carried out to identify genes with a strong, signifi-
cant differential expression between the groups of com-
parison. Two different tests were used: significant
analysis of microarray (SAM) (Tuscher et al. 2001) and
Mann–Whitney non-parametric test. SAM computes a
statistic di for each gene i, measuring the strength of the
relationship between gene expression and the response
variable. It uses repeated permutations of the data to
determine if the expression of any genes is significantly
related to the response. The cut-off for significance is
determined by a tuning parameter delta, chosen by the
user based on the false discovery rate (FDR). On the
other hand, the non-parametric test of Mann–Whitney is
universally used because it applies rank statistics and,
thus, ignores the magnitude of the expression values.
Along the text, genes with an average fold-change of
more than 2 and a Mann–Whitney P value <0.01 were
considered as differentially expressed between both
groups of comparison (Alaminos et al. 2003), as well as
genes with an average fold-change of more than 2 and
FDR <1% for the SAM. A complete list of the iden-
tities and expression levels of all the genes studied in the
microarray analysis is available upon request.

Chromatin immunoprecipitation (ChIP) assay

In order to investigate the existence of MeCP2 associa-
tion to the selected promoters, standard ChIP assays
were performed as previously described (Fournier et al.
2002). Commercial antibodies against MeCP2 (C-ter-
minus) (Stancheva et al. 2003) and antisera raised
against the N-terminal portion of MeCP2 were used
(Fournier et al. 2002). Additionally, antibodies against
other MBD proteins were also used (Fournier et al.
2002). In all cases, chromatin was sheared to an average
length of 0.25–1 kb for this analysis. The ChIP assays
were performed with the two normal immortalized
lymphocytes and the RTT cell line harboring the MeCP2
T158M mutation in the MBD region that reduces its
affinity for methylated DNA (Yusufzai and Wolffe
2000). We first evaluated the sensitivity of the PCR
amplification on serial dilutions (0–100 ng) of total
DNA collected after sonication (input DNA) with
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specific primers for the promoter region of all selected
genes, in order to obtain conditions in which a linear
PCR amplification occurs. Primer sequences are avail-
able upon request.

Global 5-methylcytosine quantification

Quantification of the 5-methylcytosine (mC) content was
carried out by high performance capillary electrophoresis
as previously described (Fraga andEsteller 2002). In brief,
immunoprecipitated DNA samples were speed-back
preconcentrated to 0.1 mg/ml and enzymatically hydro-
lyzed in a final volume of 5 ll. Samples were then directly
injected in a Beckman MDQ high performance capillary
electrophoresis apparatus and mC content was deter-
mined as the percentage ofmCof total cytosines:mCpeak
area·100/(C peak area + mC peak area).

Bisulfite sequencing

We established the methylation status of CpG islands of
selected genes by sequencing bisulfite-modified genomic
DNA. We carried out bisulfite modification of genomic
DNA, followed by PCR amplification, DNA isolation
and direct sequencing of both strands as previously de-
scribed (Clark and Warnecke 2002). We designed all the
bisulfite genomic sequencing primers according to
GenBank data around the presumed transcription start
sites of the investigated genes. Primer sequences and
PCR conditions for methylation analysis are available
upon request. The degree of methylation for a particular
CpG site was estimated with the relative height of the
peak C versus the peak T in the sequencing electrophe-
rogram. Each fragment was sequenced three times.

Semiquantitative RT-PCR expression analysis

We reverse-transcribed total RNA (2 lg) treated with
DNase I (Ambion) using oligo(dT) primer with Super-
script II reverse transcriptase (Gibco/BRL). We carried
out PCR reactions in a 25-ll volume containing 1·PCR
buffer (Gibco/BRL), 1.5 mM of MgCl2, 0.3 mM of
dNTP, 0.25 lM of each primer and 2 U of Taq poly-
merase (Gibco/BRL). We used 100 ng of cDNA for
PCR amplification, and we amplified all of the genes
with multiple cycle numbers (20–35 cycles) to determine
the appropriate conditions for obtaining semiquantita-
tive differences in their expression levels. RT-PCR
primers were designed between different exons to avoid
any amplification of genomic DNA. Primer sequences
are available upon request.

