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Evolving role of MeCP2 in Rett syndrome  
and autism

Autism is a common heterogeneous neuro
developmental disorder with complex genetic 
etiology. Epigenetic mechanisms act at the inter
face of genetic and environmental risk factors in 
complex genetic disorders. Two wellcharacter
ized epigenetic mechanisms, parental imprinting 
and X chromosome inactivation, are involved 
in several autismspectrum disorders, includ
ing Angelman, Prader–Willi, 15q duplication, 
Rett and FragileX syndromes. Rett syndrome 
(RTT) is an Xlinked disorder representing one 
of the most frequent causes of severe intellec
tual disability in females. RTT infants develop 
normally until 6–18 months of age, but then 
develop progressive loss of neurodevelopmental 
milestones, similar to what is observed in regres
sive forms of autism. Clinical features include 
deceleration of head growth, loss of purposeful 
hand movements, ataxia, loss of verbalization 
skills, autistic features, seizures and respiratory 
dysfunction. However, following a stabilization 
phase of the disease, most RTT patients do not 
meet the criteria for autism. 

Rett syndrome brain samples share some 
neuro pathologic abnormalities at the cellular 
level with autistic patients. Foremost among 
these is a similar reduction in cellbody size and 
dendritic branching in specific neuronal popu
lations in RTT and autism cortex [1,2]. In addi
tion, dendritic spines appear to be immature in 
both RTT and autism brain [3,4]. However, in 
contrast to autism, reduced brain volume and 
diminished neuronal size are common features 
of RTT [5].

The genetic defect in RTT maps to Xq28 in 
the MECP2 gene [6]. Therefore, RTT involves 
epigenetic mechanisms in at least two levels. 
First, MECP2 encodes methyl CpGbinding 
protein 2, and is therefore a known recognition 
and regulatory protein of epigenetic marks in 
the genome. Second, MECP2 maps to the X 
chromo some and is subject to the epigenetic 
process of X chromosome inactivation, and RTT 
affects females who are heterozygous and mosaic 
for the expression of MECP2 mutations.

The prediction of the function and relevance 
of MeCP2 has evolved over the last decade from 
an enzymatic model of transcriptional repres
sion of silent methylated genes [7,8], to an active 
dynamic player in activitydependent neuronal 
responses and the transcriptional modulation of 
active genes [9–11]. The evolution of thought on 
MeCP2 as an epigenetically regulated epigenetic 
regulator has paralleled and integrated with the 
transition away from epigenetics simply as the 
study of ‘quirky’ exceptions such as imprinting 
and X chromosome inactivation. In the post
genomic era, the scope of epigenetic mechanisms 
has significantly broadened to include the entire 
genome, and our understanding of MeCP2 has 
kept pace with these developments.

Classic epigenetics in the  
post-genomic era
The term ‘epigenetics’ refers to heritable changes 
to DNA, chromatin or chromosomes that do 
not change the DNA sequence or chromosome 
structure, but can alter gene expression and 
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phenotype. Examples of epigenetic modifica
tions exist in multiple layers in the nucleus, from 
methylation of CpG dinucleotides [12], to histone 
modifications [13], chromatin remodeling [14] and 
higher order organization of chromatin loops [15] 
and chromosome territories [16]. While epigenetic 
modifications are frequently mitotically heritable 
and occasionally meiotically heritable, reversibil
ity of modifications is also a key discriminating 
feature of epigenetic inheritance compared with 
genetic inheritance [17]. The two best ‘classic’ 
examples of epigenetic mechanisms, X chromo
some inactivation and parental imprinting, both 
require the epigenomic reprogramming of epi
genetic marks every generation in meiosis. In 
the next generation of dynamic environmental 
epigenetics and epigenomics, some surprising, 
but informative, lessons have been learned from 
these two textbook epigenetic mechanisms.

