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Recent advances in MeCP2 structure and
function’

Kristopher C. Hite, Valerie H. Adams, and Jeffrey C. Hansen

Abstract: Mutations in methyl DNA binding protein 2 (MeCP2) cause the neurodevelopmental disorder Rett syndrome
(RTT). The mechanism(s) by which the native MeCP2 protein operates in the cell are not well understood. Historically,
MeCP2 has been characterized as a proximal gene silencer with 2 functional domains: a methyl DNA binding domain and
a transcription repression domain. However, several lines of new data indicate that MeCP2 structure and function relation-
ships are more complex. In this review, we first discuss recent studies that have advanced understanding of the basic struc-
tural biochemistry of MeCP2. This is followed by an analysis of cell-based experiments suggesting MeCP2 is a regulator,
rather than a strict silencer, of transcription. The new data establish MeCP2 as a multifunctional nuclear protein, with po-
tentially important roles in chromatin architecture, regulation of RNA splicing, and active transcription. We conclude by
discussing clinical correlations between domain-specific mutations and RTT pathology to stress that all structural domains
of MeCP2 are required to properly mediate cellular function of the intact protein.
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Résumé : Les mutations au sein de la protéine MeCP2 (« methyl DNA binding protein 2 ») sont responsables d’une mala-
die neurodéveloppementale, le syndrome de Rett (RTT). Les mécanismes par lesquels la protéine MeCP2 intacte agit dans
la cellule ne sont pas bien compris. Historiquement, la MeCP2 a été caractérisée comme étant un silenceur génique proxi-
mal possédant 2 domaines fonctionnels : un domaine de liaison de I’ADN méthylé et un domaine de répression de la tran-
scription. Cependant, plusieurs pistes nouvelles indiquent que les relations structure/fonction de la MeCP2 sont plus
complexes. Dans cette synthese, nous discuterons d’abord des études récentes qui ont permis de faire avancer nos connais-
sances de la biochimie structurale de base de la MeCP2. Suivra une analyse d’expériences réalisées sur des cellules qui
suggerent que la MeCP2 est davantage un régulateur qu’un strict silenceur de la transcription. Les nouveaux résultats éta-
blissent que la MeCP2 est une protéine nucléaire multifonctionnelle possédant des roles potentiellement importants dans
I’architecture de la chromatine, la régulation de 1’épissage de I’ARN et la transcription active. Nous concluons en discutant
des corrélations cliniques qui peuvent s’établir entre les mutations spécifiques a chaque domaine et la pathologie du RTT
afin de mettre en évidence le fait que tous les domaines structuraux de la MeCP2 sont requis pour assurer adéquatement la
fonction cellulaire de la protéine intacte.

Mots-clés : syndrome de Rett, épigénomique, architecture de la chromatine, régulation de I’épissage, liaison a I’ADN
méthylé.

[Traduit par la Rédaction]

Introduction: a historical perspective of
MeCP2 structure and function

Methyl CpG binding protein (MeCP) 2 is a 53 kDa nu-
clear protein named for its ability to bind methylated DNA
(Lewis et al. 1992; Meehan et al. 1992). In addition to pref-

erentially binding methylated DNA, it was found that
MeCP2 facilitated transcriptional repression in an in vitro
transcription assay using native MeCP2 from rat brain nu-
clear extracts (Nan et al. 1997). These initial studies set a prece-
dent for MeCP2 function to be predicated on methylated-DNA
interactions. In this review, we will discuss the heuristic

Received 29 May 2008. Revision received 28 July 2008. Accepted 29 July 2008. Published on the NRC Research Press Web site at

beb.nre.ca on 11 February 2009.

Abbreviations: RTT, Rett syndrome; CTD, carboxyl terminal domain.

K.C. Hite,” V.H. Adams, and J.C. Hansen. Department of Biochemistry and Molecular Biology, Colorado State University, Fort

Collins, CO 80523-1870, USA.

IThis paper is one of a selection of papers published in this Special Issue, entitled 29th Annual International Asilomar Chromatin and
Chromosomes Conference, and has undergone the Journal’s usual peer review process.

2Corresponding author (e-mail: krishite @rams.colostate.edu).

Biochem. Cell Biol. 87: 219-227 (2009)

doi:10.1139/008-115

Published by NRC Research Press



220

evolution of the view of MeCP2, from a single function
protein to a multifunctional nuclear protein that directly af-
fects chromatin architecture and is involved with gene ex-
pression in unanticipated ways.