Results

In order to characterize the spectrum of gene disregu-
lation due to MeCP2 loss of function, we generated B

lymphoblastoid cell lines from patients representing
subtypes of RTT with and without mutations in the
MeCP2 coding region. To this end, we first obtained
blood samples from female patients who had been pre-
viously clinically diagnosed with classical RTT and for
which the spectrum of MeCP2 mutations was known
(Monros et al. 2001). We selected patients with muta-
tions within the different domains of MeCP2: two pa-
tients with mutations on the MBD of MeCP2 (R106W,
T158M), three patients with mutations on the TRD
(R255X, R294X, R306C), one patient with a C-terminal
mutation (P391X) and four patients without mutations,
at least within the coding region (Fig. 1a). The age of the
affected donors relative to the onset of the disease ran-
ged between 12 and 20 months, with an average of 16.5
months. The age of the patients ranged between 10 and
16 years old. As controls, we also obtained blood sam-
ples from two normal female individuals with ages
within this range. Lymphocytes were transformed with
EBV to produce immortalized polyclonal lymphoblas-
toid cell lines. We decided to maintain polyclonality, in
contrast with monoclonal systems that other groups
have investigated (Traynor et al. 2002) as it may repre-
sent a situation closer to the biological situation that is
found in RTT patients. The X-chromosome inactivation
status of the RTT cell lines, studied by HUMARA assay
(Fig. 2), as well as direct sequencing of cDNA, indicated
that a significant proportion of both paternal and
maternal alleles were indeed represented in most of all
the samples (Fig. 2) (those with a marked skewed pat-
tern were enriched with the mutant form). Following
immortalization, total RNA was extracted, hybridized
to cDNA microarrays and the data analyzed, as de-
scribed in Materials and methods (Fig. 1b).

Hierarchical cluster analysis of all samples demon-
strated that the expression profiles corresponding to
normal controls are globally different to that of RTT
patients (Fig. 3). As a consequence of that, all RTT
cases, even when harboring different kinds of mutations,
cluster together in the same dichotomic branch of the
tree, suggesting that they are more similar to one an-
other than to normal controls (Fig. 3). These findings
are consistent with the fact that all RTT patients develop
relatively similar phenotypes and clinical features
regardless of the type of mutations they exhibit. How-
ever, cells with different MeCP2 mutations tended to
segregate into different subbranches of the secondary
cluster tree (Fig. 3). In short, both MBD mutations
(T158M and R106W) show a differential pattern of
expression, and one mutation seems to be different to the
other one. On the other hand, the C-terminal mutated
cell type P391X clustered together, with the three cases
showing TRD mutations (R255X, R294X and R306C),
suggesting a common expression profile for both types
of MeCP2 mutations. Finally, the four cases with no
detectable mutations for MeCP2 were grouped in the
same branch of the tree (Fig. 3), implying that these
cases might share a common pattern of gene expression
and, perhaps, a common molecular pathway. Taking
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into account the results of all the experiments, 2.55% of
all the genes represented in the microarray (259 cDNA
probes) were upregulated in the RTT patients (Mann–
Whitney P<0.01 and average fold-change >2), a value
in agreement with other human (Colantuoni et al. 2001;
Traynor et al. 2002) and mouse (Tudor et al. 2002)
experimental RTT models, and 257 probes (2.53%) were

downregulated. This finding is consistent with the
hypothesis that RTT-associated mutations of MeCP2
compromise its repressing activity, leading to target gene
activation. In the case of genes that are downregulated,
it is likely that this behavior is an indirect consequence
of the misregulation of transcriptional factors that had
their levels increased as a direct or indirect consequence

Fig. 1 a Diagram showing the
list of Rett mutations used in
this study. Additionally we
obtained cell lines from four
RTT patients without
mutations in the MECP2
coding sequence. b Scheme
showing the generation of B
lymphoblastoid cell lines from
Rett blood samples.
Lymphocytes are isolated from
whole blood by gradient
centrifugation with Ficoll and
transformations are initiated
by Epstein–Barr (EBV)
infection. They can then be
propagated indefinitely in
culture for experiments. Total
RNA is then extracted. Copy
DNA is synthesized from total
RNA and subsequently labeled
with Cy3. In parallel, a
universal standard is used to
synthesize a control cDNA
that is labeled with Cy5.
Hybridizations are performed
in a cDNA microarray.
Overexpressed genes are
potential candidates to identify
MeCP2 targets