Parental imprinting refers to an inheritance 
pattern that breaks Mendel’s rule of inheritance 
that an allele acts independently of the parental 
origin. For imprinted loci, genes are differen
tially expressed from the maternal and paternal 
chromo some; thus, a mutation or deletion can 
result in a different phenotypic outcome depend
ing on the parent of origin. At the organismic 
level, parental imprinting was first discovered by 
the early mouse pronuclear transplantation exper
iments, in which parthenogenic zygotes (derived 
from only eggderived or spermderived nuclei) 
failed to result in successful postimplantation 
development [18]. In humans, parental imprint
ing is a recognized mode of inheritance for sev
eral developmental disorders, including Prader–
Willi (paternal 15q11–13 deficiency), Angelman 
(maternal 15q11–13 deficiency), Beckwith–
Weideman (maternal 11p15.5 deficiency) and 
Silver–Russell (paternal 11p15.5) syndromes 
[19,20]. Imprinted genes tend to be clustered 
together in regions containing both maternally 
and paternally imprinted genes and shared non
genic regulatory sequences termed imprinting 
control regions (ICRs). Imprinted genes include 
proteincoding transcripts, as well as noncoding 
antisense RNA, microRNA and small nucleo
lar RNA [21]. Imprinted genes are clustered in 
regions distinguished by epigenetic differences 
in replication timing, chromatin accessibility 
and neighboring repeat sequences [22]. While 
differential promoter methylation was one of 
the earliest markers of imprinted genes such 
as SNRPN and IGF2/H19, it now appears that 
most imprinted transcripts do not show differ
ential DNA methylation at their 5´ ends, but 
rather differentially methylated regions (DMRs) 

overlap with ICRs in influencing the imprinting 
of gene clusters instead of individual imprinted 
genes. Genomewide screens of expression 
have been generally more useful in uncover
ing novel imprinted genes than those screening 
for DMRs [23]. Interestingly, a large fraction of 
transcripts in the human genome are monoalleli
cally expressed in Blymphoblastoid clonal cell 
lines without showing a parentoforigin prefer
ence [24]. Thus, differential DNA methylation 
has evolved within the field of imprinting from a 
defining mark to only one of the many available 
epigenetic marks determining parental origin.

For X chromosome inactivation, differential 
epigenetic marks can visually distinguish the 
two X chromosomes in mammalian females 
as the appearance of a Barr body. Random 
X chromosome inactivation occurs around the 
stage of implantation through the expression 
of a long noncoding RNA Xist which coats the 
inactive X chromosome, leading to the repres
sive epigenetic histone marks of macroH2A 
and H3K27 trimethylation [25]. While DNA 
hypermethylation has been a historical mark of 
the Barr body, hypermethylation is primarily 
limited to nongenic repetitive sequences of the 
X chromosome that make the internal core of 
the Barr body [26,27]. X chromosome inactiva
tion is not absolute, as approximately 15% of 
Xlinked genes escape X chromosome inactiva
tion [28]. Microarraybased methylation analyses 
that exclude repetitive sequences have shown the 
surprising result that the active X chromosome 
alleles are hypermethylated in the gene bodies 
compared with inactive alleles [29]. The inactive 
alleles are hypermethylated in promoter regions, 
such as is observed in the common human 
X inactivation assay at the Xlinked androgen 
receptor gene, suggesting that hypermethyl
ation of the inactive X chromosome is limited 
to repeats and high CpG dense promoters [29,30]. 

The correlation of increased DNA methyl
ation appearing in genedense and highly 
expressed regions has also held up in genome
wide microarray analyses, in which the major
ity of regions with the highest methylation were 
associated with genes, and the highest density 
of CpG methylation was in genedense R bands 
and subtelomeric regions [31]. Furthermore, 
genomewide methylation of CpG sites within 
gene bodies correlated with increased, not 
decreased, expression [31], similar to the active 
X chromosome [29]. Paralleling the shift away 
from promoters as the primary site of epi genetic 
regulation, recent genomewide analyses show 
that the human genome is predominantly 
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methylated, with short unmethylated domains 
that are highly enriched for promoters, CpG 
islands and first exons [32]. In addition, despite 
the expectation of promoter hypermethylation 
in human cancers, most colon cancer and 
tissuespecific DNA methylation differences 
were observed in CpG island ‘shores’ up to 2kb 
distant, rather than the CpG island promoters 
themselves [33]. Further studies have shown that 
enhancers are more variable in expressionregu
lating epigenetic marks than promoters [34], and 
the most dynamic of DNA methylation marks 
during embryonic stem cell differentiation were 
also outside of core promoter regions [35]. So 
the initially controversial epigenomic results 
from Xlinked and imprinted genes are gaining 
broader acceptance by genomewide studies. 