A nuclear protein that preferentially bound methylated
DNA in vitro without apparent regard for a consensus bind-
ing sequence was first described in 1989, and was named
MeCP (Meehan et al. 1989, 1990). This was accomplished
using synthetic double stranded (ds)DNA oligomers methyl-
ated by bacterial methyl transferases. Competition of the
protein from synthetic DNA probes was observed only
when the competitor DNA was methylated (Meehan et al.
1989). These assays selectively pulled down a protein into
complexes from mouse brain, spleen, kidney, rat liver, and
rabbit liver extracts. In each extract, MeCP preferentially
bound the methylated DNA templates without sequence spe-
cificity. Further experiments revealed that MeCP was 2 dis-
tinguishable proteins — MeCP1 and MeCP2 (Meehan et al.
1992) — with MeCP1 requiring at least 12 symmetrically
methylated CpGs and MeCP2 able to bind a single methyl-
ated CpG pair. MeCP2 was reported to be 100 times more
abundant in adult somatic nuclei than MeCP1 (Meehan et
al. 1992). When forming the initial hypothesis of MeCP2
function, it was proposed that MeCP2 normally binds
methylated DNA in the context of chromatin, leading to
long-term transcriptional repression. This hypothesis was
corroborated by results showing that native MeCP2 purified
from rat brain extracts was released upon micrococcol nu-
clease digestion of a methylated DNA probe, but not present
on a nonmethylated DNA probe (Meehan et al. 1992). The
complementary (c)DNA sequence for MeCP2 was also de-
termined in that study by deriving amino acid sequences of
digested native MeCP2 protein from rat brain extract, and
subsequently designing oligonucleotide primers to amplify
the messenger (m)RNA by the polymerase chain reaction.
More evidence was provided when transiently transfected
recombinant genes coding MeCP2 fused to the LacZ gene
were expressed in mouse cell cultures, and similar localiza-
tion to centromeric heterochomatin was observed, when
compared with endogenous MeCP2 stained with anti-
MeCP2 antibody. The inability of the MeCP2-LacZ fusion
protein to localize to centromeric hereochomatin in methyl-
transfererase-deficient mouse cells was provided as evidence
that MeCP2 requires a methylated chromatin substrate for
binding (Lewis et al. 1992).

The early driving hypothesis in MeCP2 research was
methylated DNA binding preference. This hypothesis gave
MeCP2 a name and also led to the isolation of the first func-
tional domain: the methyl CpG binding domain (MBD)
(Nan et al. 1993). By truncating either end of full-length
MeCP2 and probing for methylated DNA binding prefer-
ence, Nan et al. (1993) demonstrated that the MBD encom-
passed residues 78-163. This study was conducted using
murine MeCP2 in mouse cell cultures. MeCP2 homologs in
other mammals have not been fully characterized. Specifi-
cally, preferences for DNA methylation by MeCP2 homo-
logs have not been thoroughly addressed in the available
literature. The preference for methylated over unmethylated
DNA for the Xenopus MeCP2 homolog is 20-fold, whereas
the preference for murine (Fraga et al. 2003) and human
(Nikitina et al. 2007a) MeCP2 for methylated, compared
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with unmethylated, DNA is 2-3-fold. A solution structure
of the isolated MBD was solved by nuclear magnetic reso-
nance (NMR) spectroscopy (Wakefield et al. 1999). The
structured core appears as a wedge made up of a 3 stranded
anti-parallel B-sheet on one side, with an o-helix on the
C-terminal side. pB-strands 1 and 2 are connected by a dis-
ordered loop of 5 residues, with 1 positively charged and 2
polar residues. The central wedge-shaped fold encompasses
residues 103-145 of the MBD, and is flanked by 26 resi-
dues on the N-terminal side and 19 residues on the C-terminal
side, with no detectable secondary structure. Recently, a
high-resolution X-ray crystal structure of the MBD bound
to DNA was published, showing that the hydration status
of the methyl group on the 5 carbon of cytosine stabilizes
the MBD-DNA interface (Ho et al. 2008). The hydrophilic
interaction between the MBD and stabilizing water mole-
cules countered the previously proposed hypothesis that hy-
drophobic interactions stabilize the interaction. Of note,
while the atomic structures have provided much detail
about the MBD wedge motif, they do not explain the need
for the flanking unstructured regions in recognizing
methylated DNA.