Fig. 2 Western blot and HUMARA assay. The left panel shows
representative examples of both Western blots and HUMARA
assays corresponding to different normal and RTT-derived
lymphoblastoid cells. The antibody against the C-terminus of
MeCP2 recognizes the protein at around 80 kDa in all lanes except
P391X in which the C-terminus is truncated. Conversely, the

antibody againt the N-terminus of MeCP2 only produces a band at
around 40 kDa in P391X cells. PCR products of HUMARA assays
(Allen et al. 1992) are around 280 bp. The relative proportion of the
top and bottom band indicates the relative proportions of the X-
inactivation levels of paternal and maternal alleles. The table on the
right summarizes the results of HUMARA assays
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of MeCP2 misfunction. Possibly both phenomena, direct
and indirect upregulation of genes and indirect down-
regulation of genes, may have relevance to the RTT
phenotype. In the case of overexpressed genes, the de-
gree of upregulation ranged between two- and tenfold in
most cases, and only a few genes were overexpressed
more than tenfold. Most interestingly, although some
upregulated genes are common among RTT patients,
many genes upregulated in those RTT patients without
mutations identified in the MeCP2 coding region were
different to those of cases with characterized mutations.
These findings, in agreement with the segregation of the
cases in the cluster analysis, suggest a common alter-
native causal molecular pathway for the RTT phenotype
in the absence of mutation. In addition, the SAM
analysis (see Materials and methods) showed that 4,086
genes were differentially expressed between the group of
RTT cases and the controls, with a D value of 0.36282
corresponding to a FDR of 30.65322 (see Fig. 2) and 83
genes differentially expressed for a D value of 2.30422
(FDR of 0.81436).

Of all the genes included in the microarray analysis,
30 genes were selected for further study (Table 1). As
shown in Table 1, 21 of these genes were selected be-
cause of their relative overexpression in RTT cases in
comparison with the control samples (average fold-
change expression >2 and Mann–Whitney and/or SAM
analyses statistically significant, see Materials and
methods), whereas five genes were chosen due to their
significant differential expression (Mann–Whitney
P<0.01) in cases with TRD mutations when compared
with the rest of the RTT samples (the genes AGTR1,
CSE1L, CYPD, PAM and BIRC2). An additional set of
four genes was also selected because of the relevant role
of their products in neural development [NET1 (Chan
et al. 1996) and MYCN], skeletal muscle development
(FHL1) or both [PGK1 (Sugie et al. 1994)], despite they
did not match statistical significance.

Among the 21 genes overexpressed in RTT patients
when compared with the control cells, excellent candi-
dates for the neurodevelopmentally altered phenotype of
RTT patients were found. Key examples include: the
guanine nucleotide binding protein alpha (GNAS),
involved in the modulation of voltage-dependent cal-
cium channels of neuroendocrine cells (Hescheler and
Schultz 1994); the myosin regulatory light chain inter-
acting protein (MIR), a novel ERM-like protein that
interacts with myosin regulatory light chain and inhibits

Fig. 3 a Dendrogram representing the cluster analysis of all RTT
samples and normal controls generated by the SOTA software
(http://bioinfo.cnio.es/cgibin/tools/cluster-ing/sotarray). The anal-
ysis was performed unsupervised and included all genes in the
array. b SAM analysis of genes showing a significant upregulation
in RTT samples when compared with normal controls (shown in
red) and genes with significant downregulation for the same
comparison (in green). The analysis was run for a D value of
0.36282