Evolving role of MeCP2 in  
Rett syndrome
Since the discovery of MECP2 mutations as the 
genetic cause of RTT in 1999 [6], the understand
ing of MeCP2 function has evolved. Although 
MeCP2 was predicted to be a global transcrip
tional repressor of methylated genes, MeCP2 
is only required during postnatal brain devel
opment, when expression is elevated [36]. The 
developmental regulation of MECP2 expression 
is highly complex, involving transcriptional 
increases as well as alternative splicing and alter
native polyadenylation. MeCP2 selectively binds 
to methylated CpG residues and preferentially 
localizes to transcriptionally inactive hetero
chromatic regions of the nucleus. In the original 
‘enzymatic’ model for MeCP2 function (Figure 1), 
MeCP2 interacts with the transcriptional repres
sor Sin3A and histone deacetylase (HDAC), pro
viding a mechanism for the transcriptional repres
sion of genes with methylated CpG sites [7,8]. 
MeCP2 has been shown to repress transcription 
of methylated promoters in vitro and SV40 or 
GAL4containing promoters in vivo, and repres
sion is partially reversed by an HDAC inhibitor 
[37,38]. Some studies have supported MeCP2 as 
a relevant repressor of methylated promoters of 
tumor suppressor genes [39–41]. 

However, mounting evidence has argued 
against the simple enzymatic model for the 
role of MeCP2 in repressing gene transcrip
tion in the brain, the tissue most relevant for 
RTT. MeCP2 does not form a stable complex 
with either Sin3a or HDAC when purified by 
size exclusion chroma tography from rat brain 
[42]. Although MeCP2 was originally predicted 
to be a global silencer of methylated genes, 
methyl ated and imprinted genes remain silent 

in MECP2 mutant cell lines and Mecp2deficient 
mice [43–45], in contrast to DNA methyltrans
ferase (Dnmt1)deficient mice [46]. Early gene
expression profiling experiments were mostly 
unsuccessful in identifying MeCP2 target genes 
regulated by methylated promoters in the brain 
and blood [47,48]. MeCP2 has been shown to 
be bound to several methylated promoters by 
chromatin immunoprecipitation with H19 [49], 
Bdnf [50,51], Sgk and Fkbp5 [52], Dlx5 and Dlx6 
[53], Id1–3 [54], Crh [55], Fxyd1 [56,57] and Gtl2 
[57,58], showing increased transcription (~two
fold) in Mecp2mutant tissue. Further studies, 
however, have demonstrated that Mecp2 defi
ciency does not reverse the paternal silencing of 
H19 [45] or maternal silencing of SNRPN/Snrpn 
[43,45], and Bdnf expression is actually lower in 
Mecp2deficient brain [59], suggesting that the 
role of MeCP2 is not simple for even target genes 
with methylated promoters. Therefore, few neu
ronal target genes fit the simple enzymatic model 
for MeCP2.

A structural model has also been proposed 
based on additional biochemical properties of 
MeCP2 [60]. The most convincing data show
ing a potential structural role for MeCP2 has 
come from in vitro chromatin compaction stud
ies. MeCP2 incubated with either naked DNA 
or nucleosomebound DNA forms tight elliptoid 
structures and complex intramolecular interac
tions between adjacent DNA strands [61]. The 
chromatin compaction properties of MeCP2 in 
this assay were much stronger than the known 
linker histones, and suggest that MeCP2 is 
capable of making tight bridges and connec
tions between noncontiguous DNA molecules. 
Interestingly, the compaction activity was not 
dependent on methylation or the methylbinding 
domain, suggesting that methylated CpGs may 
simply serve as a nucleation point for chroma
tin compaction of proximal chromatin [60]. The 
localization of MeCP2 to dense heterochromatin 
is consistent with this model. 