The second MeCP2 domain to be characterized was the
transcription repression domain (TRD). Using an in vitro
B-actin transcription assay, different regions of MeCP2
were fused to the Gal 4 DNA binding domain. Results
showed that residues 205-310 were required for transcrip-
tional silencing, defining the TRD (Nan et al. 1997). Sev-
eral mechanisms for the transcriptional repression by the
TRD have been proposed. These mechanisms have recently
been reviewed by Zlatanova (2005). Perhaps the most com-
pelling hypothesis for transcriptional repression is based on
the observation that the TRD binds the corepressor
mSin3A, which is thought to recruit histone deacetylases
(Jones et al. 1998; Nan et al. 1998; Wade et al. 1998). In
this model, MeCP2 indirectly causes changes in chromatin
architecture by mediating post-translational modifications
of the histone tails. This model is not universally applica-
ble to MeCP2 function, as histone-deacetylase-independent
transcriptional repression has been observed (Yu et al.
2000). A lack of global histone tail modifications in
MeCP2-null mice also argues against this model (Urdin-
guio et al. 2007). Since last reviewed, studies of transcrip-
tional repression activity of MeCP2 have been relatively
sparse, but a repression of tumor-associated genes by the
TRD of MeCP2 has been observed in a chromatin
immunoprecipitation (ChIP) assay (Wischnewski et al.
2007). This established a connection between MeCP2 and
cancer-causing gene expression patterns.

The identification and characterization of the MBD and
TRD, respectively, led to a more refined model, in which
MeCP2 functions as a methyl DNA-specific proximal gene
silencer that recruits corepressors and histone deacetylases
(Meehan et al. 1992; Nan et al. 1997; Martinowich et al.
2003). In this regard, MeCP2 also binds to transcriptional si-
lencing factors besides mSin3a, including N-CoR and c-Ski
(Kokura et al. 2001).

When the link between mutations in MeCP2 and Rett syn-
drome (RTT) was established in 1999, research on MeCP2
increased dramatically, and new studies were undertaken to
determine how the protein functions on a global genomic

Published by NRC Research Press



Hite et al.

221

Fig. 1. Chronological representation of known MeCP2 functions. The progression of traditional understanding of MeCP2 as a methyl-
dependent proximal gene silencer is shown in grey on the left, while studies implicating MeCP2 as having additional functions are listed on

the right. CTD, carboxyl terminal domain.
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scale (Amir et al. 1999). The first implication that MeCP2
has a histone-deacetylase-independent role in coordinating
global chromatin architecture came from in vitro studies in
2003, which demonstrated that MeCP2 could directly com-
pact chromatin without DNA methylation, ATP, or other
proteins, such as mSin3A (Georgel et al. 2003). This study
opened the door to understanding MeCP2 as a complex
multifunctional nuclear protein with a prominent role in reg-
ulating global chromatin architecture. Since this observation,
several other functions have been suggested for the protein.
Some of these additional functions are depicted in Fig. 1.

In addition to the proposed roles in transcriptional repres-
sion and modulation of chromatin structure, a recent study
potentially links MeCP2 function to mRNA splicing (Young
et al. 2005). Using coimmunoprecipitation from HeLa cell
extracts, MeCP2 was shown to interact with YB-1 (Young
et al. 2005). The YB-1 protein is a highly conserved compo-
nent of messenger ribonucleoprotein particles (mRNPs), and
functions as the main mRNA packaging protein. The inter-
action between MeCP2 and YB-1 requires the presence of
RNA, as coimmunoprecipitation treated with RNase failed
to pull down YB-1 with MeCP2. It is unclear whether the
RNA bridges MeCP2 and YB-1 or stabilizes a protein—protein
interaction between the two. In the same study, it was also
observed that MeCP2 affects the splicing of reporter mini-
genes, and that a functional MBD was not required for the
YB-1 interaction or splice regulation. These findings, in
conjunction with the observation that there are aberrant al-
ternative splicing patterns in a mouse model of RTT
(Young et al. 2005), imply that MeCP2 has a previously
uncharacterized function as a splice site regulator. Previ-
ously reported evidence that MeCP2 directly binds RNA
with high affinity (0—10 nmol-L-!) (Jeffery and Nakielny
2004) is of renewed interest in light of the more recent ob-
servations of Young and co-workers (2005). RTT is con-
sidered a neural-specific phenotype caused by mutations in
MeCP2; therefore, it is worth testing predictions made by
the model that MeCP2 has a crucial role in splice site reg-
ulation and RNA binding. Predictions include neuronal-specific
aberrant splice variants of the genes already observed to
have dysregulated expression in MeCP2-null mouse models
(Pelka et al. 2006).

