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Abstract
Methyl-CpG binding protein 2 (MeCP2) is an epigenetic regulator in brain that binds
to both methylated and hyroxymethylated DNA with similar affinities. MeCP2 has two
isoforms, MeCP2E1 and MeCP2E2 with distinct N-terminus. These isoforms are
generated by alternative splicing of the MECP2/Mecp2 gene. Despite the wealth of
knowledge about the molecular properties of MeCP2 as a whole protein, little is known
regarding its isoform components. Importantly, basic fundamental questions such as
MeCP2 isoform-specific expression profile and the underlying regulatory mechanisms
are yet to be fully addressed. To further explore the role(s) of MeCP2 isoforms, we have
characterized MeCP2 isoform-specific expression profiles. In this study, we show that
MeCP2 isoforms are differentially distributed in the adult murine brain, and are
temporally expressed during mouse brain development. Our study allows us to gain
further insight into the function(s) of MeCP2 isoforms in the central nervous system.
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Chapter 1: Introduction
1.1 MECP2/Mecp2 gene structure
Methyl-CpG binding protein 2 (MeCP2) was identified and characterized in 1992 as a
protein that binds to DNA, specifically at methyl-CpG dinucleotide pairs (1). Sequence
analysis maps the MECP2 locus to chromosome Xq28. MECP2 is flanked by the genes
encoding Inter-leukin receptor associated kinase (IRAK) and red opsin (RCP/Rsvp) (2).
Bioinformatic analysis has identified conserved regulatory elements in the MECP2 gene.
MECP2 is reported to have four enhancer elements, two silencer elements and a core
promoter located within a conserved 1kb region. The conserved 1kb region has also been
shown to include positive and negative regulatory elements that show differential activity
in various cell types. Promoter analysis of MECP2 reveals a cluster of transcription start
sites (TSS) that are characterized by different chromatin signatures and show enrichment
for RNA polymerase and transcription activating factor 1 (TAF1) (3). MECP2/Mecp2
gene comprises four exons that encode different transcript variants as a result of
alternative splicing or usage of polyadenylation sites in the highly conserved 3’untranslated region (3’-UTR) (Fig. 1). The 3’-UTR of MECP2 is one of the longest 3’UTR’s documented thus far and the overall sequence identity between the human and
mouse MeCP2 long 3'-UTRs is 68% (2). Northern blot analysis of the MECP2 gene has
revealed the presence of multiple polyadenylation signals associated with four alternative
transcripts; 10.2kb, 7.5kb, 5.4kb and 1.8kb in length (2, 4-6). Quantification of the halflives of these alternative transcripts revealed no significant differences in mRNA stability
(2). In addition, the MECP2/Mecp2 long and short transcripts show quantitative
differences in different tissues and stages of mouse embryonic and human post-natal
1

brain development (2, 4, 7). The 10.2kb transcript is the prevalent transcript expressed in
the mature brain and quantitative reduction in its transcript levels have been observed in
parallel to increasing MeCP2 protein levels during postnatal human brain development
(8). However, this is not the case in neurons where increased levels of the 10.2kb
transcript are observed (7, 9). The apparent tissue-specificity of the Mecp2 transcripts
suggests that they might have unique roles; however the functional significance of the
differential expression pattern among transcripts and their relationship to MeCP2 protein
levels remains unknown.
microRNA’s (miRNA’s) are small non-coding RNA molecules that function in posttranscriptional regulation of gene expression by binding to mRNA (10). These RNA
molecules are suggested to play a role in the post-transcriptional regulation of MECP2. A
binding site for micoRNA 132 has been identified within the long 3’-UTR of MECP2.
miR132 is enriched in the brain and is suggested to be a key regulator of MeCP2 protein
expression. miR132 is induced by Brain derived neurotrophic factor (BDNF) and cAMP
response element binding 1 (CREB-1) (whose genes are targets of MeCP2), and is
suggested to regulate MeCP2 levels through feed-back loops involving these proteins
(11).
Other characterized elements in the MECP2 genomic region include; DNase I
hypersensitive regions (putative function in regulating MECP2), transcribed regions
located within introns, intergenic regions (encode for regulatory non-coding RNA’s), and
an unusual long second intron containing several evolutionary conserved regions (6).
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Description of the MECP2/Mecp2 gene structure suggests that complex mechanisms
underlie regulation of this gene. However, it is currently unknown how this gene is
regulated and we do not know much about the transcription factors involved in MECP2
regulation.

3

Figure 1: MECP2/Mecp2 gene structure. MECP2 gene comprises four exons and
alternatively used polyadenylation sites. The 5’end of MECP2 includes the promoter,
which contains positive and negative regulatory elements. The three introns located
within MECP2 vary in sequence conservation between human and mouse, the first intron
is more identical between both species. The 3’UTR is one of the longest reported.
MECP2 transcripts show tissue-specific differences in their distribution, the 1.8kb is
preferentially distributed in the heart and skeletal muscle, whereas the 10kb is more
enriched in the brain. There are approximately 170 conserved elements within the
MECP2/Mecp2 gene, however their functions remain unknown (2). Figure adapted from
(12).
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1.2 MeCP2 protein domains and structural biochemistry
The function of a protein molecule is tightly linked to its structure, thus understanding
MeCP2 protein biochemistry provides a structural basis to its multifunctional nature.
Overall, MeCP2 is an intrinsically disordered protein and determination of its protein
structure has proved refractory to crystallization techniques. However, successful
purification of MeCP2 was done by Heparin Chromatography. Spectroscopy and protease
digestion experiments have revealed that MeCP2 protein comprises six domains
including; N-terminal domain (NTD), Methyl binding domain (MBD), transcription
repression domain (TRD), intervening domain (ID), C-terminal domain α (CTD)-α and
C-terminal domain β (CTD)-β (Fig. 2). The MBD and the TRD are the two well defined
functional domains of MeCP2.
The MBD has been defined as the minimum sequence that is required to recognize
methylated CpG dinucleotide pairs (13, 14). It is an 85 amino region within the protein
that encompasses residues 78-162. Of the six MeCP2 protein domains, the MBD is the
only domain with significant ordered secondary structure and comprises 10% α-helix,
30% β-strand, 21% β-turn, and 38% unstructured. MeCP2 in vivo binding analysis
indicates that the MBD binds specifically to symmetrically methylated CpG
dinucleotides, and this binding is enhanced in the context of CpG sequences adjacent to
A/T rich motifs (13, 15, 16). In addition to methylated DNA, the MBD can also bind to
unmethylated four way DNA junctions and hydroxymethylated DNA (discussed in
section 1.3) with the same affinity as methylated DNA (17). Fluorescence spectroscopy
results have revealed that the MBD is structurally coupled to other domains and serves as
a platform for interaction with other regions of the protein (16, 18).
5

The TRD domain is a 104 amino acid domain and is further subdivided into three distinct
regions. Its secondary structure is estimated to be 85% unstructured, 3% α-helix, 7% βstrand, and 5% β-turn. There are two predicted nuclear localization signals in MeCP2.
One of the predicted nuclear localization sequence is embedded with the TRD (residues
253-269) (13). The TRD mediates transcriptional silencing through recruitment of
transcriptional repressors such as mSin3A, c-Ski, and Nuclear receptor co-repressor (NCoR) (6, 19). Histone deacetylases 1 and 2 combine with mSin3A to form a co-repressor
complex (6). The TRD has also been demonstrated to interact with transcription factor
IIB (TFIIB), DNA methyltransferase (DNMT) 1 and Y box binding protein 1 (YB1) (6).
In addition to its catalytic properties, the TRD has also been demonstrated to interact
nonspecifically to DNA in vitro (13, 14). This interaction is methylation-independent and
accounts for how intact MeCP2 binds autonomously to unmethylated DNA.
MeCP2 C-terminal domain (residues 310 to 346) is a highly protease sensitive segment
that results into two fragments, CTD-α and CTD-β, when cleaved. The CTD-α is
suggested to contribute to the recognition of methylated DNA in chromatin (13, 14). The
CTD-β contains two identifiable sequence motifs which include: 7 consecutive
disordered histidines, and a consensus sequence (PPLP) recognized by group 2 WW
motif-containing proteins (13). The WW binding protein motif has been demonstrated to
interact with splice factors such as formin binding protein 11 (FBP11). The in vivo
function of the WW binding protein motif remains unclear, however mutations in this
motif have been identified in cases of Rett Syndrome (RTT) (discussed in section 1.7.1)
as well as in mild and moderate mental retardation (20).
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Figure 2: MeCP2 protein domain organization and properties. MeCP2 is an
intrinsically disordered protein with characteristic inter-domain interactions. Domain
interactions and functions are indicated. The methyl binding domain (MBD) constitutes
the structural hub of the protein, and binds to both methylated DNA (with high affinity)
and unmethylated DNA with (low affinity). The intervening domain (ID), transcription
repression domain (TRD) and C-terminal domain α (CTD)-α bind unmethylated DNA in
vitro. Figure adapted from (21).
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In vitro studies have shown that the CTD-β is required for DNA binding, chromatin
interaction and assembly of secondary and tertiary chromatin structures (13). Truncation
of this domain in MeCP2 mutants results in deficient nucleosomal array compaction and
oligomerization compared to wild type MeCP2 (14). The CTD-β is also suggested to
contain unique histone binding regions (14, 22, 23). The chromatin condensing and
protein binding functions attributed to the CTD suggest that this domain is an important
contributor to MeCP2 function.
The intervening domain (ID) between the MBD and TRD is also predicted to be
extensively disordered. The amino acid composition of this domain (precisely residues
188-194) is similar to that found within the AT hook DNA binding domain of the High
Mobility Group A 1 protein (HMGA1). Therefore, the ID is generally referred to as the
high mobility group-like domain 2 or HMGD2 (13). The ID also contains a predicted
nuclear localization sequence and has been shown to bind autonomously to DNA in vitro
(14). Thus, the ID appears to be a disordered domain that participates in different
macromolecular interactions.
The NTD (residues 2-84) defines a discrete structural unit within MeCP2. Similar to the
ID, the NTD also has an amino acid composition like the High Mobility Group proteins
(HMGs), and is generally referred to as HMGD1 based on its structure. The NTD is also
very disordered, and the absence of secondary and tertiary structures allows for different
combination of interactions with other domains of the protein (13). Alternative splicing
of MECP2 gives rise to two isoforms that differ in the HMGD1 residues they contain (Nterminal region) (24). In addition, the NTD has been shown to interact with the repressive
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chromatin

regulator

heterochromatin

protein

(HP1)