However, subsequent studies have demon
strated that MeCP2 associates with chromatin 
remodeling factors Brahma [62] and ATRX [63], 
in additional to YB1, a RNA splicing factor [64]. 
Since neither of the previously reviewed models 
for the function of MeCP2 is sufficient to explain 
the multiple and seemingly diverse roles recently 
ascribed to MeCP2, a third model dubbed ‘loop 
and recruit’ is proposed based on both recent 
and historical evidence. The best evidence for 
the involvement of MeCP2 in chromatin loop 
formation is a chromatin immuno precipitation 
(ChIP)walk and chromatin conformation 
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capture (3C) study at the imprinted Dlx5/Dlx6 
locus [53]. This study demonstrated that MeCP2 
was required for silent chromatin looping, and 
increased expression of Dlx5 and Dlx6 was 
observed as a result of aberrant loop formation in 
Mecp2deficient mouse brain. Increased DLX5 
expression was also observed in a subsequent 
study of Mecp2deficient mouse brain [65], but 
not in another [66]. This was somewhat surpris
ing, considering that MeCP2 was isolated based 
on binding to methylated CpG sites [67], but 
actually has a higher affinity to oligonucleotides 
with methylated CpG sites adjacent to (AT)

>4
 

runs [68], a sequence found frequently at CpG 
island shores and chromatin loop bases. While 
these findings suggested important new roles for 

MeCP2, they are less consistent with a structural 
role for MeCP2 strictly in the dense inert hetero
chromatin, and more consistent with a role for 
MeCP2 in recruiting additional enzymes to 
more active regions of the nucleus, such as the 
nuclear matrix and heterochromatic boundaries. 

Even greater surprises came from targeted 
ChIP microarray (ChIP–chip) ana lysis of 26 Mb 
of selected imprinted and nonimprinted loci that 
revealed that 59% of MeCP2 sites were outside of 
gene boundaries, with only 5.9% in CpG islands 
[10]. Further ana lysis using an integrated genome
wide promoter ana lysis of MeCP2 binding, CpG 
methylation and gene expression revealed that 
66% of the strongest MeCP2bound promoters 
are actively expressed, and only 6% of these show 
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Figure 1. Evolving models of MeCP2 have come full circle. Models explaining the functional role of MeCP2 in the nucleus have 
evolved since the transcriptional repressor model of the 1990s. A structural model was later proposed based on studies showing MeCP2 
associating with itself and DNA to form dense chromatin structures, consistent with its localization to nuclear heterochromatin. A ‘loop 
and recruit’ model incorporates a role for MeCP2 in chromatin loop structure, nuclear matrix binding, recruitment of RNA splicing and 
chromatin remodeling factors. An ‘active gene modulator’ model was supported by integrated epigenomic analyses showing MeCP2 
binding to active gene promoters, but primarily to intronic and intergenic sites. And lastly, a transcriptional activator model was proposed 
based on the interaction of MeCP2 with the transcription factor CREB1. While the evolution of thought on MeCP2 has come full circle, 
the diversity of models is expected to reflect the diversity of roles for MeCP2 in vivo. The challenge for the field in the future is to 
determine which of the diverse MeCP2 roles are essential for the postnatal brain that lead to Rett syndrome when deficient. 
HDAC: Histone deacetylase.
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high levels of methylation. JUNB, an immediate 
early gene relevant to the pathogenesis of RTT, 
is one example of a highly active gene whose 
expression is modulated by distal and proxi
mal MeCP2 binding to a partially methylated 
promoter. Further examples of the correlation 
between MeCP2 promoter binding and expres
sion (revealed by Pol2 binding) and an inverse 
correlation with dense methylation is revealed at 
the HOXA gene cluster on human chromosome 
7 (Figure 2). Tissue specificity of this gene cluster is 
epigenetically regulated and the active HOXA13 
promoter has strong MeCP2 and Pol2 promoter 
association, but poor methylation, while the 
neuronally inactive HOXA9 promoter is highly 
methylated but deenriched for MeCP2 and Pol2 
(Figure 2, see boxes). These first epigenomic results 
for MeCP2 binding have challenged the previous 

paradigm that MeCP2 acts as a silencer of meth
ylated gene promoters, and revealed a role for 
longrange modulation of active genes in neurons.