b
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neurite outgrowth (Strausberg et al. 2002); the palmi-
toylated membrane protein 1 (MPP1), a membrane-
associated guanylate kinase that mediate the anchoring
of proteins at synapses (Caruana 2002), which was up-
regulated in seven out of ten cell lines; and the gene
IGFBP2, encoding the insulin-like growth factor-bind-
ing protein 2 (see Table 1). Interestingly, we found that
some of the selected genes, were previously known to be
silenced in normal cells as a result of CpG island
methylation. This group included imprinted genes
(IGF2) or X-chromosome genes (PGK1, FHL1, etc) and
genes representative of the tissue type used in the model
system (lymphocytes); for example, the protein tyrosine
phosphatase receptor type C-associated protein
(PTPRCAP), a key regulator of T- and B-lymphocyte
activation (Schraven et al. 1994). Also included were
genes involved in chromosome condensation and relieve
the torsional stress that occurs during DNA transcrip-
tion and replication, both processes directly linked to
DNA methylation (Cobb et al. 1999), such as the DNA
topoisomerase II alpha (TOP2A) (Lang et al. 1998).

Once an aberrant expression profile for RTT patients
was defined, we undertook the task to elucidate the
underlying mechanism involved. Two possible scenarios
exist: the overexpression of a particular gene in RTT-
derived samples can be interpreted as the result of the
loss of association of MeCP2 or, alternatively, the
overexpression of a regulatory protein due to the loss of
control by MeCP2 that leads to the disregulation of a
number of downstream targets. It is, therefore, a key
issue to distinguish between genes directly and indirectly
regulated by MeCP2 in the context of RTT and micro-
array analyses provide a powerful source of candidate
genes. To this end, we performed ChIP analysis (Or-
lando 2000). This assay can determine whether a par-
ticular transcriptional factor (in this case MeCP2) is
bound to a specific promoter in its natural chromatin
state (in this case the CpG islands of the genes overex-
pressed in our microarray analysis). In this regard, we
have already used ChIP analysis to determine that
MeCP2 binds to the methylated sequences of the im-
printed gene U2af1-rs1 (Fournier et al. 2002) or several
tumor suppressor genes (Ballestar et al. 2003).

First, we immunoprecipitated DNA from the normal
female lymphoblastoid cell lines with two different

MeCP2 antibodies (indicated in Materials and methods)
and total 5-methylcytosine DNA content was analyzed
by high performance capillary electrophoresis (Fraga
and Esteller 2002). We observed an average two- to
threefold enrichment in 5-methylcytosine DNA in this
MeCP2-ChIP DNA versus the input-control DNA (data
not shown), supporting the notion that MeCP2 is asso-
ciated in vivo with methylated DNA sequences.

Second, we performed PCR amplification reactions
for the promoter of the 30 genes shown in Table 1 using
this MeCP2-immunoprecipitated DNA. The presence of
a PCR band for that particular DNA region indicates
binding of MeCP2 and its absence means the lack of any
MeCP2 binding. Our MeCP2-ChIP analysis of the genes
upregulated in RTT cell lines allowed to distinguish two
groups: those genes where MeCP2 is bound in normal
cells, while MeCP2 is lost in RTT cells, leading to the
release of gene silencing (such as the neurodevelop-
mental genes NET1 or MPP1); and genes that are not
directly regulated by the action of MeCP2 over their
promoters (such as GNAS or NMYC). The first group
was composed of ten genes (see Fig. 1a and Table 2) and
the second consisting of the remaining 20 genes. In the
latter case, an indirect effect is implied, such as the dis-
regulation of other transcription factors that are them-
selves directly regulated by MeCP2. The ten genes whose
direct interaction with MeCP2 was demonstrated by
ChIP assays are shown in Table 2. Interestingly, when
we performed ChIP assays with the cells derived from a
patient harboring mutations in the MBD of MeCP2
(T158M) we observed a total loss of association of
MeCP2 in four out of the ten genes (IGFBP2, CSE1L,
PGK1, IGF2) and a significant decrease of association in
three out of the ten genes (MPP1, FHL1, NET1) (Fig.
4a). The existence of partial association of MeCP2 in
some of the genes can be explained considering that
there is still a significant fraction of the wild-type allele
that can be expressed in T158M cells (as deduced from
the HUMARA analysis shown in Fig. 2). Curiously
enough CDC10, PAM and BIRC2 did not exhibit any
significant difference with respect to MeCP2 association
regardless of the presence of a mutation in the MBD of
MeCP2 (this issue will be discussed below).