(25),

and

histone

H3

methyltransferase (26).
Defining factors in MeCP2 structures are the extensive inter-domain interactions that
occur, as expected for an inherently disordered protein (14). The DNA and chromatin
binding properties of the MBD and CTD respectively are modulated and enhanced by
their flanking domains. It was recently demonstrated that both the MBD and the Nterminal domains are critical for MeCP2 interaction with chromatin in vivo and cannot be
replaced by other domains of the protein (27). Inter-domain interactions significantly
impacts MeCP2 secondary structure and increases the stability of the protein (14).
The structural biochemistry of MeCP2 reveals its intrinsically disordered nature as the
fundamental feature underlying its role as a complex multifunctional protein. In addition
to its specific binding to methylated CpG dinucleotides, MeCP2 also binds
nonspecifically to DNA, condenses unmethylated nucleosomal arrays, and has key roles
in transcriptional repression, chromatin loop formation, and RNA splicing (28). Interdomain associations of MeCP2 facilitates multiple combinatorial interactions, thereby
producing functional outcomes that depend on the final conformation attained and the
context of the gene or protein partners to which MeCP2 is bound.
1.3 Epigenetics
Epigenetics is the study of heritable changes in gene expression that control cellular
mechanisms without alterations in the DNA sequence (29, 30). Epigenetic mechanisms
include DNA methylation and histone modifications, that act to structurally modify and
define the three dimensional structure of genomic material dictated by interactions
9

between genes and their environment (28). Chromatin organization and proper
assignment of epigenetic marks are fundamental to developmental events such as cellular
differentiation, neuronal migration, connectivity formation and physiological processes
such as aging (31-33). Dysregulation of epigenome constituents has been shown to be
associated with various neurodevelopmental and neurological diseases (34-37). Partial
loss of function mutations in DNMT3B, a DNA methyltransferase is associated with
centromere instability, immunodeficiency, mental retardation and defective brain
development (36, 38). Furthermore, mutations in histone modifying enzymes such as
CREB binding protein (CBP) (a histone acetyltransferase) have been associated with
various neurodegenerative disorders such as Alzheimer’s disease and Huntington’s
chorea (39, 40).
DNA methylation and hydroxymethylation of cytosine at carbon 5 (in the CpG
dinucleotides) are the two major types of DNA modifications that exist. Although related,
these two modifications function differently (30, 41). Methylation of cytosine is catalysed
by the family of DNA methyl transferases (DNMTs) which transfer a methyl group from
S-adenosyl methionine to the 5 position of the cytosine pyrimidine ring (28, 42, 43) (Fig.
3A). Methyl cytosine is distributed throughout the bulk mammalian genome, which
exhibits low CpG density and is methylated, except for few stretches of DNA known as
CpG islands (CGIs). CGIs constitute less than 3% of the mammalian genome, have a
high GC and CpG content and are usually associated with promoter regions (29, 44, 45).
The interplay between DNA methylation and chromatin CGIs act to specify chromatin
regions in the bulk genome. In summary, a small percentage of 5-methyl cytosine (3%) is
located at CGIs, at the 5’ end of genes, where it functions as a repressive mark, while the
10

remaining CGIs, (97%) are located at intra and intergenic sequences and within DNA
repeats (46). DNA methylation in the form of 5-methyl cytosine has been shown to be
important in genomic defence (through suppression of transposons) (47), prevention of
spurious transcription (48), genomic stability (49, 50), transcription repression (30), Xchromosome inactivation and genomic imprinting (51-54).
5-hyrdoxymethylcytosine (5hmC) is an epigenetic mark that is highly abundant in
neurons of the brain (approximately 10-fold higher than in other tissues). The conversion
of 5mC to 5hmC is catalysed by the ten-eleven translocation proteins (TETs) (Fig 3A)
(30). Genome wide analysis of 5mC and 5hmC revealed that 5hmC is enriched in active
genes, where strong depletion of 5mC is observed, and its distribution shows cell and
tissue-specific differences (55). In addition, the location of 5hmC in the genome differs
between the brain and embryonic stem cells (ES). In ES cells, 5hmC is enriched in
specific classes of promoters and enhancers that regulate the pluripotent state in ES cells
(30, 56, 57), while in the brain it shows enrichment at gene bodies (55). In contrast to
5mC which shows negative correlation with gene expression, 5hmC is usually positively
correlated with gene expression. The role of 5hmC is currently unclear, however it is
suggested to be important during postnatal neurodevelopment and aging and in human
neurological disorders (17).
MeCP2 is an epigenetic regulator that binds to both 5mC and 5hmC (Fig 3B). Through
binding to 5mC and 5hmC, MeCP2 acts as an “epigenetic reader” and functions to
establish functional chromatin states. MeCP2 binds to 5hmC containing DNA with
similar affinity as 5mC-containing DNA and the functional outcome when bound to these
two epigenetic marks are different. MeCP2 binding to 5mC is usually associated with
11

repressive functions, while binding to 5hmC is suggested to facilitate gene expression
through the organization of dynamic chromatin. In addition, disease causing mutations in
MeCP2 can affect binding to 5mC and 5hmC, both of which are implicated in the
pathophysiology of Rett syndrome (17). Future studies are aimed at elucidating the
interplay involving 5mC, 5hmC and MeCP2 in the context of cell and tissue-specific
gene expression
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Figure 3: DNA methylation marks and the role of MeCP2 as an epigenetic
regulator. A) Cytosine can be converted to 5-methylcytosine (5mC) and 5hydroxymethylcytosine (5hmC) by enzymes DNA methyltransferases (DNMTs) and teneleven translocation proteins (TETs) respectively. B) These epigenetic marks recruit
methyl binding protein 2 (MeCP2), which functions as epigenetic regulator to establish
functional repressive or activate chromatin states. Figure modified from (17).
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1.4 MeCP2 expression profile
To better understand MeCP2 function, a comprehensive knowledge of its temporal,
regional and cellular-specific distribution is required. Studies have shown that MeCP2 is
widely expressed throughout mouse and human tissues with highest protein levels
detected in the brain, lung and spleen. Moderate protein expression is observed in the
kidney and heart, while tissues such as liver and small intestine express low MeCP2
levels (58). Although MeCP2 shows high expression in lung and spleen, the majority of
research on the function of MeCP2 has focused in the brain. This is because mouse
genetic studies have revealed that brain-specific knockout of MeCP2 produces
phenotypes equivalent to when the protein is knocked out in all tissues (59, 60). The
onset of MeCP2 expression in the brain has been demonstrated to follow a defined
pattern, with early appearing structures such as brain stem and thalamus expressing the
protein before more rostral structures such as the cortex (58, 61, 62).
Immunoflouresence (IF) and Western blot (WB) experiments during postnatal mouse
development revealed that MeCP2 protein levels are low during embryogenesis and
increase dramatically after birth, reaching their maximum levels at approximately three to
four weeks of age (8, 63-65). In humans, the increase in MeCP2 expression continues
until 10 years of age due to a longer developmental time course (66). In mice, the time
point at which maximum levels of MeCP2 are attained is consistent with the appearance
of disease phenotypes in mouse models where Mecp2 is ablated (59, 60). The postnatal
increase in MeCP2 expression is due to the fact that the protein is required in mature
neurons where it plays fundamental roles in modulating synaptic plasticity and activity of
mature neurons (58, 67). Evidence against a role for MeCP2 in prenatal development is
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provided in studies where Mecp2 gene mutations do not affect proliferation or
differentiation of neuronal precursor cells (64). Additionally, MeCP2 overexpression in
self-renewing neural progenitor cells is well tolerated (68).
Cell-type specific studies within the brain have revealed that MeCP2 levels are highest in
mature neurons, while astrocytes and immature neurons express low levels of MeCP2
(69). Within neuronal populations, heterogeneity in MeCP2 expression is also observed;
where neuronal populations regarded as MeCP2hi express high levels of MeCP2 while
MeCP2 lo cells express low levels of MeCP2. MeCP2hi neurons are predominantly located
in layer IV of the cerebral cortex and in the molecular layer of the cerebellum
respectively (61). Immunoflouresence experiments performed in adult mice show that
MeCP2 is localized to methylated pericentromeric heterochromatin in the nucleus (58,
67, 68, 70).
Despite the knowledge on spatial and temporal pattern of MeCP2 expression, very little is
known regarding the underlying mechanisms regulating MeCP2 expression. Investigation
of Mecp2 mRNA distribution suggests that MeCP2 protein expression may be under cell
and tissue specific post-transcriptional regulation (58). As outlined section 1.1, the gene
structure of Mecp2 suggests complex regulatory mechanisms. It will be important to
investigate molecular mechanisms controlling differential tissue expression as well as
variation in levels of MeCP2 observed within both neuronal subpopulations and glial
cells.
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1.5 MeCP2 biological function(s)
1.5.1 Transcriptional repressor
The current view of MeCP2 as a transcriptional repressor is based on MeCP2 binding to
methylated DNA and its ability to recruit co-repressors complexes (28). MeCP2 promotes
transcriptional repression through recruitment of protein complexes Sin3A and histone
deacetylase complex (HDAC) 1 and 2. MeCP2 DNA binding and subsequent recruitment
of co-repressor complexes alters the chromatin structure to a repressed state (71, 72).
MeCP2 recruits co-repressor complexes consisting of REST and CoREST and is critical
for the regulation of gene expression in non-neuronal cells (73). Another mechanism of
MeCP2-mediated transcriptional repression involves post-translational modifications
through phosphorylation of specific serine residues. MeCP2 phosphorylation on serine 80
by homoedomain-interacting protein kinase 2 has been shown to be important for MeCP2
promoter occupancy at specific target genes (74). Despite the established role of MeCP2
as a transcriptional repressor, identification of target genes that are silenced by MeCP2
has proved challenging (28). This could be due to the sensitivity of the techniques
employed or the possibility of masked effects of subtle gene expression changes in whole
brain tissues analyzed (75, 76). Transcriptional profiling in Mecp2-deficient mice has
revealed only modest alterations in gene expression (77, 78). The failure to identify clear
targets that are repressed by MeCP2 has called into question its role as a classic
methylation-dependent transcriptional repressor. An alternative methylation-independent
mechanism through which MeCP2 mediates transcriptional repression was proposed by
Kaludov and Wolffe (79). In this report it was shown that in the absence of histones,
MeCP2 represses transcription in vitro by interacting with transcription factor IIB. This
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acts to prevent the assembly of the pre-initiation complex. Additional evidence in support
of MeCP2 as a transcriptional repressor involves histone methylation. Fuks et al. reported
the MeCP2 associates with histone 3 methyltransferase to induce methylation at lysine 9
of histone H3, H3K9 methylation is associated with gene silencing (26).
1.5.2 Transcriptional activator
Transcript expression studies in the cerebellum and hypothalamus of Mecp2 null mice
have revealed downregulation of subsets of genes. This was an unexpected observation
for a protein implicated as a global transcriptional repressor. The presence of
downregulated genes in the absence of Mecp2 provided evidence for its role in
transcriptional activation (80, 81). Further evidence supporting the potential of MeCP2 as
a transcriptional activator has been demonstrated in vitro where MeCP2 was shown to
enhance transcriptional activity of a reporter construct through its TRD domain (82).
Yasui et al. also showed that the majority of activated genes were associated with an
enrichment of MeCP2 promoter occupancy at the target genes in SH-SY5Y cells (83). In
addition, transcription profile experiments of both loss- and gain- of MeCP2 function
mutations in mouse models revealed a bi-directionality in the expression patterns of
genes such as Somatostatin, Guanidinoacetate methyltransferase and k-opioid receptor.
These genes were identified as activated targets of MeCP2, and further coimmunoprecipitation experiments demonstrated that MeCP2 recruits the co-activator
CREB to these target sites (81). However, chromatin immunoprecipitation (ChIP)
analysis were not conclusive and the implication of MeCP2 as a direct regulator of these
genes is still unclear.
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1.5.3 Alternative splicing
MeCP2 has been implicated in alternative splicing as part of an RNA-protein complex
(84, 85). Through co-immunoprecipitation and mass spectrometry studies, MeCP2 was
shown to interact with the Y-box binding protein (YB-1). YB-1 is implicated in both
transcriptional and translational regulation, as well as DNA repair and stress response.
Abolishment of the interaction between MeCP2 and YB-1 upon treatment with RNaseA
demonstrated that the binding was RNA-mediated. A comparative analysis of splice
patterns in the cerebral cortex between wild-type and Mecp2 308/y (mouse expressing a
truncated form of MeCP2) revealed aberrations in splice patterns of genes such as Dlx5
and NR1 (85)
1.5.4 Chromatin compaction and looping
As mentioned previously, the CTD-β domain of MeCP2 has been demonstrated to bind to
nucleosomal array in vitro, thereby inducing chromatin compaction. Chromatin
compaction by the CTD is enhanced by the adjacent TRD. MeCP2 R168 mutants
(lacking the C-terminal domain) are unable to compact chromatin in vitro (86). MeCP2
also mediates conformation changes to DNA in vitro by binding to four-way DNA
Holliday junctions through its MBD. In addition, MeCP2 has been proposed to act as a
linker histone in neurons. Similar to histone H1, MeCP2 has been shown to bind to
methylated linker DNA in nucleosomal arrays. Interestingly, the same study showed that
the amount of histone H1 in neurons is half of that observed in non-neuronal cells and in
the absence of MeCP2, histone H1 in neurons increases to the same amount as in nonneuronal cells and is accompanied by a global increase in acetylation (87).