Subsequent ana lysis of hypothalamus from 
both Mecp2deficient and Mecp2 duplication 
mice by Chahrour et al. provided independent 
corroboration of the epigenomic MeCP2 analy
ses [11]. Geneexpression microarray profiling of 
these transgenic mice suggested that up to 85% 
of genes in the hypothalamus were upregulated 
by MeCP2, while the remainder were down
regulated. With few exceptions, the effect of 
Mecp2 deletion or Mecp2 duplication resulted 
in modest changes in target gene expression. Six 
potential target genes were selected for further 
study and were found to have varying levels of 
promoter methylation using bisulfite ana lysis 
and MeCP2 occupancy by ChIP. Interestingly, 
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Figure 2. Combined epigenomic profiles at the HOXA gene locus exemplify the concordance of MeCP2 and gene activity 
with low methylation. Data taken from genome-wide promoter array analyses from Yasui et al. [10] is mapped at the HOXA gene locus 
on human chromosome 7, for which tissue-specific expression differences correlate with epigenetic markers. HOXA9 is poorly expressed 
in neurons and has high promoter methylation (MeDIP, blue), low MeCP2 binding (red), and low Pol2 association (green). In contrast, the 
active HOXA13 promoter shows low methylation but high MeCP2 and Pol2 binding. Overall, there was a striking correlation between 
MeCP2 and Pol2 chromatin immuno precipitation signals throughout the genome, exemplified at this locus of variable gene activity.
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MeCP2 was shown to associate with the tran
scriptional activator CREB1 at the promoter of 
Sst, a gene upregulated in Mecp2 duplication 
mice, thereby suggesting a potential activation 
mechanism. These combined results suggest that 
MeCP2 has a more predominant role as a modu
lator of active genes, rather than a transcriptional 
repressor in vivo [10,11].

Autism: the complex genetic  
puzzle that can benefit from  
Rett syndrome epigenomics
Rett syndrome is the only one of the five perva
sive developmental disorders (including autism) 
with a known genetic cause (Diagnostic and 
Statistical Manual of Mental Disorders, 4th 
Edition). In addition, MECP2 mutations or 
expression defects are observed in autism and 
other autismspectrum neurodevelopmental dis
orders [69–74]. Therefore, investigations of the role 
of MECP2 in reading epigenomic marks in the 
developing brain have broad relevance to mental 
retardation and autism. Autism is characterized 
by severe impairments in social interaction and 
communication, combined with restrictive and 
repetitive interests and behaviors. The onset of 
symptoms generally occurs around 1–3 years of 
age, and is characterized by stereotyped man
nerisms, abnormal preoccupations, lack of prag
matic language and imaginative play, impaired 
eye gaze and impaired joint attention. Males 
with autism outnumber females by around 4 
to 1, and the frequency in the population has 
increased dramatically in recent decades to an 
estimated 1 in 150 children. Shifts in the inter
pretation of diagnostic criteria could not explain 
the increased prevalence, suggesting environ
ment may affect the rate of autism [75]. However, 
twin studies have provided compelling evidence 
for a genetic origin of autism, as the concordance 
rate is 70–90% for monozygotic and 0–10% for 
dizygotic twins [76]. 

Despite the high heritability in monozy
gotic twins, autism has a heterogeneous eti
ology, with multiple genes and chromosomal 
regions suspected to be involved. Direct 
approaches to investigating the genetic etiol
ogy of autism have involved cytogenetic stud
ies, linkage analyses, genomewide association 
studies and, more recently, the ana lysis of copy 
number variations (CNVs). Cytogenetic meth
ods have historically detected the fragile site 
caused by CGG repeat expansion at FMR1 
responsible for Fragile X syndrome (FXS), as 
well as the approximately 12 Mb deletions of 
15q11–13 that cause Prader–Willi, Angelman 