In order to investigate whether other MBDs were
targeted to these MeCP2 target genes, we also performed

Table 2 The majority of

overexpressed genes that are
direct MECP2 targets are
methylated

Gene Name Location Bisulfite sequencing

NET1 Neuroepithelial cell transforming gene 1 10p15 Methylated
IGFBP2 Insulin-like growth factor binding protein 2 2q33-q34 Methylated
CSE1L Chromosome segregation 1-like 20q13 Methylated
CDC10 Yeast CDC10 homolog 7p14.3-p14.1 Unmethylated
PAM Peptidylglycine alpha-amidating

monooxigenase
5q14-21 Unmethylated

BIRC2 Baculoviral IAP repeat-containing 2 11q22 Unmethylated
IGF2 Insulin-like growth factor 2 11p15.5 (Imp.) Methylated
PGK1 Phosphoglycerate kinase 1 Xq13 Methylated
FHL1 LIM and zinc finger domain protein Xq26 Methylated
MPP1 Palmitoylated membrane protein 1 Xq28 Methylated
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ChIP assays with antibodies against the remaining
members of the MBD family for which a role in tran-
scriptional repression has been reported (MBD1, MBD2
and MBD3). We found that in some cases, additional
MBD proteins were bound to a few promoters among
these genes (Fig. 4a). In particular, we found binding of
other MBD proteins to the promoter of the X-chro-
mosome genes FHL1, MPP1 and PGK1 and the im-
printed gene IGF2 (in agreement with data reported in
references Lang et al. 1998 and Martinowich et al. 2003).
We also found binding of other MBDs to the promoter
of NET1 (see Fig. 4a). Loss of MeCP2 recruitment due
to mutations in the MBD encoding region of MeCP2 did
not affect in general the recruitment of MBD1, MBD2

and MBD3 to these genes. Despite the presence of
additional MBDs in some cases, overexpression of those
genes upon loss of functional MeCP2 can still occur as
part of the repressing transcriptional machinery has
been lost.

The current model proposes that MeCP2 mainly re-
presses transcription through interaction with methy-
lated promoters. If this assumption proves to be correct,
the ten upregulated genes for which interaction with
MeCP2 has been demonstrated should be methylated.
Therefore, we investigated the promoter-associated CpG
island methylation status of all ten genes in normal
lymphoblastoid cells using bisulfite genomic sequencing
(Clark and Warnecke 2002) (Fig. 5). The majority of
genes (seven out of ten) was methylated at these regions
supporting the concept of MeCP2 methylation-mediated
gene repression. In some genes, such as MPP1, FHL1
and PGK1, the presence of methylation was highly likely
because these genes are located in the X-chromosome,
and all cells analyzed were from females that undergo
inactivation of one X-chromosome by methylation. The
same result was also expected for the IGF2 gene due to
its well characterized imprinting (Reik et al. 2000). For
both X-chromosome and imprinted genes, the CpG
dinucleotide methylation had a 50% value, as expected
due to the presence of one methylated allele and one
unmethylated allele (Fig. 5). Most interestingly, when we
performed bisulfite genomic sequencing of the DNA
immunoprecipitated with the MeCP2 antibody, CpG
dimethylation reached 100% (see PGK1 in Fig. 5).
Focusing again in the target genes, most interesting was
the finding that there was methylation at the 5¢-regula-
tory regions of the other three non-X-chromosome non-
imprinted genes: CSEL1, NET1, and IGFBP2. It is
noteworthy that the CpG methylation pattern observed
for these genes was different from the one observed in
the X-chromosome or imprinted genes: while these latter
genes show dense methylation across the whole CpG
island, CSEL1, NET1 and IGFBP2 show discrete se-
quences embedded in the CpG island where the hyper-
methylated CpG dinucleotides were clustered (Fig. 5).
The lack of methylation in the three remaining genes
(CDC10, PAM and BIRC2) is consistent with the ab-
sence of differences in association of MeCP2 between
normal and RTT-derived cells harboring the T158M
mutation (see Fig. 4a). We also performed bisulfite
sequencing of the above genes in some of the lympho-
blastoid cells from RTT patients, in order to discard the
possibility of demethylation events in these cell lines.
Identical patterns of methylation were observed in the
three cell lines studied (R106W, T158M and R294X) as
shown in Fig. 5 (where only data corresponding to the
two normal controls and T158M are shown) and Table
2. A summary of all the methylation results, which are
identical in normal and RTT-derived lymphoblastoid
cells, are shown in Table 2.