18

With the use of chromatin conformation capture assays, Horike et al., demonstrated that
MeCP2 may be involved in the silencing of Dlx5 and Dlx6 genes through the formation
of chromatin loops. A MeCP2-binding site was identified near Dlx5 and Dlx6 and
transcript levels of these genes were shown to be upregulated by 2-fold in the frontal
cortex of Mecp2 null mice compared to wild type (88). However, this finding was refuted
by Schule et al., as they were unable to detect a reproducible or significant increase in
expression of Dlx5 and Dlx6 in Mecp2 null mice (89). The role of MeCP2 in silencing of
Dlx5 and Dlx6 is currently in question.
1.5.5 Maintenance of DNA methylation
MeCP2 has been shown to interact with DNA methyltransferase 1 through its TRD. The
interaction with DNMT1 is proposed to recruit DNMT1 to hemi-methylated DNA sites
that were missed during DNA replication. DNMT1 lacks a DNA binding domain and its
recruitment to DNA by MeCP2 allows for catalysis of methyl group transfer to carbon 5
of cytosine. Maintenance of methylation patterns in newly synthesized DNA is proposed
to be important for chromatin structure (90).
The interaction of MeCP2 with DNA, RNA, chromatin and other proteins enables one to
appreciate the functional diversity of this protein (Fig. 4). It is no wonder that
dysregulation in MeCP2 function results in numerous disease phenotypes affecting the
central nervous system (CNS).
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Figure 4: The diverse functions of MeCP2 in the brain. The complexity of MeCP2
underscores its role in many neurological disorders. The precise mechanisms underlying
these functions of MeCP2 are still unclear.
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1.6 MeCP2 isoforms
The X-linked MECP2/Mecp2 gene comprises four exons, and until 2004 only one
molecular form of MeCP2 protein was recognized. Mnatzakanian et al., and Kriaucionis
et al., independently demonstrated that two isoforms of MeCP2 exist and further
characterized the distribution of these isoforms in different tissues. MeCP2 isoforms are
generated by alternative splicing of exons 1 or 2 to exon 3 (Fig. 5) (24, 28, 91). Prior to
the discovery of the second isoform, characterization of MeCP2 involved the originally
described MeCP2β/A (currently known as MeCP2E2). The later identified isoform was
named MeCP2α/B (currently known as MeCP2E1). It is noteworthy that MeCP2E1 is
more similar to the analogous forms of MeCP2 found in non-mammalian vertebrates,
suggesting that it is the more ancestral form of MeCP2. MeCP2E1 is 498 amino acids in
length and is encoded by exons 1, 3 and 4, whereas MeCP2E2 contains exons 2, 3, and 4
and is 486 amino acids in length. Translation of MeCP2E2 occurs from the translation
start site (TSS) located in exon 2. The two isoforms differ only in their N-terminal region,
and share exons 3 and 4 of the protein (24, 28, 91). As mentioned previously, the NTD
has an amino acid composition similar to the HMG proteins. Residues 2-77 of the NTD is
referred to as HMGD1 based on its structure and both MeCP2 isoforms differ in the
HMGD1 residues they contain. Through alternative splicing, amino acid residues 2-9 of
the MeCP2E2 isoform are exchanged for an entirely different 21 amino acid sequence in
the MeCP2E1 isoform (13). Furthermore, inspection of the 5’UTR revealed that exon 1
of Mecp2e1 contains an open reading frame across its entire length, in contrast to exon 2
which has a number of in-frame stop codons upstream of the ATG start codon (91). The
two MeCP2 isoforms also differ with respect to their isoelectronic point (pI) and
preference for alternative polyadenylation sites within the 3’UTR. MeCP2E1 has an
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acidic pI of 4.25 whereas MeCP2E2 has a basic pI of 9.5. Further characterization of
these isoforms has revealed the presence of polyalanine and polyglycine repeats and a
putative serine phosphorylation site in the N-terminus of MeCP2E1 which is not
observed in MeCP2E2 (24). The sequence motif of MeCP2E1 is reminiscent of that
found in the N-terminus of Extracellular receptor kinase 1 (ERK1), a component of the
mitogen-activated (MAP) kinase pathway. ERK1 acts as a transcriptional regulator,
coordinating extracellular signals (at synapses) to neuronal activity (92-94). However, it
is not known whether MeCP2E1 serves similar function in neurons. The N-terminus of
MeCP2E2 has no known characterized domains.
Transcript expression studies suggest that MECP2E1 might be the more clinically
relevant isoform to Rett Syndrome, a progressive neurological disorder resulting in
severe mental retardation in females (discussed more in section 1.7), as it was observed to
be 10 times more abundant than Mecp2e2 in the adult human brain. The two MeCP2
protein isoforms are also found to be predominantly localized to the nucleus (68, 91).
Dragich et al., demonstrated that MeCP2 isoform-specific transcripts show temporal and
brain region-specific differences in their distribution (95). Mecp2e1 was shown to be the
predominant isoform in the brain regions analyzed, while Mecp2e2 showed highest
expression in the dorsal layer V of the thalamus. Delineation of the protein expression
profile for both MeCP2 isoforms has not been possible due to the absence of MeCP2
isoform-specific antibodies. Prior to our study (70) that reported (for the first time) the
distribution of MeCP2E1 protein in adult the murine brain, previous studies employed
antibodies that targeted protein regions common to both MeCP2