New data about the MeCP2 gene itself have also been re-
ported. The identification of a MeCP2 splice variant added
an extra dimension to our understanding of how and where
MeCP2 functions. This new splice variant was labeled the
el isoform, and differs from the previously characterized e2
isoform only in the segments at their extreme amino termini.
The el isoform has a 21 residue segment with an acidic pl
of 4.25, while the e2 isoform N-terminal segment is 9 resi-
dues and has an basic pl of 9.5 (Mnatzakanian et al. 2004)
(Fig. 2). These distinct structural differences, together with
the differential distribution of the el and e2 isoforms be-
tween the dorsal thalamus and hypothalamus in developing
postnatal mouse brains (Dragich et al. 2007), suggest that
there are important undiscovered differences between the
function of the 2 isoforms.

Based on the observation that neurological defects in a
mouse model of RTT can be reversed by re-expression of
the wild-type protein, understanding the molecular mecha-
nisms of native MeCP2 and how these mechanisms are mal-
functioning in RTT has potential clinical application (Guy et
al. 2007). This observation is significant in establishing RTT
as a neurodevelopmental rather than a neurodegenerative
disorder, and is consistent with a model for MeCP2 as a
positive and negative regulator of transcription, a gene-specific
splicing factor, and a chromatin architectural protein.

The structural and intrinsically disordered
domains of MeCP2

Protein function is inexorably linked to structure; there-
fore, we will first consider recent advances in understanding
the fundamental biochemistry of MeCP2. In particular, re-
cent solution biophysical and protease digestion experiments
have established that native MeCP2 is an intrinsically disor-
dered protein composed of at least 6 distinct domains
(Adams et al. 2007) (Fig. 2). Trypsin digestion of MeCP2
has the potential to occur throughout the length of the poly-
peptide chain, as there are approximately 90 potential diges-
tion sites dispersed evenly throughout the human MeCP2
sequence. The rate of fragment appearance is related to tryp-
sin accessibility to the tertiary structure. N-terminal se-
quence analysis of kinetically stable tryptic bands identified
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Fig. 2. Diagram of MeCP2 domain organization, based on biochemical data aligned with a FoldIndex plot. Domains are labeled from amino
to carboxyl terminal from left to right. The location and sequence of the alternatively spliced region of the el and e2 isoforms is shown at
the left. The boundaries of trypsin-resistant bands are indicated by black diamonds. The full-length protein sequence was analyzed by the
FoldIndex algorithm (http://bioportal.weizmann.ac.il/fldbin/findex), with a window setting of 10 and a step value of 1. Regions that are
predicted to be disordered are indicated in black, while ordered regions are shown in gray. Note that under these settings, the first and last

10 amino acids are not represented in the plot.
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6 distinct MeCP2 domains (Adams et al. 2007). Listed from
amino to carboxy termini, these are the HMGDI1, MBD,
HMGD?2, TRD, carboxyl terminal domain (CTD)-a, and
CTD-p (Fig. 2). Of note, the observed trypsin cleavage sites
mapped to the boundaries of the 2 well-characterized func-
tional domains (the MBD and TRD). There were also addi-
tional trypsin cleavage sites within both the MBD and TRD
(Adams et al. 2007). The most N-terminal domain, named
the HMGDI, shares amino acid composition similarity with
the HMGA?2 protein, and was rapidly digested to completion
once released from the neighboring MBD domain. Likewise,
the second HMG-like domain (HMGD?2) was not detected as
a kinetically stable band, suggesting that it is rapidly di-
gested due to an unstructured conformation. The TRD se-
quence was recovered from the trypsin experiment,
indicating that the availability of trypsin cleavage sites is
more restricted in this domain. The experimental approach
allowed the CTD to be divided into a CTD-a (residues
310-354) and a CTD-B (residues 355-486) (Adams et al.
2007). The CTD-P contains 2 identifiable sequence motifs:
7 consecutive histidines between residues 366-72 and a
group 2 WW binding protein motif within a larger proline-
rich region at residues 381-393. The His-rich motif in
MeCP2 is highly conserved between species. The WW bind-
ing protein motif (residues 384-387) has been demonstrated
to interact with splicing and transcription factors (Buschdorf
and Stratling 2004; Kato et al. 2004). Interestingly, the proline-
rich region in the CTD-B (residues 355-486) has been
shown to bind HMGB1 (Dintilhac and Bernues 2002). At
the level of chromatin structure, the CTD is required for
MeCP2-mediated chromatin compaction. Nikitina et al.
(2007b) showed that the R294X MeCP2 mutant was able