On the other hand, the functional relevance of the
MeCP2-mediated gene silencing of direct target genes
was investigated by RT-PCR and a comparison between

Fig. 4 a Rett mutations in the MBD of MeCP2 involve loss of
recruitment to several overexpressed promoters. Chromatin immu-
noprecipitation (ChIP) analysis of the occupancy by MeCP2 and
other MBD proteins of several promoters obtained from the
microarray expression studies. Input fraction is designed as I. Only
the ‘bound’ fractions corresponding to MeCP2 and the other
MBDs are shown. The bound fraction of the ‘no antibody’ (NAB)
control is also shown. ChIP assays were performed for control cell
lines and a cell lines harboring a mutation at T158M. b ChIP assays
with two neuroblastoma lines SK-N-AS and IMR-32
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control and RTT-derived cells shows elevated expression
levels of the above genes in the RTT patients (Fig. 6a).
Moreover, the use of the demethylating agent 5-aza-2-
deoxycytidine (5-aza-dC) in the control lymphoblastoid
cells induced expression many of these genes (FHL1,
NET1, CSE1L, IGFBP2), further supporting the role of
DNA methylation in the silencing of these MeCP2-tar-
get genes (Fig. 6a). Expression of unmethylated gene
BIRC2 was not stimulated by 5-aza-dC as expected.

However, in the case of the unmethylated gene CDC10 a
small but significant overexpression after 5-aza-dC
treatment was observed (Fig. 6a). This result might be
due to indirect effects resulting of altered levels of
transcription factors that are directly affected by 5-aza-
dC. The lack of 5-aza-dC dependent stimulation of
expression of some X-chromosome genes (MPP1 and
PGK1) may suggest additional chromatin mechanisms
involved in the regulation of these genes.

Fig. 5 DNA methylation
analysis of the particular genes
for which interaction with
MeCP2 was demonstrated.
Bisulfite genomic sequencing of
the CpG island of the target
genes: a fragment of the
sequence is shown.
Unmethylated Cs become Ts
upon bisulfite modification. A
schematic representation of
some of the CpG sites included
in the PCR fragment is shown.
CpG sites are represented as
circles: black (100%
methylation), gray (50%
methylation) and white (0%
methylation). The samples
correspond to two control lines
(C1 and C2), the T158M cell
line and two neuroblastoma
cell lines SK-N-AS and IMR-
32
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As a next step to identify misregulated target genes in
RTT patients, we decided to move from the lymphocytes
to neuroblasts. Although our original cell type was not
directly relevant to the brain phenotype in RTT, it is
possible not only that those genes are misregulated in
lymphocytes in RTT but also that these genes may also
be misregulated in neuron-related tissue. Therefore, we
investigated this possibility by using a neuron-related
model: two neuroblastoma cell lines, SK-N-AS and

IMR-32 . The same issues analyzed in the lymphocytes
were addressed in these cells: (1) recruitment of MeCP2
and other MBD proteins to the above genes by using
ChIP assays, (2) the methylation status of these genes by
bisulfite sequencing, and (3) expression levels of these
genes before and after treatment with 5-aza-dC.

Firstly, MeCP2 was found to be associated with the
promoter of the autosomal genes NET1, IGFBP2 and
CSE1L (Fig. 4b). In contrast, MeCP2 did not appear to
be associated with CDC10, PAM and BIRC2. When we
performed bisulfite sequencing of these sequences, we
observed that this association was methylation-depen-
dent, since only NET1, IGFBP2 and CSE1L appeared
to be methylated (Fig. 5 and Table 2). Finally, RT-PCR
analysis of these genes indicated that treatment with the
demethylating agent 5-aza-dC was able to increase their
expression levels (Fig. 6b).

