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Methyl-CpG-binding protein 2 mutations in Rett syndrome
Ignatia B Van den Veyver* and Huda Y Zoghbif

The X-linked methyl-CpG-binding protein 2 gene (MECP2)
encodes a protein that links DNA methylation to transcriptional
repression mediated by histone deacetylases. Mutations in
MECP2 have been found in 76% of classic Rett syndrome
patients. Favourable nonrandom X chromosome inactivation
ameliorates the phenotype.
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Abbreviations

5mc position 5 of cytosine

ES embryonic stem

MBD methyl-binding domain

MeCP2 methyl-CpG-binding protein 2
RTT Rett syndrome

TRD transcriptional repression domain
XCI X chromosome inactivation
Introduction

The aetiology of Rett syndrome (RT'T) has been subject
to debate since the syndrome was first described by
Andreas Rett in 1966 [1-4]. The exclusive occurrence of
classic RT'T in females, the existence of a few familial
cases with documented inheritance through the maternal
line, and concordance in monozygotic twins all suggested a
genetic origin [5,6°,7°]. Further evidence supported
X-linked dominant inheritance with male lethality: three
males born into RTT families suffered severe neonatal
encephalopathy and died in infancy [6°,7°,8,9]. Definitive
confirmation of this hypothesis was finally provided in
1999 by the discovery that several different mutations in
MECP2, the gene encoding methyl-CpG-binding protein 2
(MeCP2), were responsible for roughly a third of classic
RTT cases [10°°,11°°]. Recent studies have augmented
this figure to 76% [12°°].

This discovery provided an explanation for the restriction
of classic RTT to females, broadened the range of pheno-
types related to RT'T, and suggested a basis for phenotypic
variability in classic RTT. It also raised many new ques-
tions. MeCP2 participates in transcriptional silencing via
DNA methylation, but which genes are regulated by its
transcriptional activity? Does the type of mutation influ-
ence the phenotype? How important is X chromosome
inactivation (XCI) in classic RT'T'? Does the period of early
normal development in RT'T girls offer an opportunity for

therapeutic intervention? While some of these questions
await dedicated pursuit, others have already been
answered. In this review, we will describe the features of
Rett syndrome and what has been learned about its genet-
ic basis and pathogenesis since the discovery of the
disease-causing mutations.

Features of Rett syndrome

Rett syndrome, one of the leading causes of mental retar-
dation and autistic behaviour in girls, is a
neurodevelopmental disorder affecting 1/10,000-1/15,000
females [2,13,14]. These infants have apparently normal
development until 6-18 months, after which they undergo
a period of rapid regression with loss of purposeful hand
use, deceleration of head growth and onset of repetitive,
stereotyped hand movements. They develop gait ataxia
and apraxia, autistic features, seizures and respiratory dys-
function (episodic apnoea and/or hyperpnoea), and they
have decreased somatic growth [15-17]. This period of
rapid deterioration is followed by a stagnation phase,
which lasts throughout adulthood [2,18,19]. Some female
patients who do not manifest all the typical features are
considered to have a variant, usually milder, form of the
disease [20,21]. Prior to the recent gene discovery, there
were no specific laboratory or pathological markers for
RT'T; diagnosis had to be based solely on the presence or
absence of a set of clinical features in a relatively advanced
stage of the disease [22,23]. Brain imaging and pathologi-
cal studies of RT'T patients have revealed some degree of
localized cerebral atrophy, characterised by small neuronal
size and reduced dendritic arborisation, but no neuronal
loss [24-26]. These were early indications that RTT was a
neurodevelopmental, rather than a neurodegenerative,

process [24,25,27].

Structure and function of MECP2

MECP2 maps between LICAM and the RCP/GCP loci in
X(28 and undergoes X inactivation [28,29]. MeCP2 is an
abundant, ubiquitously expressed nuclear protein of 486
amino acids, encoded in three exons [28,30-32]. 'The third
exon of the MECPZ gene contains a large (>8.5 kb)
3'-untranslated region (UTR), with several polyadenyla-
tion sites that enable the generation of multiple transcripts
of different lengths. The human and mouse 3'-UTR
sequences have at least eight regions of high sequence
similarity that may be important for transcript stability and
post-transcriptional regulation [33°°].