isoforms. A
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comparative analysis of the distribution of the two isoforms is currently limited to
transcript levels.
Given that the two isoforms differ in their NTD, it begged the question as to whether the
different amino termini confer unique biological properties to each isoform. Therefore,
numerous studies embarked upon the search to identify distinctive properties of each
MeCP2 isoform. However, discernment of the functional properties of each isoform has
proved more difficult than imagined, and the results from limited studies have left us with
sparse information with regard to their roles in the central nervous system. Kerr et al.
investigated the rescue capability of the two isoforms and demonstrated that both MeCP2
isoforms were able to compensate for an overall deficiency of the protein in mice.
However, the degree of rescue was higher for MeCP2E1, as it required lower levels of
protein to compensate for Mecp2 compared to MeCP2E2. In addition, the rescue effect of
MeCP2E1 was observed to occur in a dose-dependent manner, as transgenics expressing
lower levels of MeCP2E1 were only partially rescued. From the above-mentioned
findings, a functional redundancy between MeCP2 isoforms is implied with greater
relevance attributed to MeCP2E1. However, the results from Kerr et al. revealed two
crucial observations regarding MeCP2 isoforms: the levels of the isoforms and the
location of their expression are fundamental for their overall activity in brain function
(96).
A functional role for MeCP2E1 in regulating dendrite length and branching during
neuronal maturation has been demonstrated in vitro. This same study also showed that
transduction of embryonic and adult murine neural stem cells with MECP2 isoformspecific retroviral and lentiviral vectors does not result in stem-cell specific viral
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silencing and maintains long-term expression of the transduced genes in differentiated
neurons (68). MECP2 isoform-specific vectors are thus invaluable tools that allow for
functional studies on MeCP2 isoforms as well as therapeutic applications for neurological
disorders affecting individual MeCP2 isoforms.
Another study by Dastidar et al., investigated the functional outcome of Mecp2 isoforms
under death-inducing conditions. The authors demonstrated that the mRNA expression
levels of Mecp2e2 were upregulated whereas Mecp2e1 was downregulated when cultured
cerebellar neurons were primed to die by apoptosis. The authors further demonstrated
that overexpression of Mecp2e2 promoted apoptosis in healthy cells whereas the reverse
effect was obtained upon knock down of Mecp2e2, as cells became resistant to apoptosisinducing conditions (97). In contrast overexpression and knockdown of Mecp2e1 had no
effect on cell viability. Thus, it was concluded that MeCP2E2 promotes neuronal death. It
has been reported that MeCP2 protein levels do not correlate with transcript levels,
suggestive of post-transcriptional regulation of MeCP2 protein expression (58).
Therefore, a major limitation to this study was the unavailability of MeCP2 isoformspecific antibodies to verify the results obtained at the protein levels, which would have
strengthened their conclusion regarding the role of MeCP2E2 as an apoptotic promoting
factor.
A similar study by Na et al. characterized the overexpression of Mecp2e2 in the
hippocampus. This study differed from the previous report with respect to the effects of
overexpression observed in vivo and in another brain region. The authors observed that
overexpression of Mecp2e2 resulted in altered synaptic activity in an intact network.
Overexpression of the Mecp2e1 was not characterized in this study (98). Therefore, a
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parallel comparison between the two isoforms (with regard to their putative roles in the
hippocampus) cannot be made at this point.
To date, only two studies have sought to characterize the functional outcome of the lack
of either Mecp2 isoform in the central nervous system. With the use of Cre-loxP system,
Itoh et al., examined the effect of selective loss of Mecp2e2 in vivo. From their results,
the authors concluded that Mecp2e2 is dispensable for Rett Syndrome-associated
neurological phenotypes. In addition, the authors discovered a putative role for Mecp2e2
as an apoptotic inhibitor in extra-embryonic tissue (99). In their study, MeCP2E2 is
proposed to act as a transcriptional repressor of peg-1, thereby preventing increase in
Peg-1 enzyme activity and apoptosis of embryonic tissue. The authors concluded that
MeCP2E2 was not important for Rett Syndrome-associated neurological phenotypes
based on observations of normal morphology of cortical neurons. The limitation to this
study is that the cortex was the only brain region that was analyzed. Since one cannot
eliminate the possibility of a loss of MeCP2E2 resulting in impaired neuronal activity in
other brain regions, the conclusion with regard to the dispensability of MeCP2E2 in
neurological phenotypes requires re-evaluation. It is noteworthy to mention that the
results from Dastidar et al. and Itoh et al. imply putative roles for MeCP2E2 both as an
apoptotic promoting protein (in cerebellar neurons) and an apoptotic inhibiting protein (in
trophoblast cells) (97, 99).
A recent study by Emerson et al. (100) characterized the loss of Mecp2e1 in a transgenic
mouse model. Behavioral analysis of the mouse model revealed some phenotypic overlap
with previous mouse models where both isoforms were absent. However, lack of MeCP2
isoform-specific antibodies prevented clarification of cell and tissue specific effects
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caused by the lack of MeCP2E1. The fact that a total overlap in phenotypes was not
observed between Mecp2e1 transgenic mice and mouse models where both isoforms
were absent implies MeCP2E2 as a contributor to some of the phenotypes observed when
both isoforms are absent.
Despite little research that has been devoted to understanding MeCP2 isoforms, new
perspectives on the properties of the protein have begun to emerge. From the studies that
have been performed, one can begin to appreciate the relationship between the dosage of
MeCP2 protein and the context of the cell or tissue where the experiments were
conducted. The results from previous research also reveal limitations to arriving at a
complete understanding of how MeCP2 isoforms function. In order to further
explore/identify the roles of MeCP2 isoforms, basic fundamental knowledge such as their
distribution and regulatory mechanisms controlling their expression are important.
1.7 MeCP2 mutations in neurological disorders
1.7.1 MeCP2 and Rett Syndrome
Rett syndrome is a progressive neurological disorder discovered by Australian
Pediatrician Dr. Andreas Rett in 1954 (101). Despite this, Rett syndrome only received
world recognition as a newly discovered disorder in 1983 due to the efforts of Swedish
neurologist Dr. Hargberg and colleagues, who named the disease Rett in honor of its
pioneering researcher (102). RTT is a postnatal progressive X-linked neurodevelopmental
disorder that occurs primarily in females with an incidence of 1:10,000 – 1:15,000 (28).
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Figure 5: MeCP2 isoforms. MeCP2 isoforms are generated by alternative splicing of the
Mecp2 gene and differ only in their N-terminus. MeCP2E1 comprises exons 1, 3, and 4
and MeCP2E2 comprises exons 2, 3, and 4. The amino acid residues of the N-terminus of
MeCP2E1 and MeCP2E2 are depicted. Figure taken from (28).
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This frequency makes it one of the most common causes of mental retardation in females
(103-105). Although RTT was initially thought to occur exclusively in females, males
have also been identified as presenting with classic RTT. Classic RTT in males involve a
host of neurological disorders ranging from mental retardation to severe encephalopathy
(106). In 1999, Amir and colleagues discovered the genetic basis of RTT, which was
caused by mutations in MECP2 (107). This discovery provided fundamental insight into
the role of MECP2 in the pathogenesis of the disease as well as other
neurodevelopmental disorders. MECP2 mutations that cause classic RTT in females
typically result in neonatal encephalopathy and death in the first year of life in males.
However, similar MECP2 mutations result in an RTT phenotype in males with
Klinefelter syndrome (47, XXY) or somatic mosaicism (108, 109). Furthermore, some
MECP2 mutations that do not cause RTT in females have been implicated in moderate to
profound mental retardation, deficits in language and motor skills, obesity, autistic
features and psychiatric disorders in males (110).
1.7.1.1 MeCP2 mutations in Rett syndrome
MeCP2 mutations have been identified in about 70-90% of patients with classic RTT.
An X-linked dominant mode of inheritance has been attributed to RTT with lethal
consequences in hemizygous males. Most of the mutations in RTT arise de novo in the
paternal germline and often involve a C to T transition at CpG dinucleotides (111, 112).
MECP2 mutations can be grouped into three general categories: severe loss-of-function
mutations, mild loss-of function mutations, and a broad group of duplications and other
non-coding mutations that affect MeCP2 expression. Each category of mutation is
associated with a subset(s) of neurological disorders. Within the category of loss of
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function and non-coding mutations, the mutations can be further sub-divided into
missense, nonsense, frameshift, late and early truncating mutations. Mutations that
truncate upstream of the nuclear localization signal (NLS) which are generally referred to
as early truncating mutations, whereas late truncating mutations occur within or
downstream of the NLS (113, 114).
Point mutations comprise missense and nonsense mutations and account for ∼70% of all
RTT cases. They arise through deamination of a methylated cytosine residue during
hypomethylation of the male pronucleus (which occurs after fertilization). Deamination
results in a cytosine to thymine transition, and accounts for sporadic cases of RTT where
no parental phenotypes are found (112). Missense mutations are primarily located in the
MBD and result in loss of function of the protein by affecting its ability to bind to
methylated DNA (115). Nonsense mutations primarily affect the TRD and account for
approximately 32% of point mutations in all RTT cases. This type of mutation results in
truncation of the protein and affects its ability to repress transcription (115, 116). In
addition, hypomorphic mutations may also occur and result in truncated forms of MeCP2
that retain partial function (110). C-terminal deletions and complex re-arrangements
account for 6% and 10% of all RTT cases, respectively (117).
Several studies have analyzed genotype to phenotype correlations, and some conclusions
can be made with regard to the type of mutations and resulting phenotype in RTT
patients. C-terminal deletions and missense mutations are associated with milder, less
severe phenotypes than truncating mutations, and the most severe phenotypes are usually
associated with early truncating mutations (117). The more severe phenotype associated
with early truncating mutations is due to the fact that absence of the NLS results in
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exclusion of the protein from the nucleus, where it plays fundamental role (114, 116). In
addition, a positive correlation has been observed between truncating mutations and
breathing abnormalities and missense mutations and scoliosis that occur in RTT patients
(118).
Despite genotype and phenotype correlations that have emerged with the disease, a great
amount of phenotypic variability occurs with RTT, of which there is no direct and simple
correlation with the type of mutation observed. The difficulty in attributing a particular
type of mutation to a phenotype is due in part to the pattern of X-chromosome
inactivation (XCI) (110, 118). In females with RTT, either a random or nonrandom/skewed pattern of XCI can occur, which affects how many cells express the wild
type protein and thus the resulting phenotype of the disease. A RTT female with random
XCI has half of her cells expressing the wild-type MECP2 allele and the other half
expressing the mutant MECP2 allele whereas a female with skewed pattern of XCI has
greater or fewer number of cells expressing the wild-type allele than the mutant allele
(110). Therefore, the degree of XCI skewing affects the RTT phenotype observed. Ninety
one percent (91%) of patients with documented MECP2 mutations have random XCI in
their peripheral blood leukocyte DNA, however it is unknown if brain cells follow the
same random skewed pattern (113). Favorable skewing, such that a greater number of
cells express the wild-type protein, results in amelioration of the RTT neurological
phenotype. Several studies have illustrated the effects of XCI patterns on RTT phenotype
in monozygotic twins who were shown to manifest different phenotypes of RTT despite
the same molecular lesion (118, 119). In addition, skewed XCI patterns have been
demonstrated in brain regions of female mice heterozygous for a mutant MECP2 allele,
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where phenotypic severity was shown to correlate with the degree of skewing (120).
Other types of skewed XCI patterns can also occur such that patients are asymptomatic
carriers of MECP2 mutations (121). The phenotypic variability observed in RTT is also
due to genetic, epigenetic, and environmental factors that interact with the MECP2
mutation to determine the final phenotypic outcome in terms of type and severity of the
disorder.
1.7.1.2 Clinical presentation of Rett syndrome
There is the classic Rett Syndrome as well as atypical forms of RTT that deviate from the
classical clinical presentation. Classic RTT is noticed primarily during infancy and can be
divided into four stages that reflect the characteristic abnormalities displayed in a RTT
patient (122). The first stage takes place after a period of normal development, during the
first 6-18 months after birth, when developmental progression ceases and acquisition of
new skills is delayed. Rett Syndrome patients achieve appropriate developmental
milestones such as the ability to walk, and some patients even say a few words before
regression sets in. An early indicator of neurological involvement is deceleration of head
growth, which results in microcephaly by the second year of life. In addition, patients
display self-abusive behavior, hypersensitivity to sound, lack of eye-to-eye contact,
unresponsiveness to social cues, loss of language and autistic behaviors such as social
withdrawal (123-125). General motor performance such as crawling, sitting and walking
are also severely impaired at this stage (104, 105). The second stage of RTT starts at
approximately 1 to 4 years, with developmental stagnation accompanied by general
growth retardation, loss of purposeful hand movements and speech, tongue protrusion,
abnormal facial expression, weight loss, gait ataxia/apraxia, and an asymmetric weak
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posture brought on by muscle hypotonia (105, 122, 126). Autonomic dysfunction such as
irregular breathing patterns, forced expulsion of air and saliva, and apnea are also
observed at this stage (127). The duration of this stage is from weeks to approximately a
year. The third stage is regarded as a relatively ‘quiet’ period as stabilization of some of
the symptoms occurs. However, neuromotor regression and stereotypic hand movements
still persists (105, 122, 126). A defining feature at this stage is the occurrence of seizures,
which range from easily controlled to intractable epilepsy (127). Severe scoliosis and
reduced somatic growth are also symptoms that occur in some individuals at this stage.
The duration of this stage is usually from years to decades (126). The last stage in RTT
takes place from ages 5-15 and beyond. Motor deterioration continues and patients suffer
devastating motor deterioration which results in loss of mobility and dependence on
wheel

chair.