to bind naked, as well as wild-type, DNA, but could not
condense chromatin into higher-order structures. This result
is consistent with the early studies of Chandler et al.
(1999), who showed that a region of the MeCP2 CTD con-
tributed to the footprint of MeCP2 on nucleosomes.

While delineating the structural domains of MeCP2 was
an important advance, understanding how these domains are
organized into a functional tertiary structure is essential for
understanding the normal cellular functions of the protein,
and why certain mutations lead to an RTT phenotype. The
next section discusses recent studies indicating that MeCP2
has an atypical tertiary structure permeated with an unusual
amount of disorder.

MeCP2 tertiary structure

Due to the lack of NMR or X-ray crystal structure data,
characterization of the tertiary structure of full-length
MeCP2 has been accomplished by solution biochemical and
biophysical methods. Circular dichroism (CD) of recombi-
nant human MeCP2 showed that full-length protein was ap-
proximately ~35% P-strand/turn, 5% «-helix, and almost
60% unstructured. CD further indicated that the isolated
MBD fragment (residues 78—-168) was ~10% a-helix, 51%
B-strand/turn, and 38% unstructured (Adams et al. 2007),
levels that approximated the amount of secondary structure
seen with NMR (Wakefield et al. 1999). A recombinant
fragment of MeCP2 comprising the TRD (residues 198-
305) was 85% unstructured, according to CD. When studied
by analytical ultracentrifugation, MeCP2 behaved as a
monomer over a wide range of ionic conditions and molar
concentrations, and had an unusually low sedimentation co-
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efficient (2.2 S) and a correspondingly high frictional coeffi-
cient ratio (f/f, = 2.4). These results are in agreement with
sucrose gradient results obtained from a single set of exper-
imental conditions (Klose and Bird 2004). Importantly, the
CD data and the high f/f, value indicate that MeCP2 has a
coil-like tertiary structure similar to that of a partially dena-
tured protein (Adams et al. 2007). Based on these observa-
tions, it is not surprising that MeCP2 has been reported to
have certain anomalous physicochemical properties. For ex-
ample, the 53 kDa MeCP2 monomer yields an apparent mo-
lecular mass of 500 kDa, according to gel filtration, and
migrates at an apparent mass of 75-80 kDa on SDS gels
(Klose and Bird 2004).

The CD and sedimentation results, together with the
anomalous behavior in gel matrices, indicate that the
MeCP2 tertiary structure possesses the features of an in-
trinsically disordered protein (Adams et al. 2007). The con-
cept of intrinsic or native disorder in proteins has recently
gained much attention (Dunker et al. 2001, 2005; Uversky
et al. 2005; Chen et al. 2006; Hansen et al. 2006). Prediction
algorithms indicate that there is a preponderance of intrinsic
disorder in proteins such as transcription factors (Haynes et
al. 2006; Liu et al. 2006). It has been hypothesized that the
presence of intrinsic disorder permits transient, low-affinity
protein—protein and protein—nucleic acid interactions
(Uversky et al. 2005; Liu et al. 2006). In the case of
MeCP2, the location of order and disorder can be reproduci-
bly predicted by several programs, such as PONDR (Li et al.
1999) and FoldIndex (Prilusky et al. 2005). The FoldIndex
prediction plot for MeCP2 (Fig. 2) aligned with the domains
of MeCP2. Unlike the core and linker histones, which are
predicted to have disorder at their terminal domains,
MeCP2 is predicted to have short stretches of order inter-
spersed between long stretches of internal disorder over the
length of the entire peptide chain. Of note, many of the pre-
dicted order—disorder boundaries coincide with the bounda-
ries of the structural domains identified by proteolysis.
Also, the known functional domains (i.e., the MBD and
TRD) are predicted to be significantly disordered, consistent
with the experimental data. Taken together, all available evi-
dence suggests that intrinsic disorder is a key determinant of
MeCP2 tertiary structure, and is likely to be an important
constituent of all 6 MeCP2 structural domains (Fig. 2).