or 15q duplication syndromes. 15q11–13 rear
rangements and FMR1 CGG expansions each 
account for approximately 1% of autism etiol
ogy by recent estimates [76]. Many linkage and 
association studies have also supported the her
itance of autism with polymorphisms within 
15q11–13. Homozygosity mapping of fami
lies with shared ancestry and autism revealed 
homozygous deletions of DIA1 upstream of 
NHE9, and a region upstream of PCDH10, 
all of which are involved in neural activity, 
suggesting that defective regulation of gene 
expression after neural activity may be shared 
between seemingly diverse autism mutations 
[77]. Complex genetic diseases are characterized 
by both polygenic inheritance (multiple genes 
contributing to the susceptibility) and locus 
heterogeneity (mutations in different genes 
causing the same phenotype). The investiga
tion of autism genetics, like that of other neuro
psychiatric disorders, has therefore moved from 
a prediction of ‘common disease, common vari
ant’ to a ‘common disease, rare variant’ predic
tion that suggests that many alternative rare 
variants may disrupt overlapping genetic and 
epigenetic pathways [76,78].

Rapid developments in microarray techn
ologies have spawned the discovery and greater 
appreciation of extensive CNV in the human 
genome, which are gains or losses of DNA 
segments ranging from several kb to several 
Mb [79–81]. While CNVs are polymorphic and 
often inherited in humans, a higher frequency 
of de novo rare CNVs are found in patients 
with autism and schizophrenia compared with 
unaffected controls [82–84]. CNVs mapping to 
15q are among the most frequently observed in 
both disorders [82,84–86]. While progress in CNV 
detection and frequent occurrences in autism 
spectrum disorders is an exciting recent devel
opment, challenges to understanding causality 
of specific genes within specific CNVs remain 
[78]. Gains and losses of the same locus often 
leads to overlapping phenotypes, as is observed 
in 22q11.2, 7q11.23, 17p11.2 and 15q11–13 
deletion and duplication syndromes with co
morbid autism [78,87]. Complicating CNV 
genotype–phenotype studies even further are 
issues of variable penetrance or variable expres
sivity of the phenotype. For instance, while 
maternal duplication of 15q11–13 is associ
ated with autism in 85% of cases [88], pater
nal 15q11–13 duplication has been observed in 
healthy unaffected individuals [89], as well as in 
cases with autism or language and social defects 
[90–93]. Within the patients with maternally 
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derived idic(15), there is much clinical heteroge
neity, even within patients with similar duplica
tion breakpoints, including a subset of patients 
with Prader–Willilike features [93]. Therefore, 
other genetic liabilities, nongenetic factors and 
epigenetics are considered to be important but 
uncharacterized determinants in determining 
the pathogenicity and expressivity of CNVs in 
autismspectrum disorders [78]. 

In the last several years, several important 
molecular connections have been made between 
MeCP2 and autismspectrum disorders, partic
ularly those with an epigenetic basis. Reduced 
MeCP2 expression was observed in 79% of 
autism brain samples and correlated with aber
rant methylation of the MECP2 promoter in 
male autism samples [94,95]. MeCP2 deficiency 
in mouse and human RTT and autism brain 
results in reduced expression of the Angelman 
gene UBE3A in some studies [45,96]. Aberrant 
methylation was observed around UBE3A in 
an autism brain sample [97]. MeCP2 binds to 
the maternally methylated imprinting control 
region in 15q11–13 [10,96,98]. Intriguingly, the 
nonimprinted GABA

A
 receptor genes GABRB3, 

GABRA5 and GABRG3 in 15q11–13 show epi
genetic dysregulation, resulting in monoallelic 
expression and reduced expression in a subset 
of RTT and autism [99], as well as 15q duplica
tion [100] brain samples. An autism candidate and 
early response gene, EGR2, is a target of MeCP2 
and is reduced in both RTT and autism brain 
samples [101]. In addition, Mecp2 mutant [102,103] 
and hypomorphic [104] mouse models show 
defects in social behavior, making them useful 
models for autism research. 