Additional

abnormalities

include

dystonia,

severe

constipation,

oropharyngeal dysfunction, and cardiac abnormalities, including tachycardia, prolonged
QT intervals (heart electrical cycle), and sinus bradycardia (128). As patients get older
they often develop Parkinsonian features (122, 128). The duration of this stage varies
with individuals, and usually lasts for decades.
Atypical forms of RTT deviate from classic RTT with respect to age of disease onset,
clinical profile and severity of symptoms (121). These forms of RTT occur due to
skewing of XCI and range from milder forms to more severe manifestations than classic
RTT. Mild variants of RTT are characterized by a later age of onset, typically occurring
between 1 to 3 years of age and display mild stereotypic movements and neurologic
symptoms (116, 121). The preserved speech or the Zappella variant is another mild
variant of RTT characterized by the ability of patients to speak a few words. Patients with
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this variant have a normal head size and are usually overweight (121). The more severe
variants include the congenital form (also known as the Rolando variant) that lacks the
early period of normal development, and a form of classical RTT with early onset
seizures before the age of 6 months (also known as the Hanefeld variant) (129, 130).
Mutations in cyclin-dependent kinase-like 5 (CDKL5) have been associated with earlyonset seizure variant form of RTT and mutations in forkhead box protein G1 (FOXG1)
have been associated with congenital RTT syndrome variant (131, 132). Like MECP2
mutations, the majority of patients with CDKL5 mutations are females although rare
occurrences have been observed in males suffering from severe mental retardation,
infantile spasms, or early-onset epilepsy (133, 134). CDKL5 is a serine/threonine kinase
that autophosphorylates itself and phosphorylates MeCP2 in vitro, and this latter activity
is eliminated in pathogenic CDKL5 mutants. CDKL5 and MeCP2 are proposed to operate
in a common developmental pathway with CDKL5 acting upstream of MeCP2 (130).
FoxG1 is a winged helix transcription factor that promotes neurogenesis and antagonizes
neuronal differentiation (132, 135, 136). Like MECP2, de novo loss of function point
mutations and duplications of FOXG1 result in epilepsy and intellectual impairment, and
thus highlights the importance of dosage for genes involved in neuronal function (135).
1.7.1.3 Neuropathology of Rett Syndrome
Since MeCP2 is expressed in mature neurons and is required for normal brain function, it
is important to outline the relationship between MeCP2 deficiency and the
neuroanatomical features observed in the brain of RTT patients. Magnetic resonance
imaging (MRI) and autopsy examination have revealed that the major morphological
abnormalities detected in the central nervous system are an overall decrease in the size of
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the brain and of individual neurons (137). Studies have shown that the brains of RTT
patients are decreased by 12-34 % compared to controls of the same age with no signs of
atrophy, degeneration, demyelination, or inflammatory response (138, 139). These
observations indicate that RTT is a neurodevelopmental disorder rather than a
neurodegenerative process. However, cortical and cerebellar degeneration have been
demonstrated to progressively occur with increasing age in Rett Syndrome patients (140).
The reduction in brain size is distributed throughout the brain and affects both white, and
to a greater extent the grey matter in different regions. A significant reduction in grey
matter is observed throughout the cortex with greater reduction in the pre-frontal,
posterior frontal and anterior temporal regions. The reduced brain size is attributed to a
decrease in the size of cortical minicolumns, which results in reduced dendritic branching
of pyramidal neurons in the frontal, motor, and inferior temporal regions (137, 141). In
addition, decreased neuronal cell packing density in cortical neurons is suggested to
result in failure to develop dendritic connections between neurons and decreased synaptic
output (142). The cerebellum is also significantly reduced in Rett Syndrome patients
(140). Neuropathological abnormalities in other regions include, reduction in neuronal
size in the thalamus, basal ganglia, amygdala, and hippocampus, however an increase in
neuronal cell packing is observed in the hippocampus in contrast to reduced packing in
the cortex (138). Olfactory biopsies from RTT patients reveal that there is a marked
increase in the ratio of immature to mature olfactory receptor neurons (ORN’s) (143).
The spinal cord has been reported to show degeneration and reduction in the numbers of
anterior horn cells (144).
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Reduced spine density and spine morphology is another feature of RTT brain. Presynaptically, loss of MeCP2 affects axonal arborization and results in a decrease in the
number of synapses in RTT brains (145). Additionally, a variety of neurochemical
changes have been documented in the cerebrospinal fluid and brain tissue of patients with
RTT (144-146).
1.7.1.4 Neurophysiology of Rett Syndrome
Neurophysiological studies of RTT patients suggest that both the CNS and the autonomic
nervous system contribute to the pathophysiology of the disease. In RTT, the peripheral
auditory and visual systems are normal, however elevation in N-methyl-D-aspartate
(NMDA) receptors is observed in younger RTT girls (147, 148). NMDA receptors use
the neurotransmitter glutamate and an elevation in glutamate receptors has been shown to
correlate with the hand stereotypes and breathing irregularities observed in RTT patients
(147). Dysfunction in brainstem adrenergic, dopaminergic and serotonergic (5HT)
neurons have also been implicated in the disrupted locomotion and hypotonia observed in
RTT patients. Furthermore, altered somatosensory evoked potentials and abnormal
electroencephalogram (EEG) patterns are suggestive of altered cortical excitability in
RTT brain (148). Studies using different molecular approaches also revealed a reduction
in the number of synaptic-related genes and proteins such as Microtubule-associated
protein 2 (MAP-2) (a marker of mature neurons) in RTT neo-cortex (149).
Studies of Mecp2 mouse models, which will be discussed in a subsequent section, have
shed more light on the neurophysiological abnormalities that may occur in the RTT brain.
Reduced long-term potentiation (LTP) and impaired synaptic plasticity has been observed
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in cortical and hippocampal slices from Mecp2 null mice (150). An imbalance in
excitatory and inhibitory transmission in the hippocampus and cortex has also been
proposed to be responsible for some of the learning disabilities observed in RTT patients
(151). Pre- and post-synaptic defects of GABAergic transmission have been
demonstrated to be altered in the brainstem of RTT mouse models (152).
From the above, one can begin to appreciate the relationship between MeCP2
dysfunction and mechanisms underlying abnormalities in RTT brain. Loss of MeCP2
function leads to impaired neuronal maturation which sets the stage for further alterations
in neuronal function and disruptions in synaptic circuit and plasticity. It remains to be
determined what constitutes the primary and secondary consequences of MeCP2
dysfunction, such as the involvement of specific neurons or dysfunctions in entire
neuronal networks.
1.7.2 MECP2 duplication disorder
MECP2 is one of the most dosage-sensitive genes involved in neuronal function. A
duplication syndrome was predicted by the observation that mice engineered to
overexpress MECP2 develop a progressive neurological disorder including; stereotyped
and repetitive movements, epilepsy, spasticity, hypoactivity, and early death (153-155).
Human MECP2 duplications were initially identified in a young female with atypical
RTT and a young male with severe mental retardation and RTT features; since then,
several MECP2 duplications have been reported in the past few years, mostly in males
(156, 157). Males with this disorder present clinical features such as infantile hypotonia,
severe to profound mental retardation, poor speech development, recurrent infections,
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epilepsy, and progressive spasticity (158, 159). The incidence of MECP2 duplication
disorder is estimated to be 1% of unexplained X-linked diseases and most of the reported
cases are inherited (160). However, de novo cases have also been documented (161).
There is considerable clinical overlap in patients with classic RTT and MECP2
duplication disorder specifically in behavioral phenotypes such as stereotypic hand/body
movements, anxiety, and social avoidance (162). Like RTT, some patients with MECP2
duplication disorder also experience developmental regression that manifest as loss of
purposeful hand use, speech, self-help skills, and ambulation. However, none has been
reported to show normal development prior to regression (163). In contrast to RTT,
immunodeficiency is observed in patients with MECP2 duplication disorder, however it
remains unclear if this phenotype occurs due to secondary effects from increased dosage
of