Two conceptual models of MeCP2 tertiary structure can
be imagined to fit the data. In the first model, several
B-sheet/turn structural motifs are interspersed along the
length of the MeCP2 amino acid chain, connected by dis-
ordered regions, and with no intermotif interactions. This
could be viewed as an inchworm model. However, electron
micrographs of MeCP2 do not support this model (Nikitina
et al. 2007b). The second model is based on the CD find-
ing that p strands/turns are the predominant type of classi-
cal secondary structure in MeCP2. In this model, MeCP2
strand-forming regions that are separated by tens or possi-
bly hundreds of amino acids apart on the linear polypep-
tide chain are connected by f sheets or other forms of
B structures. For example, one can picture a small half
B barrel with large regions of intrinsic disorder making up
loops on either side of the B sheet stacks. Although the
new studies represent significant progress, a better under-
standing of the unusual tertiary structure of MeCP2 will

223

be necessary to decipher the molecular links between
MeCP2 domain organization, the multifunctionality of the
protein, and the cellular pathogenesis of RTT.

Evidence for global genomic functions of
MeCP2

A recent important genomics paper has raised questions
about the current paradigms of how MeCP2 acts at the cel-
lular level. Using a ChIP-chip approach, Yasui et al. (2007)
performed an overall epigenomic binding analysis of
MeCP2. Two important aspects of MeCP2 function were re-
vealed by this work. First, MeCP2 is not always associated
with transcriptionally repressed genes and, instead, is often
associated with actively transcribed genes. Second, the ma-
jority (59%) of dsDNA binding sites for MeCP2 within the
genome are thousands of base pairs away from intragenic re-
gions, let alone methylated promoters. These new results
suggest that the fundamental question of what MeCP2 is
doing in the nucleus remains to be answered. Clearly, the
finding that a majority of MeCP2 molecules bind actively
transcribed promoters indicates that this protein has addi-
tional functions that are not explained by the traditional
proximal gene silencer model.

This ChIP-chip analysis consisted of scanning 26.3 Mb of
imprinted and nonimprinted chromosomal loci of known or
suspected genes targeted by MeCP2. A custom high-density
gene chip or oligonucleotide (oligo) microarray was con-
structed with 50 mer oligos attached with a step of 32 base
pairs per 50 mer, such that each successive oligo contained
18 bp in the 5’ end of the oligo, matching the last 18 bp of
the 3" end of the previous oligo. Repetitive sequences were
removed prior to gene chip construction, so only unique se-
quences were assayed for binding in the selected chromoso-
mal regions. Human neurons from the SH-SYSY cell line
were used as the source of chromatin for immunoprecipita-
tion of MeCP2. The SH-SYS5Y cell line was selected based
on its ability to doubly express MeCP2 during differentia-
tion (Jung et al. 2003). The high-affinity immunoglobulin
Y-specific antibody used in this study recognized the
C-terminus of MeCP2. The C-terminus is identical in both
el and e2 MeCP2 splice variants; therefore, the antibody
did not distinguish between isoforms. This yielded an aver-
aged binding along the assayed chromosomal cross-section.
Further understanding of the difference between the 2 iso-
forms would come with a similar epigenomic analysis us-
ing isoform specific antibodies.

In the CHiP-chip experiments, MeCP2 was observed to
occupy many active promoters and to bind mostly to non-
methylated sites along intergenic spaces (Yasui et al. 2007).
Of those intergenic binding sites, 58.4% were 10 kb or more
away from transcription start sites or transcription end sites.
Interestingly, the majority of the MeCP2 intragenic binding
sites were intronic, which is consistent with a potential func-
tional role for MeCP2 in pre-mRNA splicing (Young et al.
2005). The other main conclusion gathered by the epige-
nomic ChIP-chip analysis was that the majority (62.6%) of
MeCP2-bound promoters are actively expressed genes, in-
cluding, for example, the immediate early response gene
JUNB (Yasui et al. 2007).