Discussion

Mutations in the MECP2 gene are associated with RTT
(Amir et al. 1999). Previous research has shown that
MeCP2 is a methyl CpG binding protein that acts as a
transcriptional repressor by preventing unscheduled
transcription through the recruitment of histone de-
acetylases and other corepressors to methylated DNA in
the regulatory and promoter regions of genes (Jones
et al. 1998; Nan et al. 1998). The answer to the question
as to whether this function is phenotypically relevant to
the phenotype of RTT patients now depends on the re-
search progress in determining the degree and specificity
of the disturbance of gene expression in RTT patients,
followed by the confirmation of bona fide target genes
for MeCP2 in normal cells.

In the present study, we have addressed these ques-
tions in a two-step manner. First, we have investigated
the changes in the expression levels of different RTT-
derived cell lines when compared with cell lines derived
from normal individuals by a cDNA microarray ap-
proach. Secondly, the overexpressed genes identified by
microarray analysis were then divided by ChIP assay
into direct MeCP2 targets and genes whose expression is
indirectly affected by MeCP2.

We have observed the existence of a specific aberrant
gene expression signature in RTT patients compared to
normal females. Moreover, clustering analysis was able
to determine a distinct profile of expression according
to the type of MeCP2 mutation (TRD and C-terminal
region mutations versus MBD mutations) and also
for those patients with clinically diagnosed RTT but
without mutations in their coding regions. From the
quantitative standpoint, the overall number of genes
that are significantly deregulated in RTT-derived sam-
ples is relatively small, a finding that is in agreement with
other studies conducted in humans (Colantuoni et al.
2001; Traynor et al. 2002) as well as data derived from
MeCP2 knockout mouse brain tissues (Tudor et al.
2002). Various explanations may be proposed to explain

Fig. 6a,b Expression analysis monitored by RT-PCR of the
MeCP2-target genes. GAPDH (bottom panel) was used as a
control. All the genes, including GAPDH, produced a PCR
product of about 400 bp. a RT-PCR of the two control (C1 and
C2) and three RTT (R106W, T158M, R294X) samples. The control
samples (C1 and C2) were additionally treated with 5-aza-dC. b
RT-PCR for the SK-N-AS cell line in the absence (control) and
presence of 5-aza-dC. Three illustrative examples are shown: NET1
and IGF2 are methylated and CDC10 is unmethylated
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the absence of a massive effect over the entire tran-
scriptome, including the existence of possible redun-
dancy between the different members of the MBD family
of proteins (MeCP2, MBD1, MBD2, MBD3) that may
compensate the effects of MeCP2 loss. This notion could
be supported by the fact that several MBDs can simul-
taneously occupy the same methylated promoter
(Fournier et al. 2002; Koizume et al. 2002; Ballestar
et al. 2003). In fact, we show that additional MBD
proteins are recruited to some of the genes for which
MeCP2 binding was demonstrated (Fig. 4b). Alterna-
tively, it is possible that spatial and temporal factors
play an essential role in determining major expression
changes in RTT patients: for example, the deregulation
of a cluster of genes expressed only in certain parts of the
brain during a precise developmental phase may be
crucial for the emergence of the phenotypical abnor-
malities observed in RTT patients. In our approach, it is
worth noting that we have identified several genes, such
as NET1 and MPP1, which are important for neuronal
homeostasis (Chan et al. 1996; Schmidt et al. 2002) and
relieved from MeCP2-mediated transcriptional silencing
in RTT patients.