Epigenetic mechanisms such a DNA 
methyl ation can be altered by environmental 
changes [17,105], and are an important interface 
between genetic and environmental risk factors 
in complex disorders such as autism. In addi
tion to being environmentally sensitive, epigen
etic mechanisms are also often stochastic, and 
thus may potentially explain variable penetrance 
observed with some CNVs. The identification 
of 68 strong MeCP2 binding sites within the 
13 Mb region of 15q11–13 [10] are expected to 
be important in sorting out the epigenetic fac
tors influencing the most common CNV found 
in autism. Furthermore, epigenetic mechanisms 
are predicted to be involved in neuronal homeo
stasis in which neurons are dynamically respon
sive to environmental signals, but perturbations 
in epigenetic pathways result in neurons with 
attenuated response to change [87]. Therefore, 
there is a critical need for understanding the roles 

of MeCP2 in epigenetically regulated pathways 
involved in normal neuronal homeostasis, as well 
as the multiple ways genetic, environmental and 
stochastic events alter epigenetic pathways and 
neurobehavioral phenotype.

Future perspective
Rapid progress in the field of epigenomics is 
due to a timely combination of novel testable 
hypotheses and technological innovation. In 
the course of just a few years, techniques such 
as ChIPchip, ChIP sequencing and genome
wide DNA methylation analyses have revealed 
surprising insights into the human epigenome. 
Also, techniques for probing the chromatin 
structure of the genome in vivo, such as chro
mosome conformation capture (3C) and chro
mosome conformation capture on microarray 
(4C) are also expected to improve epigenomic 
understanding of the human brain and cultured 
neurons [106,107]. Ultimately, the ability to over
lay multiple epigenomic landscapes with genetic 
information of structural variation and gene 
expression is expected to drive the field of epi
genomics and enable future discoveries relevant 
to epigenetics, MeCP2 and autismspectrum 
neurodevelopmental disorders. 

The ongoing advancements in nextgeneration 
sequencing technologies are expected to have equal 
if not greater impact on uncovering the human epi
genome as on understanding individual genomes. 
While relatively new epigenetic techniques such as 
ChIPchip, DNA methylation ChIP (MeDIP)
chip and reduced representation bisulfite sequenc
ing represent vast improvement over older meth
ods, they have inherent limitations in that they are 
unable to assay repetitive DNA, which comprises 
over half of the human genome. Current high
throughput Solexa sequencing can produce tens 
of millions of sequences per run. However, the 
read length of these sequences is typically 35–70 
base pairs making them often difficult to align 
to genomic sequences [108]. Competing technolo
gies such as the Roche 454 platform are able to 
produce read lengths in the 250–500 base pair 
range, making them potentially more suitable for 
assaying the epigenome, but with an output of 
only approximately 400,000 reads per run [108]. 
Therefore, sequencing technologies still under 
development provide the best potential for advanc
ing epigenomic research, as they would combine 
high throughput with long read lengths [109]. 
Given this potential, it is hard to predict what the 
whole epigenome with regards to MeCP2 binding, 
DNA methylation and  chromatin organization 
will ultimately resemble. 
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What the field currently lacks are unbiased 
highresolution maps of DNA methylation in 
human and mouse brain to compare to MeCP2 
and histone modification ChIP analyses. While 
both MeDIP and restriction enzymebased 
approaches have been quite useful for early 
glimpses of the methylation landscape of the 
human genome, the gold standard for DNA 
methylation remains direct bisulfite sequenc
ing. Such an approach of direct sequencing 
bisulfitetreated DNA has been successful in 
Arabidopsis [110,111], but the mammalian genome 
presents a larger challenge because of its much 
larger size and global methylation of the vast 
majority of the genome [12]. Reduced represen
tative bisulfite sequencing has been successfully 
applied for highthroughput DNA methyl ation 
profile in mouse cell lines and tissues, but the 
approach of using MspI fragments biased the 
coverage to promoter regions [35]. As the epi
genetic interest arises in sequences distal to pro
moter regions, new approaches that allow direct 
bisulfite sequencing on a genomic scale cover
ing inter and intragenic sequences, as well as 
repetitive sequences, will be instrumental in the 
future progress of understanding the role of DNA 
methylation and MeCP2 binding in longrange 
interactions of neuronal gene expression.