Perhaps the crux of this ChIP-chip analysis, and the most
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contradictory to the initial paradigm of MeCP2 function,
was the finding that MeCP2 is not concentrated at densely
methylated promoters. To determine which of the assayed
promoters had the highest methylation levels, genome-wide
promoter methylation analysis by methylated DNA immuno-
precipitation (MeDIP) was performed on a microarray con-
taining 24 275 presumed human promoters (Yasui et al.
2007). This methylation seeking immunoprecipitation tech-
nique was applied to identically differentiated SH-SYS5Y
cells. Comparing the results from the promoter methylation-
dependant immunoprecipitation assay with those from the
MeCP2 binding assay revealed that only 2.2% of the top
4062 promoters with highest measurable levels of methyla-
tion were bound by MeCP2. The finding that MeCP2 is not
concentrated at densely methylated promoters contradicts
the original paradigm of MeCP2 function. The hypothesis
that MeCP2 promoter binding is coupled to transcriptional
repression is further compromised by the finding that, with
certain promoter occupancy, expression levels of the target
protein actually increase. The observation that the RNA-
SEH2A gene expression decreases with MeCP2 deficiency
is another specific example implicating MeCP2 as a regula-
tor rather than strictly a repressor of targeted genes associ-
ated with neuronal development (Yasui et al. 2007).

There are caveats to the applicability of results generated
by in vitro ChIP-chip techniques to an in vivo model of
RTT. Using neuroblastoma cells as a source of chromatin
may not reflect tissue-specific chromatin binding profiles
for MeCP2 in normal neuronal tissue, and low-affinity
DNA binding events may be overexaggerated on the gene
chip results. However, the model of MeCP2 as being associ-
ated with actively transcribed genes and a majority of non-
methylated CpG sequences is reinforced by more recent
literature. Gene expression patterns studied using in the hy-
pothalamus of mice reveal that nearly 85% of genes bound
by MeCP2 are actively transcribed (Chahrour et al. 2008).
This study adds to the list of MeCP2 interaction partners by
demonstrating that CREB1 protein is pulled down in ChIP
with MeCP2. The specificity of the interaction is further es-
tablished by the interaction of MeCP2 with CREBI at acti-
vated promoters, but not at repressed targets.

Recent in vivo work also corroborates the conclusions of
the CHiP-chip epigenomic MeCP2 binding analysis. For ex-
ample, MeCP2 knockout mice and RTT patients do not
aberrantly express genes regulated by promoter methylation
(Traynor et al. 2002; Tudor et al. 2002). These results, to-
gether with the evidence that MeCP2 binds a majority of ac-
tively transcribing promoters, argues for MeCP2 having a
role as both a positive and negative regulator of transcrip-
tion (Yasui et al. 2007; Chahrour et al. 2008). This evidence
further supports the view that MeCP2 uses something in ad-
dition to, or other than, methylation for certain cellular func-
tions, and suggests a model in which MeCP2 functions as an
architectural chromatin protein and both a positive and neg-
ative regulator of transcription, rather than a gene-specific
methylation-directed silencer.

As mentioned previously, in vitro studies are also consis-
tent with a role for MeCP2 in regulating global chromatin
architecture, independent of methylation status. Genomic
dsDNA is packed in chromatin by wrapping around oc-
tamers of basic histone proteins, which form nucleosomes
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(Luger et al. 1997). Nucleosomes are interspersed at semi-
regular intervals along the DNA strand, creating arrays of
nucleosomes, termed chromatin. MeCP2 has been shown to
bind to chromatin fibers and directly compact them into
folded and oligomeric structures when bound to model nu-
cleosomal arrays (Georgel et al. 2003; Nikitina et al. 2007a,
2007b). The arrays used in these studies were unmethylated,
implicating a role for MeCP2 in modulating chromatin ar-
chitecture, independent of methylation status. Although it is
unequivocal that MeCP2 preferentially binds methylated
DNA, and even more specifically the methylated linker
DNA of mononucleosomes and nucleosomal arrays (Nikitina
et al. 2007a; Ishibashi et al. 2008), the fact remains that
MeCP2 is able to significantly alter higher-order chromatin
independent of methylation remains a clearly documented
property of the protein, and is likely due, in part, to the pres-
ence of multiple MeCP2 DNA and (or) chromatin binding
domains besides the MBD (Nikitina et al. 2007a).

The abundance of MeCP2 in adult somatic nuclei (1-5 X
105 molecules/nucleus) implies that there is a global ge-
nomic role for MeCP2. The in vitro studies of chromatin
compaction are currently the best explanation for the ge-
nomic occupancy of MeCP2. Even though MeCP2 may
function as a global chromatin architectural protein, no
change in histone modification profiles were observed, com-
pared with wild-type in MeCP2-null mice (Urdinguio et al.
2007). This finding can be reconciled by considering that
MeCP2 can modify genomic chromatin architecture directly
and independently of histone modifier proteins (Georgel et
al. 2003; Nikitina et al. 2007a, 2007b). Considering that spe-
cific genes, such as BDNF and TRKB, are down- or upregu-
lated, respectively, in the MeCP2 knockout mouse model
leaves open the prospect of unidentified factors directing
MeCP2 localization (Abuhatzira et al. 2007).