To date, identification of MeCP2 targets has relied on
a candidate gene approach, most of which are tumor
suppressor genes hypermethylated in cancer (Nguyen
et al. 2001; Koizume et al. 2002). These targets are,
however, unlikely to be relevant to the RTT phenotype
due to the aberrant DNA methylation profile of cancer
cells compared with normal tissues (Esteller 2002). Re-
cently, when the candidate gene strategy was applied to
the Xenopus laevis model, a bona fide candidate target
for MeCP2 in the context of RTT was identified in dif-
ferentiating neuroectoderm: the neuronal repressor
xHairy2a (Stancheva et al. 2003). Our microarray
analysis unveils a comprehensive list of candidate genes
for further investigation into their association with
MeCP2 in normal cells, where the DNA methylation
patterns have not been disturbed. Most importantly, our
approach is validated by the finding that several previ-
ously reported MeCP2 target genes disregulated in RTT
patients and mouse models (Colantuoni et al. 2001;
Traynor et al. 2002; Tudor et al. 2002) also showed a
significant misregulation in our RTT patients, such as
the TPD52L2, CRSP7 and AI216628 genes that were
upregulated and the TCEB2, RPL31, MAP3K14 and
AI285186 genes that were downregulated. In our study,
in addition to identifying new disregulated target genes,
the combination of cDNA microarray with ChIP anal-
ysis, provides an strategy for distinguishing between
direct and indirect targets of MeCP2 in RTT-derived
samples.

We have demonstrated the presence of overexpres-
sed genes in RTT-derived cells that exhibit release of
MeCP2 transcriptional repression over methylated gene
promoters. However, the exceptions to this general rule
are worth noting. For example, a minority (30%) of
the genes that had MeCP2 associated with their pro-
moters were found to be unmethylated in our first

screening. A technical explanation would be that, in
these genes, MeCP2 is indeed binding to a methylated
sequence, but outside of the region amplified in the
bisulfite genomic PCR sequencing. However, since
MeCP2 appears to be associated to its promoter in the
mutant T158M form, an alternative explanation comes
from the fact that MeCP2 may also be targeted to non-
methylated sequences. In fact, it has been recently
demonstrated that MeCP2 assembles novel secondary
chromatin structures independent of the DNA meth-
ylation status (Georgel et al. 2003) and it has also been
shown to bind unmethylated CpG islands in vitro, al-
though with a lower affinity to that for methylated
CpGs (Fraga et al. 2003). On the other hand, recent
reports (Chen et al. 2003; Martinowich et al. 2003)
have demonstrated that MeCP2 activity can be mod-
ulated by calcium-dependent phosphorylation that de-
pends on membrane depolarizations. This connection
between MeCP2 activity and signaling pathways could
operate in other cell types and future studies will
evaluate the contribution of these modifications for the
regulation of each of the MeCP2 targets. For the three
unmethylated genes that exhibit MeCP2 association,
even when the MBD is mutated (see Fig. 4), it is likely
that additional mechanisms of transcriptional regula-
tion that are altered in RTT cells might be participating
in their overexpression. Finally, it is important to take
note of those genes overexpressed in RTT-derived
samples (some of which possess clear neuron-related
functions) where direct binding of MeCP2 to their
promoters was not observed. Again, a technical
explanation would be that MeCP2 is bound to another
regulatory region outside the range of the ChIP primers
used. However, a ‘‘biological’’ explanation is equally
possible: their overexpression is an indirect effect that
may reflect the direct release of MeCP2 from the pro-
moter of an activating transcription factor. Here, we
can cite the example of the gene encoding the tran-
scriptional activator FHL1, where we have demon-
strated that in RTT-derived cells MeCP2 is released
from the FHL1 methylated promoter leading to its
overexpression. FHL1 is a member of the LIM domain
family of proteins, which are involved in the regulation
of many neuronal genes, among them the cadherin and
integrin genes that were found to be overexpressed in
our RTT-derived cells (Bazan et al. 2002; Allan and
Thor 2003).

In summary, we have demonstrated that RTT cells
present a distinctive profile of gene expression that dis-
tinguishes them from corresponding normal cells. These
changes are both quantitative in that they represent a
trend for gene overexpression and qualitative through
the presence of direct and indirect MeCP2-mediated
mechanisms of abrogation of gene silencing. In this
context, our results provide in vivo mechanistic evidence
of the loss of MeCP2-mediated transcriptional repres-
sion in RTT patients and a comprehensive view of the
aberrant expression defects underlying the RTT pheno-
type.
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