MeCP2 protein (164). Approximately 40% of males with MECP2 duplication

reported so far have died before their 25th birthday, usually from respiratory infections
(165).
Future research will help to determine genotype-phenotype correlation due to increased
dosage of MeCP2 in different parts of the brain, and also elucidate the mechanisms
through which duplication and loss of MECP2 results in overlapping and distinct
phenotypes.
1.7.3 MECP2 mutations in other neuropsychiatric disorders
MECP2 mutations are not synonymous with RTT and are associated with several other
neuropsychiatric disorders (28).
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MECP2 mutations that cause RTT in females, present as severe neonatal encephalopathy
(SNE) in males with a normal karyotype. Severe neonatal encephalopathy is a disorder
characterized by a static encephalopathy, severe developmental delays and respiratory
abnormalities and often results in death at an early age. The mutations are usually
inherited from mothers with favorable XCI skewing that display mild/no RTT symptoms.
Males with SNE are identified (28) due to female siblings that have RTT (166-168).
X-linked mental retardation (XLMR) is a genetic disorder arising from mutations or
duplication of genes across the X chromosome, including MECP2. MECP2 point
mutations have been identified in up to 2% of individuals with XLMR and duplications
of the gene are also implicated in approximately 1% to 2% of XLMR cases (160, 169).
MECP2 mutations that cause RTT or severe neonatal encephalopathy are not identified in
XLMR patients and vice versa (160, 168). In addition, the molecular lesion underlying
MECP2 duplications that result in XLMR are different from those observed in MECP2
duplication syndrome (170). Males with XLMR show phenotypes such as severe
intellectual disability, speech impairment, and motor abnormalities whereas females
display mild intellectual disability or are unaffected (160).
Autism and Rett Syndrome belong to a spectrum of autism disorders classified as
pervasive developmental disorders or Autism Spectrum Disorders (ASD). Other ASD
include Asperger syndrome and childhood disintegrative disorder. These disorders are
characterized by social deficits, communication difficulties, stereotyped or repetitive
behaviors and interests, and cognitive delays. Autism spectrum disorders undertake a
developmental course characterized by normal or near-normal development accompanied
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by regression in the first 2-3 years. Regression includes loss of social, communication
and cognitive skills (171).
Although autism and Rett Syndrome are similar developmental disorders, they differ with
respect to their genetic basis. While RTT is caused by mutations in MECP2, the genetic
basis of autism is unclear and proposed to involve multiple genes (172). Mutations in
MECP2 regulatory elements (resulting in decreased expression of the protein) are
commonly associated with autism (173). Reduced expression of MeCP2 protein has been
shown to occur frequently in the frontal cortex of autistic individuals and is correlated
with increased MECP2 promoter methylation (174). Furthermore, MECP2 mutations that
cause classic RTT have been identified in a number of autistic females who do not meet
the diagnostic criteria for RTT (172). The phenotypic overlap and phenotypic variability
between RTT and autism makes it difficult to determine if a MECP2 mutation diagnosed
as autism is a different disorder from RTT, or if both disorders are simply different
representations on a spectrum associated with MECP2 mutations.
MECP2 mutations that cause RTT have also been reported in cases of Angelman
syndrome (AS). AS is primarily caused by mutations or imprinting errors of the UBE3A
gene located on chromosome 15, however approximately 15% of AS cases have no
identified genetic abnormality at this location. Considerable phenotypic overlap exists
between AS and RTT, however they differ with respect to timing of symptom onset. AS
has an earlier onset and patients are characterized with low hypotonicity at birth (175).
MECP2 mutations have also been reported in patients with mild cognitive and motor
difficulties, early-onset schizophrenia and developmental receptive language disorder
(176). Genetic polymorphisms in MECP2 have recently been identified in patients with
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systemic lupus erythematosus (SLE). SLE is a systemic autoimmune disease that affects
multiple organs (177). Partial silencing of MECP2 in human mesenchymal stem cells has
been demonstrated to trigger senescence and increased DNA damage (178). It is not clear
if a similar process occurs in neural stem cells or contributes to the aging process of the
brain.
To conclude this section, these studies reveal how mutations in a single gene give rise,
not only to phenotypic variability in a single disorder (RTT in this case), but also to
genetic heterogeneity. Therefore, it is without doubt that MeCP2 is of critical importance
in the brain.
1.8 Modeling Mecp2 mutations in mice
Several mouse models have been generated to better understand the progression and
neuropathology of Rett Syndrome and other neurological disorders (see Table 1). Since
Mecp2 is an X-linked gene, female mice are ideal models to elucidate the complete
spectrum of behavioral abnormalities upon loss of Mecp2. However, the majority of
studies have focused on the loss of Mecp2 in male mice due to large phenotypic
variability that occurs as a result of non-random X chromosome inactivation in female
mice.
1.8.1 Mecp2 null mouse models
Using the Cre recombinase-loxP system, Adrian Bird and colleagues generated Mecp2
knockout mice with deletions spanning exons 3 and 4 of the gene (Mecp2tm.1.1bird) (60).
This mouse model, also known as the Bird stain, is different from previously generated
mouse models as they were not embryonic lethal (previous mouse models with germline
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deletion of all exons resulted in embryonic lethality) (179). Another strain of Mecp2
knockout mice was generated by removal of exon 3 and part of exon 4 (encoding the
MBD) and the introduction of a non-functional splice site at the 5’ end of the TRD which
prevented transcription of the TRD, CTD and the 3’UTR (Mecp2tm1.Tam) (180).
Mecp2 null male mice appear normal until approximately 3 to 4 weeks of life at which
time they begin to exhibit behavioral phenotypes such as unusual gait, hindlimb clasping,
seizures, tremors, anxiety, learning and memory deficits and irregular breathing (60, 180,
181). Brain neuropathology observed in Mecp2 knockout mice is similar to that observed
in RTT individuals. These mice have smaller densely packed neurons, reduced dendritic
spine density, deficits in axonal fasciculation and reduced number of mature synapses. It
is noteworthy that the consequences of Mecp2 deletion varies across brain regions.
Mecp2 knockout mice die at approximately 10 weeks of life (60, 180).
1.8.2 Mecp2 mutant mice
Mecp2 mutant mice differ from “knockout” or “null” mice as they express a
truncated/mutant MeCP2 protein (59). One such mutant mice is the Jaenisch strain,
generated by deletion of exon 3 of the Mecp2 gene (which encodes part of the MBD)
(Mecp2tm1.1jae). The Jaenisch strain expresses a MeCP2 protein that lacks the MBD but
has an intact C-terminus. Jaenisch mice display behavioral phenotypes similar to the
Mecp2 knockout mice although the phenotype is slightly milder and the lifespan is longer
(12 weeks) (155).
Another Mecp2 mutant mouse model was generated as a result of the introduction of a
premature STOP codon in the mouse Mecp2 gene. These mice express a protein truncated
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at amino-acid 308 with the MBD and a portion of the TRD still intact (Mecp2308). It is
assumed that the truncated MeCP2 protein produced in these mice has residual unknown
function. Mecp2308 mice appear normal until approximately 6 weeks of life when they
develop similar but milder neurological phenotype as Mecp2 knockout mice (182). The
milder neurological phenotype observed in Mecp2308 mice compared to other mouse
models reinforces the critical role of the MBD domain to MeCP2 function. Mutation of
this domain in other models resulted in a more severe phenotype and death at an earlier
age.
1.8.3 Mecp2 conditional-mutant mice
The Cre/loxP system has also been used to generate the following cell and region-specific
conditional knock out or mutant mice.
Brain-specific deletion of Mecp2 in neural precursor cells, beginning at embryonic day
12 (Nestin-cre line), results in mice that display phenotypes similar to Mecp2 knockout
mice (59, 60). This suggests that MeCP2 dysfunction in the CNS is sufficient to cause
phenotypes observed in Rett Syndrome.
Selective loss of Mecp2 in postmitotic forebrain neurons after post natal day 20 (CamkIIcre line) results in mice that display milder behavioral phenotype with a delayed onset
compared to Mecp2 knock out, mutant, or Nestin-cre mice (183). Histological analyses
also revealed smaller neuronal soma in the cortex and hippocampus, but not in the
cerebellum. This suggests that MeCP2 is important for mature neuronal function.
Locomotor activity and fear-conditioning were not affected in these mice, thus
eliminating the forebrain as a contributor to these phenotypes.
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Selective loss of Mecp2 in hypothalamic and amygdala neurons (during embryonic
development and after birth (Sim1-cre line), results in mice that display a similar
abnormal physiological stress response as that observed in brain-specific conditional
mice. These mice were also obese and aggressive, suggesting a role for MeCP2 in
regulating social and feeding behaviors (184).
Loss of Mecp2 in the brainstem neurons (TH-cre line) significantly affects locomotor
activity, with no effect on social interaction, breathing patterns, learning and memory
(185, 186). This implicates the brainstem as the region possibly contributing to the
stereotyped movements and gait abnormalities observed in RTT mouse models and
patients.
Viral-mediated Mecp2 deletion in amygdala neurons results in elevated anxiety-like
behavior and impaired fear conditioning, with no effects on locomotion, breathing
patterns, learning and memory (187). This implicates the amygdala as the region possibly
contributing to these phenotypes observed in RTT mice models and individuals.
1.8.4 Mice overexpressing MECP2
Mice overexpressing human MECP2 at approximately twice the endogenous levels
exhibit delayed neurological symptoms at approximately 10 weeks. These symptoms
include enhanced motor learning and synaptic plasticity in the hippocampus. However at
20 weeks, these mice develop seizures and become hypoactive and the majority of them
die by approximately 1 year of age (153). Increased MeCP2 expression in other
transgenic lines also results in motor dysfunction and neurological symptoms (188).
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These transgenic mice mimic MECP2 duplication syndrome that is observed in humans,
and reinforces the notion of a critical requirement for precise dosage of MeCP2 protein.
1.8.5 MECP2 knock-in mice carrying Rett Syndrome associated mutations
Mouse models carrying RTT-associated mutations have also been generated. R168X
mice (Mecp2R168X) carry a premature STOP codon in position 168 and produce a
truncated MeCP2 protein that contains an intact MBD but lacks the TRD, CTD and
nuclear localization signal. These mice display neurological phenotypes such as hind
limb clasping and breathing irregularities similar to other mouse models (189). The other
knock in mouse model is the A140V MeCP2 mutant mice (Mecp2A140V). The A140V
mutation has also been described in cases of X-linked mental retardation and manic
depressive behaviors. A140V mutant mice produce a mutant MeCP2 protein that lacks
the ability to bind to Alpha thalassemia/mental retardation syndrome X-linked protein
ATRX. These mice have an apparently normal life span, and lack seizures, tremors, and
breathing irregularities observed in other mouse models, however they display increased
cell packing and reduced dendrite branching observed in autopsy brains from RTT
individuals (190).
Other

Mecp2

mouse

models

include

phosphorylation

mutants

(Mecp2S421A,

Mecp2S421A;S424A, Mecp2S80A) and Mecp2 hypomorphs. These mice exhibit neurological
phenotypes such as increased dendrite branching (Mecp2S421A) (191), enhanced spatial
memory and synaptogenesis (Mecp2S421A;S424A) (192), reduced locomotor activity
(Mecp2S80A) (193) and RTT-like symptoms (Mecp2 hypomorphs) (194).
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1.8.6 Cellular models of Mecp2 deficiency
Loss of Mecp2 from cultured neuronal cell populations obtained from embryonic or
postnatal Mecp2-deficient mice also reveal biochemical and morphological abnormalities
similar to Mecp2 null animals (184, 186, 195). Studies have also revealed putative roles
of MeCP2 in astrocytes and microglia despite the low levels of MeCP2 in these cell
types. Mecp2-deficient astrocytes and microglia have been demonstrated to produce
aberrant levels of soluble factors such as glutamate that inhibit dendrite branching from
co-cultured neurons in vitro (69, 196, 197). In addition, loss of Mecp2 from astrocytes
has also been demonstrated to affect astrocytic gap junction function, thereby resulting in
their failure to adequately support dendritic development (69).
Evidence from mouse and cellular models indicate that the role of MeCP2 in the brain is
very complex and its function varies in different brain regions and within sub-cellular
populations. In addition, expression of MeCP2 at correct levels in all brain-cell types is
critical for normal brain function. An interesting conclusion that can be drawn from
studying these mouse models is that one begins to understand how different brain regions
contribute to the manifestations of Mecp2 loss. Mecp2 mouse models are also useful to
test potential therapeutic approaches as they recapitulate the majority of clinical and
behavioral features observed in individuals with aberrant levels and/or function of
MeCP2.
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Name/type

Targeted Cells

Phenotype

References

Nestin-cKO

Neurons and glia
(from
embryonic stages)

As Mecp2-null except breathing
phenotype

(59, 60)

CamKII-cKO

Forebrain neurons
(postnatally)

Normal life-span
Impaired motor coordination,
increased
anxiety, abnormal social behavior

Sim1-cKO

Neurons in regions
of the
hypothalamus;
lateral
olfactory tract
(amygdala)

Normal life-span
Abnormal stress response,
hyperphagia,
stranger aggression

TH-cKO

Dopaminergic and
noradrenergic
neurons

Pet1-cKO

Serotonergic
neurons

Viaat-cKO

GABAergic neurons

Dlx5/6-cKO

Forebrain
GABAergic
neurons

Tau-MECP2rescue

Neurons

Human MECP2
BAC

All MeCP2expressing
cells

Normal life span and mild phenotype
(hypoactivity)
Reduced DA and NA concentration
via
reduced expression of TH
Normal life-span
Increased aggression, hyperactivity
Reduced 5-HT concentration
Symptom onset at 5 weeks
Reduced life span ( 50% survival at
26 weeks)
Similar phenotypes to null plus
overgrooming/self-mutilation
phenotype
Normal life-span
Impaired motor coordination
MECP2 knock-in rescues Mecp2-null
phenotype
Neurological phenotype owing to
overexpression on WT background
Rescues Mecp2-null phenotype
Neurological phenotype owing to
overexpression on Mecp2 WT
background

(59, 183)

(184)

(186)

(186)

(195)

(195)

(188)

(153)