Potential clinical correlation between
MeCP2 domains and RTT

Missense and nonsense mutations that cause RTT are
found in all 6 structural domains of MeCP2 (Moore et al.
2005). This argues that all domains are required for proper
function of the protein. Toward this end, recent studies have
attempted to correlate the location of the mutation with spe-
cific facets of RTT pathogenesis. Though the majority of
RTT cases are caused by either single point mutations or
truncation mutations in MeCP2, the diagnosis of RTT is de-
fined via clinical observation, not genetically (Glaze 2004).

Perhaps the most influential factor in disease severity is
the type of X-chromosome inactivation (XCI). Females with
favorably skewed XCI may have very mild learning disabil-
ities, while a spectrum of severity correlates with increas-
ingly unfavorable XCI to autism, and on to latter-onset
RTT (Glaze 2004). Some attempts have been made to corre-
late MeCP2 mutations to disease severity by comparing data
in the international RTT database with clinically reported
severity. Two common RTT mutations in MeCP2, the
R168X and T158M mutations, were chosen for a study in
which the degree of XCI skewing and direction were ob-
served and correlated with RTT severity (Archer et al.
2007). That study reports that there is a statistically signifi-
cant correlation between unfavorable XCI and measured
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Fig. 3. Schematic depicting MeCP2 with contingent domains la-
beled. Two common Rett syndrome (RTT) truncation mutations
(R168X and R294X) and an RTT point mutation (R306C) are indi-
cated along the peptide. The phenotypic pathology or combinations
are correlated to each mutation with symbols.

RTT phenotype correlates to mutations in MeCP2

¥
i
R306C
=]
o

R168X R2a4X

N [mwGoi | MBD TRD

[cme T_cs 1 C

¥ =] o
Loss of Decreased Severe hand

Language Ability to walk | | wringing

clinical severity. Although the correlation appears to be stat-
istically significant, it does not appear very robust. One
MeCP2 mutation that has been directly implicated in ele-
vated severity, regardless of XCI skew, is the R270X mu-
tant. This truncation mutant decreases life expectancy in
RTT patients, compared with all other recorded mutations
(Jian et al. 2005). Recently, Neul et al. (2008) have estab-
lished that individuals with the R168X mutation are more
severely affected than those with R294X and other late
carboxy-terminal truncating mutations, highlighting the im-
portance of domains that are C-terminal to the MBD.
These researchers have established that different point mu-
tations affect the severity of the 3 main pathological prob-
lems associated with RTT: loss of language, walking, and
hand use. The correlation between domain mutation and
disease phenotype is depicted in Fig. 3. The most severe
mutation observed was the R168X. Individuals with this
truncation mutation lose the ability to walk, use their hands
properly, and, more frequently, loose their entire vocabu-
lary. The truncation mutations in the C-terminal are less
severe. These patients have a higher probability of walking
and retaining vocabulary, although they exhibit other sig-
nificant problems. The R306C point mutation only affects
language skills. Taken together, the clinical studies and
the distribution of mutations in the RTT database suggest
that all 6 MeCP2 structural domains shown in Fig. 2 must
function together to mediate the normal cellular actions of
MeCP2.

In closing, the fundamental question of how MeCP2 func-
tions in the nucleus of nearly all vertebrate tissues should be
approached in the future from the new structural and func-
tional perspectives discussed above. Specifically, at the mo-
lecular level, what is the relationship between intrinsic
disorder, MeCP2 domain organization, and protein function?
How do different mutations in the highly disordered MeCP2
tertiary structure cause different neurodevelopmental RTT
symptoms? How does MeCP2 affect chromatin architecture
in vivo? Does MeCP2 have to bind to currently unknown
proteins that modulate its capacity to regulate transcription?
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What, exactly, is the role of MeCP2 in pre-mRNA splicing?
Does MeCP2 directly bind to RNA molecules? Are there
cellular functions of MeCP2 that have yet to be discovered?
The new data require that we step back and ask these and
many other related questions.
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