While sequencing the mammalian epigenome 
appears challenging enough with the ‘fifth 
base’ of 5methylcytosine, a recent report of a 
‘sixth base’ of 5hydroxymethylcytosine further 
complicates the interpretation of genomewide 
methyl ation analyses [112,113]. Kriaucionis and 
Heintz identified 5hydroxmethylcytosine in 
0.6% of nucleotides in Purkinje neurons at a 
level 40% as abundant as 5methylcytosine and 
specific enrichment in brain tissues over non
neuronal tissues and cell lines [112]. Bisulfite 
treatment is predicted to deaminate cytosine 
when it is not modified, so bisulfite sequenc
ing is not likely to distinguish 5methylcytosine 
from 5hydroxymethylcytosine. But MeCP2 has 
a much lower affinity to 5hydroxymethylcyto
sine than 5methylcytosine in vitro [114]. While 
the biologic function of 5hydroxymethylcyto
sine has yet to be realized, it will be important 
in future epigenomic studies to be able to distin
guish between these two cytosine modifications 
that are both highly enriched in brain compared 
with other tissues.

Therefore, the evolution of thought of the 
role of MeCP2 in the brain and its relevance to 
autismspectrum disorders is not complete. While 
epigenomic approaches have certainly opened up 
the field of view for epigenetic research, there are 

Executive summary

Rett syndrome is a genetic autism-spectrum disorder affecting epigenetic pathways
 � Mutations in the X-linked gene MECP2 cause Rett syndrome in females.
 � Due to the epigenetic mechanism of X chromosome inactivation, Rett syndrome affects females who are heterozygous and mosaic for 

the expression of MECP2 mutations.
 � MECP2 encodes methyl CpG-binding protein 2, a known epigenetic factor.

Epigenomic studies have enlightened the ‘classic’ epigenetic mechanisms observed in imprinting &  
X chromosome inactivation
 � While once considered a silencing mark of imprinted and X-inactivated gene promoters, DNA methylation is observed globally and 

extensively throughout the mammalian genome, and CpG islands are predominantly unmethylated.
 � Only a small subset of imprinted genes show allele-specific differential methylation at their promoters.
 � Genes on the active X chromosome are actually hypermethylated compared with the inactive allele, while hypomethylation is exclusively 

observed at the promoters of genes on the active X chromosome.
 � Not all X-linked genes are subject to X chromosome inactivation.
 � DNA methylation is observed in actively expressed regions genome-wide.

While originally predicted to be a global silencer of methylated genes, the role of MeCP2 in neurons has evolved
 � MECP2 expression is highest in brain, is regulated by complex developmental signals and is subject to alternate splicing, alternate 

polyadenylation and post-translational modifications.
 � MeCP2 is predicted to have multiple roles, including transcriptional repression, structural compaction of chromatin, chromatin looping, 

chromatin remodeling, splicing and transcriptional activation.
 � Combined epigenomic approaches of MeCP2 binding, methylation and gene expression have demonstrated that MeCP2 binds 

preferentially to intergenic and intronic regions and sparsely methylated promoters of active genes.

MeCP2 & methylation in the complex genetic & epigenetic etiologies of autism
 � While autism is strongly heritable, most cases of autism are expected to be due to a combination of genetic, environmental and 

epigenetic factors.
 � Genetic disorders on the autism spectrum affecting epigenetic pathways include Rett, Angelman, Prader–Willi and 15q  

duplication syndromes.
 � There is mounting evidence for epigenetic alterations leading to reduced expression of MeCP2 and other epigenetically regulated genes 

in idiopathic autism.
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still inherent biases in the methodologies that are 
likely to lead to incomplete answers. However, 
the explosion of new genomic and epigenomic 
information suggests that interactions of MeCP2 
with the entire epigenome will soon be identifi
able for human and mouse brain tissue. Armed 
with a more global perspective of MeCP2 and 
its interactions with methylated DNA, improved 
understanding and therapies for RTT, and perhaps 
a subset of autism cases, are certain to follow.
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