MeCP2 is a chromosome-binding protein that specifically
binds with its methyl-binding domain (MBD) to symmetri-
cally positioned CpG dinucleotides, methylated at position
5 of cytosine (5mC). MeCP2 can bind throughout the chro-
mosome, but it preferentially associates with dense
SmC-rich heterochromatin [30]. Methylation of CpG
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Normal function of MeCP2. MeCP2 (light blue) binds methylated
cytosine residues (mC, red circles) in CpG islands and recruits Sin3A
(yellow) and histone deacetylase (HDACs, green). Deacetylation of the
histone tails compacts the chromatin and silences transcription.
Deacetylated histone tails are represented as red lines linking the
nucleosomes to the DNA strand (in dark blue) over the nucleosomes
(black rectangles).

dinucleotides in the mammalian genome is important for
transcriptional silencing in processes such as X-inactivation
and imprinting, in the immobilisation of transposons and the
control of tissue-specific gene expression [34]. When
MeCP2 binds to methylated CpG islands, its transcriptional
repression domain (‘TRD) recruits a co-repressor complex
containing Sin3A and histone deacetylases (HDAC); the
tails of core histones H3 and H4 in the nucleosomes are
deacetylated by the HDACs [35°°,36°°,37]. This leads to
compaction of the chromatin, making it inaccessible to com-
ponents of the transcriptional machinery and resulting in
stable repression of the target gene [38] (Figure 1).

Types of MECP2 mutations found in RTT

At this time, mutations in MECP2 have been found in 76%
of sporadic RT'T patients and 45% of familial cases.
Figure 2 lists all 68 MECP2 mutations reported in Rett
syndrome to date [10°°-12°°]. Twenty three (34%) are

Figure 2

missense mutations, of which 18 cluster in the MBD. Forty
five (66%) are nonsense and frameshift mutations, predict-
ed to truncate the protein. All except three of these are
distal to the MBD, affecting the TRD and carboxyl termi-
nus of the protein. In total, 24 different de #ovo mutations
have been described, 11 of which recurred in independent
meioses. Consistent with the sporadic occurrence of RT'T,
the vast majority of the mutations are #e novo. Of these, 48
(71%) were C to T transitions at CpG mutation hotspots.

Three mutations are predicted to truncate the MBD. In one
patient, the putative truncating mutation affects the acceptor
splice site of exon 3. Only the wild type transcript was
detectable in lymphoblast mRNA from this patient; either
she has a nonrandom XCI pattern, or the RNA is unstable.
The first possibility could not be confirmed because the
patient was uninformative for markers used in XCI studies.
The other two mutations (Y141X, 411delG) are distal to the
DNA-binding surface of the MBD, and the affected patients
have a tendency to nonrandom XCI in genomic DNA from
peripheral blood leukocytes or lymphoblastoid cell lines
[11°°,12°°]. These data strongly suggest that mutations that
truncate MeCP2 early are not compatible with survival unless
there is nonrandom XCI (see below). Interestingly, we also
found three multiple nucleotide deletions (41-170 bp) distal
to the region that encodes the TRD. This area contains a
number of (quasi) palindromic repeats that may make the
region vulnerable to such deletions [39]. Despite the fact that
RTT samples have not yet been completely evaluated for
larger deletions, or for noncoding region mutations, the high
proportion of patients with MECP2 mutations makes it
unlikely that there are other major loci for RT'T.

Influence of X chromosome inactivation
Previous studies found most RT'T patients to have a random
XCI pattern, but some reports of nonrandom XCI exist
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MeCP2 mutations in Rett syndrome.
Diagrammatic representation of the MECP2
gene. Exons are represented as light grey
boxes, noncoding regions in dark grey, the
MBD in diagonal lines and the TRD in
horizontal lines. Circles above the gene
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1147del
170 bp!

1116del
84 bp

represent missense mutations; truncating
mutations are shown below the gene; squares
represent nonsense mutations; triangles
represent frameshift mutations; S is the
splicing mutation. Missense and nonsense
mutations are referred to by their position in
the amino acid sequence (single-letter
nomenclature). Deletions (del) and insertions
(ins) are indicated by their nucleotide
sequence position. ‘X' indicates a stop codon.
Recurrent mutations are indicated by the

3'-UTR>8.5kb

number of symbols. Mutations at CpG
dinucleotides are in filled circles or squares.
The asterisk indicates an insertion of 3 bp in
the frameshift mutation 1147del170 bp. Single
letter amino acid codes are shown throughout.
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Putative influence of RTT-causing mutations on the function of Mecp2.
(The same colour scheme and symbols are used as Figure 1) Mutated
Mecp?2 protein may not properly bind or recruit Sin8A and HDACs
(histone deacetylases), leading to partial loss of transcriptional
repression. The hatched outline indicates possible absent or altered
binding of Mecp2 to methylated cytosine residues (mC); the large ‘X’
indicates decreased or absent function of Mecp2. The small arrow with
the hatched cross indicates a possibly reactivated promoter of
downstream target genes. The question mark denotes uncertainty about
the identity of the Mecp?2 target genes affected in Rett syndrome.

[40—44]. Because the MECP2 gene undergoes X inactivation
[28], we sought to determine how XCI patterns influence
the phenotypic expression of RT'T mutations. We deter-
mined that 91% of 34 patients with classic RT'T and known
MECP2 mutations have random XCI [12°°]. Nonrandom
XCI has been found in three mildly symptomatic or asymp-
tomatic carrier females (two of whom have known mutations
in MECP2) and in the unaffected member of a pair of
monozygotic twins discordant for the Rett phenotype
[4,6°,11°°,40,45]. Preferential inactivation of the X chromo-
some with the mutated MECP2 gene thus protects against
the deleterious effects of the mutations. Moreover, the non-
random XCI mitigates the otherwise severe phenotype
expected in the three patients with truncating mutations.