Table 1: Mouse models of MeCP2 dysfunction. Mice are useful tools to study MeCP2
function as they recapitulate many aspects of behavioral phenotypes associated with loss
or overexpression of MeCP2. Table adapted from (198).
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1.9 Mammalian brain development and the role of different brain regions
MeCP2 expression studies in mice have revealed that protein expression closely follows
neuronal maturation; maximum levels occur when neurons become fully mature (58,
199). Therefore, it is important to provide an overview of the trajectory of mammalian
brain development in order to gain insight into the possible time periods when the brain is
most vulnerable to Mecp2 dysfunction.
Mammalian brain development is a complex process that is tightly regulated in many
stages. Brain development is generally characterized by proliferative, maturation and
regressive events at each stage of development (66). Each brain region has a unique
ontogeny, thus the degree and time that developmental milestones are attained varies for
each region. The overproduction and elimination of neurons, synapses and receptors are
the fundamental mechanisms by which the brain achieves fine structure (66). In mice,
neurons develop prenatally then proliferate, migrate and attain full maturation at their
final destination. Several growth factors influence the migration and maturation of
neurons at different stages of development (66, 200). At birth, the mouse brain is fully
developed and mature in contrast to humans where brain development is a more
protracted process, and continues for an extended period of time postnatally (66).
Key events during brain development include competitive neuronal elimination, synapse
formation and synapse elimination. Synaptogenesis parallels neuronal maturation and
starts before birth in mice with most of the synapses being formed by P21 (201-203). The
timing of synaptogenesis differs throughout the brain and usually parallels the functional
development and maturation of different neuronal subtypes in different parts of the brain
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(66). For example, synapse formation peaks by the first postnatal week in the rat cortex
(65, 204), while in the hippocampus the highest rate of synaptogenesis occurs between
postnatal day (P) P4 and P11 and is completed by postnatal day 25 (65). Synaptogenesis
in the cerebellum also parallels maturation of the different cerebellar cell types, with
Purkinje cells forming the first synapses shortly after birth, while granule cells begin to
form synapses at P15 and continues until P30 (65, 205, 206).
Competitive neuronal elimination and synaptic elimination are non-pathological
processes that play important roles in establishing complex and precise networks during
brain development (66, 207, 208). Like synapse production, the timing of synapse
elimination also differs across different regions of the brain (66). For example, in the rat
cerebellum, elimination of climbing fiber synapses occurs during the second postnatal
week (66, 209). These processes occur throughout the life span and act continuously to
remodel the mammalian brain, thereby allowing for precise motor and cognitive activity.
1.9.1 Role of different brain regions
The observed phenotypes in RTT patients and mouse models of MeCP2 dysfunction
speaks to the function(s) of MeCP2 in many brain regions. An outline of the functions of
different parts of the central nervous system allows one to examine and appreciate the
diversity of MeCP2.
There are three major divisions of the brain; the forebrain, midbrain and hind brain. The
forebrain is further sub-divided into the diencephalon and telencephalon while the
hindbrain is divided into the myencephalon and metencephalon. The diencephalon
contains structures such as the thalamus and hypothalamus, and the telencephalon
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contains structures such as the cortex. Parts of the diencephalon and telencephalon
comprise the limbic system. The limbic system is made up of the hippocampus,
amygdala, thalamus and hypothalamus. The midbrain and the parts of the hindbrain make
up the brainstem. The brainstem comprises primarily of the pons, medulla and midbrain.
Telencephalon: The telencephalon consists of structures such as the cerebral cortex and
olfactory bulb (OB). The cerebral cortex is part of the telencephalon involved in higher
cognitive functions such as reasoning, planning, movement and visual processing. The
olfactory bulb is located within the limbic region of the telencephalon. It is the major
brain structure in many vertebrates but is reduced in primates. It is mainly involved in
smell and processes olfactory sensory signals to the cortex.
Diencephalon: The diencephalon is important in motor function and homeostasis. It
consists of structures such as the hypothalamus and thalamus. The thalamus is part of the
limbic system and is involved in sensory perception and movement. Almost all sensory
information (with the exception of olfaction) synapse at the thalamus before being
relayed to the overlying cortex. The hypothalamus plays important roles in maintaining
homeostasis, circadian rhythm and control of the autonomic nervous system.
Hippocampus: This limbic system structure is involved in the formation, organization and
storage of new memories. It is also involved in spatial organization and connects
emotions and senses, such as smell and sound, to memories.
Amygdala: The amygdala is involved in the processing of responses associated with
emotions such as fear, anger and pleasure. It is also responsible for determining the
location and types of memories that are stored in the brain.
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Midbrain: The midbrain forms part of the brain stem and is important in functions such as
vision, hearing, eye movement, and body movement.
Metencephalon: The metencephalon comprises structures such as the pons and
cerebellum. The cerebellum is part of the hindbrain that controls motor movement
coordination, balance and muscle tone.
Myencephalon: The structure is made up of the medulla oblongata. The medulla
oblongata controls autonomic functions such as breathing, digestion, heart and blood
vessel function, swallowing and sneezing.
For a full description of the described brain regions please refer to (210).
As mentioned previously, the expression profiles of MeCP2 in the developing brain are
region- and cell type- specific and have been demonstrated to track neuronal maturation
and synaptogenesis. Within each brain region, the gradient of MeCP2 protein is highest
during the peak of synaptogenesis, which suggests the importance of MeCP2 in synapse
formation, function and homeostasis (58, 199).
In summary, understanding the process of brain development and the function of
different brain regions allows one to better understand how MeCP2 expression correlates
with these events and also gain insight into how MeCP2 dysfunction contributes to the
abnormalities and cellular deficits associated with different parts of the brain.
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Functions of different
parts of the brain

Olfactory bulb

Cerebral cortex

Thalamus

Hypothalamus

Hippocampus

Amygdala

Brainstem

Cerebellum

Part of the forebrain (telencephalon). It
is the major brain structure in many
vertebrates, but is reduced in primates.
It is mainly involved in smell and
processing olfactory signals to the
cortex.
Part of the forebrain (telencephalon). It
is Involved in higher cognitive
functions such as reasoning and visual
processing.
Part of the forebrain (diencephalon) and
limbic system. It is mainly involved in
sensory perception and movement.
Part of the forebrain (diencephalon) and
limbic system. It is mainly involved in
homeostasis and control of the
autonomic nervous system.
Part of the limbic system. It is involved
in spatial organization and connection
emotions to memories.
Part of the limbic system. It is involved
in processing of memory information
associated with emotions as well as
storage of memories in the brain.
Consists of Medulla oblongata, Pons
and Midbrain. It is involved in the
control of autonomic functions such as
breathing, digestion, heart rate and
other functions including; hearing , eye
and body movement.
Part of the hindbrain. It is involved in
the control of co-ordination, muscle
tone and some cognitive functions such
as attention and language.

MeCP2 dysfunction
Not characterized, however,
olfactory biopsies of young
females with Rett Syndrome
show persistence of neurons in
an immature state and
abnormal synaptic morphology
(143)
Impaired motor coordination,
abnormal social behavior
(198)
Disrupted sleep pattern,
seizures (211, 212)
Abnormal stress response
(184, 198)
Impaired cognitive abilities
(learning and memory) (198)

Increased anxiety (184, 198)

Impaired locomotion,
breathing abnormalities (148).

Altered gait, apraxia, atrophy
(140, 211)

Table 2: Divisions of the brain and functions of different brain regions including
phenotypes observed upon MeCP2 dysfunction.
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1.10 Rationale
The majority of research that has focused on understanding the role of MeCP2 in the
central nervous system has revealed many aspects of its diverse and complex functions.
To summarize from previous sections, the properties of MeCP2 include i) its unique
conformation which confers versatility to its function ii) the requirement for dosage and
location for its function, and iii) the importance of this protein, to varying extents, in
different parts of the brain which underscores its role in multiple neurological disorders.
Despite the knowledge acquired through the studies cited in this article, the question still
remains as to how one protein could mediate so many functions in the central nervous
system and there is no consensus yet as to the underlying mechanisms. It is noteworthy
that most of these studies have focused on MeCP2 as a whole protein without
distinguishing MeCP2E1 from MeCP2E2. The lack of MeCP2 isoform-specific studies
has likely clouded our understanding of MeCP2 function in normal and diseased states.
Currently, very little is known about the expression, regulation and function of the two
MeCP2 isoforms or how they contribute to the different disease phenotypes associated
with MeCP2 dysfunction. Evidence from previous research suggests that a better
understanding of MeCP2 can be gained if it is studied at the level of its isoforms. It has
been demonstrated that Mecp2 isoforms have distinct structural and biochemical
properties, they exhibit temporal and regional-specific differences in the transcript
distribution, and the levels as well as the location of their expression are fundamental to
their overall activity in brain function. The results from these studies suggest that both
MeCP2 isoforms have different functional roles in the central nervous system and this