Complete or partial loss of MeCP2 function in
the pathogenesis of Rett syndrome?

An early truncating mutation of murine Mecp2 that pre-
vented protein formation was generated using homologous
recombination in embryonic stem (ES) cells [31]. Male ES
cells carrying this mutation are viable and able to differen-
tiate in culture, but when they are injected into blastocysts
and transferred to pseudopregnant females, chimeric
embryos with a high contribution from mutant ES cells die
between embryonic day 8.5 and 12.5. Their severe malfor-
mations suggest that Mecp2 is essential for gastrulation
[31]. It is noteworthy that this phenotype resembles that of
embryos deficient for maintenance DNA methyltrans-
terase (Dnmtl) [46] — DNA methylation could play an
important role in development.

The chimeric male embryos are mosaic for cells with nor-
mal and abnormal Mecp2 function, similar to human

females with RT'T who have random XCI and, in contrast
to the mice, usually survive. Early truncations, however,
such as the one generated in mice, are rarely seen in
humans. If present, they are associated with nonrandom
XCI [11°°,12°°]. This suggests not only that these muta-
tions are incompatible with survival in humans as well as
mice, but that the MECP2 mutations identified to date
lead to partial rather than complete loss of MeCP2 func-
tion (Figure 3). Proof for this hypothesis is lacking,
however, and alternative possibilities must be explored.
MeCP2 target genes may differ between humans and
mice, or there might be differences in MeCP2’s role during
central nervous system (CNS) development. Because XCI
leads to a cell-autonomous inactivation of this nuclear pro-
tein, a dominant-negative effect is less likely but remains
conceivable. MeCP2 belongs to a family of methyl-binding
domain-containing proteins [47], at least three of which are
members of transcriptional repressor complexes whose
functions may overlap with those of the Mecp2 complex
[34]. A mutated MeCP2 molecule with altered DNA-bind-
ing kinetics, or one that can bind 5SmC but cannot repress
transcription, could thus interfere with the normal function
of these other MBD proteins by blocking their access to
5mC residues.

MeCP2 and the central nervous system
phenotype of RTT

One would expect mutations in a ubiquitous protein to
affect multiple bodily systems, but classic RT'T manifests
itself predominantly in the CNS, even though somatic
growth failure, cardiac and intestinal abnormalities hint at a
wider impact. The tissue-specific differences in the expres-
sion levels of the MECPZ alternative transcripts may
account, in part, for the specificity of the RT'T phenotype:
the 1.8 and 5 kb transcripts are highest in foetal liver,
although transcripts of all sizes, including a 7.5 kb band, are
visible on Northern blots of all tissues. Interestingly,
MECP2 is highly expressed in foetal brain, where the
largest 10.1 kb transcript containing the longest 3'-UTR is
the predominant isoform [28,33°°]. The developing brain
may be more dependent on MECP2 for transcriptional
silencing than other tissues, and different MECP2 isoforms
could have an important regulatory function in this process.

It remains unknown which genes are targeted by MeCP2
activity. Is MeCP2 more important for overall reduction
of transcriptional noise or for highly specific regulation of
expression of a relatively small number of genes during
development [34]? MeCP2’s global chromosomal binding
implies the first possibility, but the regulated expression
of its alternative transcripts and the RT'T phenotype sup-
port the latter. "To settle this issue it will be necessary to
compare gene expression levels in various tissues
between animal models for Rett syndrome and their
wild-type littermates, or between patients with mutations
and unaffected individuals. It is reasonable to expect that
at least some genes altered by MeCP2 are critical for neu-
ronal development, since small neuronal size and
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reduced dendritic arborisation are commonly found in
brains from RT'T patients [24-26].

Conclusions

Mutations in MECPZ are responsible for at least 76% of
sporadic Rett syndrome cases. Although we lack conclu-
sive evidence, we can infer from the available data that
RT'T results from partial, rather than complete, loss of
function of MeCP2. Partial inactivation of MeCP2 is pre-
dicted to cause inappropriate expression of its target genes
during development and in tissues where these genes are
normally silenced. Most patients with classic RTT and
known MECP2 mutations have random XCI; favourable
nonrandom XCI mitigates the consequences of MECP2
mutations. Furthermore, MECP2 mutations lead to a
broader array of phenotypes than previously suspected,
ranging from neonatal encephalopathy in males to very
subtle learning deficits in healthy adult females. As
MECP2 is only one member of a family of genes that play
a role in DNA methylation-dependent transcriptional
repression, it will be interesting to find out whether muta-
tions in these other genes cause developmental disorders
(such as autism) which share some features with RTT.
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