52

might explain confounding results with regard to multiple functions attributed to the
protein.
Therefore, a major limitation to the complete understanding of MeCP2 is the mode of
approach used to study this protein. Rather than study MeCP2 as a single protein, a better
approach would be to separate it into constituent isoforms and explore the individual
isoforms, separately. This approach is guaranteed to provide more insight into the
functional and physiological significance of MeCP2 in the central nervous system. To
further explore the role of MeCP2 isoforms, basic fundamental questions such as their
distribution and the regulatory mechanisms controlling their expression needs to be
addressed.
Comparative analysis of the distribution of MeCP2 isoforms in the CNS is currently
limited to transcript levels, which were determined by methods that are not fully
quantitative. Given that mRNA levels are not always predictive of protein levels due to
post-transcriptional regulation, it is important to study the distribution of MeCP2
isoforms at the protein levels. To this end, we have generated and validated novel antiMeCP2E1 and anti-MeCP2E2 antibodies. Our custom antibodies allow us to characterize
the expression levels and localization of MeCP2 isoforms in the CNS. An understanding
of how MeCP2 isoforms are distributed is the first fundamental step towards further
exploration of the roles of MeCP2 isoforms in the central nervous system.
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1.11 Hypothesis
MeCP2 isoform-specific protein expression profile may reveal differential distribution of
MeCP2 isoforms during murine brain development and in the adult murine brain due to
post-transcriptional regulatory mechanisms that may occur.
1.12 Objectives
1. To characterize the distribution and relative abundance of MeCP2 protein isoforms and
mRNA transcripts in the adult mouse brain.
2. To characterize the distribution and relative abundance of MeCP2 protein isoforms and
mRNA transcripts during mouse brain development.
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Chapter 2: Materials and Methods
2.1 MeCP2 isoform-specific antibodies
MeCP2E1 and MeCP2E2 differ only in their N-terminal region (Fig. 5). In order to study
MeCP2 isoforms at the protein levels, antibodies specific to each MeCP2 isoform were
developed in our lab. In this regard, peptide sequences differentiating MeCP2 isoforms at
the N-terminus were selected as epitopes for antibody generation. The generation of
MeCP2E1-specific antibody has been described in our recently published manuscript
(70). The generation of MeCP2E2-specific antibody is part of a manuscript in preparation
(Olson, Zachariah, Ezeonwuka et al., in preparation).
2.2 Animals
Animal experiments were conducted in accordance with the standards of the Canadian
Council on Animal Care with the approval of the Office of Research Ethics of the
University of Manitoba. All experiments conducted with mice were in accordance with
animal experimentation guidelines (University of Manitoba). C57/Black 6 mice were
used in this study.
2.3 Total protein extract preparations from mouse tissues
Total protein lysates from mouse tissues were prepared as described (213-215). Whole
cell lysis buffer (1M Tris pH 7.4, 1M NaCl, 100 mM EDTA (pH 8.0), 100 mM DTT,
10% NP-40, 100% glycerol, 100 mM MgCl2, Roche Complete Cocktail protease inhibitor
(1X) was used for protein extraction. Protein concentration was determined by the
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Bradford assay using the Biorad Protein Assay reagent and the SpectraMax M2e 96-well
plate spectrophotometer (Molecular devices) with soft-max Pro v5.3 analysis software.
2.4 Nuclear extracts from mouse tissues
Nuclear extract preparations from mice whole brains and brain regions (C57/Black 6)
were performed using the Nuclear and Cytoplasmic Extraction reagent (NE-PER)
(Thermo Fisher Scientific product number 78833) kit, with slight modifications to the
protocol. The kit contents include: cytoplasmic extraction reagent 1 (CER-1),
cytoplasmic extraction reagent 2 (CER-2), and a nuclear extraction reagent (NER) and
allows for a controlled separation of nuclear and cytoplasmic contents. The first two
reagents (CER-1 and CER-2) enable cell membrane disruption and release of cytoplasmic
contents, while the third reagent (NER) allows for nuclear lysis upon recovery from the
cytoplasmic extract. Protease inhibitors were added to CER-1 and NER before use.
Protein concentration (obtained after extraction) was determined by the Bradford assay,
using the Biorad Protein Assay reagent and the SpectraMax M2e 96-well plate
spectrophotometer (Molecular devices) with soft-max Pro v5.3 analysis software.
2.5 SDS-Polyacrylamide gel electrophoresis (PAGE)
Proteins were separated on polyacrylamide gels based on their molecular size as
described (216, 217). For gel preparation, 4% stacking gel (0.125M Tris-HCL (pH 6.8),
0.1% SDS, 0.05% ammonium-persulfate, 0.001% TEMED) and 10% separating gel
(0.375M Tris-HCL (pH 8.8), 0.1% SDS, 0.1% ammonium-persulfate, 0.0004% TEMED)
were assembled in a Bio-rad Mini protean 3 apparatus. Ammonium persulfate and
TEMED were used for polymerization of gel layers. Prior to loading, samples were
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boiled for 5 minutes in loading buffer (50 mM Tris-HCL pH 8.0, 2%SDS, 10% glycerol,
1% β-Mercaptoethanol, 12.5 mM EDTA and 0.02% bromophenol blue). This is done to
denature proteins by applying a negative charge to each protein in proportion to its mass.
Samples are boiled to further promote protein denaturation thereby helping SDS to bind.
Electrophoresis was performed at 200V (at 4°C) in electrophoresis running buffer (25
mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3).
2.6 Western blotting
Western blot was performed as described (70, 215, 218). Prior to western blot, wet
transfer of proteins to nitrocellulose membrane was carried out. For transfer purposes, a
transfer sandwich was assembled in the following order: scrub pad, 2 layers of whatman
filter paper, gel, nitrocellulose membrane, two layers of filter paper and scrub pad. The
components of the transfer sandwich were pre-soaked in transfer buffer (192 mM
glycine, 25 mM Tris, 0.05% SDS, 20% methanol) prior to assembly. After assembly,
transfer was done in a transfer chamber (containing transfer buffer and cooling pack) at
100V for 1 h at room temperature.
For immunodetection, membranes were pre-blocked in 3% milk/TBS-Tween20 (0.2%)
for 2 hours at room temperature and primary antibodies were applied in 3% milk/TBSTween20 (0.2%). The primary antibody was incubated overnight at 4°C. The next day the
primary antibody was removed and three consecutive 20 min washes were done in TBSTween20 (0.2%). After the washes, the membrane was subsequently incubated in a
blocking solution containing horseradish peroxidase (HRP) conjugated secondary
antibodies for 1 h at room temperature in 0.2% milk/TBS-Tweeen20. This was followed
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by 3 consecutive 20 min washes in TBS-Tween20 (0.2%). Development of the membrane
was

performed

for

5

minutes

using

freshly prepared

Immobilon

Western

Chemiluminescent HRP Substrate solution (Millipore™) containing luminol and
peroxide (ECL solution). The antibody- antigen complexes (Ab-Ag) were captured on
film and quantification of protein bands was performed using Adobe Photoshop CS5
software. All bands were normalized to ACTIN signals. Primary and secondary
antibodies used for Western blot including concentrations are listed (in Table 3).
2.7 RNA extraction and cDNA synthesis.
RNA extraction and cDNA synthesis were performed as described (214, 219, 220). Total
RNA was extracted from mouse whole brains at different ages, and from different brain
regions of adult mice (4-6 weeks old). The RNeasy Kit (Qiagen Sciences Maryland) was
used for RNA extraction according to the manufacturer’s recommendations. Prior to
extraction, tissues were homogenized using a polytron (Kinematica). RNA concentration
and purity were determined using the 260/280 nm and 260/230 nm ratios respectively, as
determined by a NanodropTM 1000. All RNA utilized for these experiments had a
260/230 nm ratio above 2.0. cDNA synthesis was performed using the Superscript II
First-Strand cDNA synthesis kit (Invitrogen Carlsbland CA). Typically, 400-500ng of
RNA was synthesized to cDNA in a total volume of 20µl. Purified RNA was first
incubated with random primers (Promega, USA), and dNTP’s for 5min at 65 degrees.
The RNA was subsequently snap cooled on ice for 1 min and 7µl of master mix (5x First
strand buffer, 0.1M DTT, RNaseOUT, Superscript III RT) was added. Reactions were
incubated at room temperature for 5 minutes and further incubated at 50°C for 60 min
and at 70°C for 15 minutes. Synthesized cDNA was stored at -20°C till use.
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2.8 Quantitative Real-time Polymerase chain reaction (qRT-PCR)
Quantitative Real-time PCR was performed as described (214, 219, 220). Real-time PCR
was performed in 96 well plates (Applied Biosystems, USA) in an Applied Biosystems
(ABI) 7500 Real-time PCR machine. The primer sequences used are listed in table 4. For
all experiments, the PCR reactions were performed in a final volume of 10µl and 20ng of
cDNA was added as template. The standardized cycling program used for each reaction is
as follows (holding stage at: 95ºC for 3 min, cycling stage: 35 cycles of 1 min at 95ºC,
30s at 60ºC, 45s at 72ºC, followed by another holding stage at: 72ºC for 10min). Gapdh
was used as an endogenous control. The target genes and the endogenous control were
run in separate wells and a negative control/No template control (NTC) (excluding
template) was included for each experiment. For each sample of interest, the threshold
cycle values (ΔCt) were obtained after normalization to the internal control. This is
calculated as the threshold cycle value (ΔCt) for the gene of interest minus the threshold
cycle value (ΔCt) for Gapdh (ΔCtsample - ΔCtGapdh). The final the threshold cycle values
used for quantification was calculated as the negative logarithm of the relative threshold
cycle values (2-ΔCt). This is known as the 2-ΔΔCt method.
2.9 Statistical analysis
Graphical representations and statistical analyses were performed using Graph pad prism
version 6 software. The statistical methods employed were: one-way analysis of variance
(one-way ANOVA), two-way analysis of variance (two-way ANOVA) and Pearson
bivariate correlation analysis.
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One-way ANOVA: One way ANOVA was performed to evaluate statistically significant
mean differences among the brain regions and different-aged mice for individual MeCP2
protein isoforms and mRNA transcripts separately. Student-Neuman-Keuls post hoc
multiple comparison analysis was performed to determine if the means of the specific
regions/ages differed significantly from each other. Three independent animals were used
for statistical analysis. For each analysis, the software determined the significance level at
P<0.05 (*), P<0.01 (**), P<0.001 (***), and P<0.0001(****).
Two-way ANOVA: Two-way ANOVA was performed to evaluate statistically
significant mean differences between MeCP2E1 and MeCP2E2 protein and mRNA
transcripts (for each region and time point analyzed). Student-Neuman-Keuls post hoc
multiple comparison analysis was performed to determine which means of the specific
regions/ages differed significantly from each other. Three independent animals were used
for statistical analysis. For each analysis, software determined significance level at P <
0.05 (*), P < 0.01 (**), P < 0.001 (***), and P < 0.0001(****).
Pearson bivariate and linear regression analysis: Pearson bivariate analysis was
performed to evaluate the correlation between MeCP2 isoform protein and mRNA
transcripts. The Pearson correlation co-efficient (r) measures the strength and
significance of the relationship between MeCP2 protein isoforms and mRNA transcripts.
Simple linear regression was performed to evaluate the percentage of the variation at the
level of protein that is explained by the mRNA transcript levels for each MeCP2 isoform.
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Antibody

Application

Description

Source

MeCP2

WB (1:1000)

Mouse
monoclonal

Abcam (70)

MeCP2E1

WB (1:200)

Chicken
polyclonal

Custom-made (70)

MeCP2E2

WB (1:100)

Chicken
polyclonal

Custom-made (in preparation)

Histone H3

WB (1:1000)

Rabbit
Polyclonal

Abcam

GAPDH

WB (1:1500)

Rabbit
polyclonal

Santa Cruz Biotechnology Inc
(215)

Beta-Actin

WB (1:2500)

Mouse
monoclonal

Sigma Aldrich (215)

c-MYC

WB (1:1500)

Rabbit
polyclonal

Santa Cruz (70)

WB (1:7500)

Peroxidaseconjugated

Jackson ImmunoResearch
Laboratories, Inc. West Grove
PA.

Donkey anti-Rabbit
IgG

WB (1:7500)

Peroxidaseconjugated

Jackson ImmunoResearch
Laboratories, Inc. West Grove
PA.

Goat anti-chicken
IgG

WB (1:5000)

Peroxidaseconjugated

Jackson ImmunoResearch
Laboratories, Inc. West Grove
PA.

Secondary
antibodies
Sheep anti-mouse
IgG

Table 3: Primary and secondary antibodies used in the study.
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Gene

Direction
Forward

Sequence

Reference

5'- GGT AAA ACC CGT CCG GAA AAT G -3'

Total Mecp2

(24)

Reverse

5'- TTC AGT GGC TTG TCT CTG AG -3'

Forward

5'- AGG AGA GAC TGG AGG AAA AGT -3'

Reverse

5'- CTT AAA CTT CAG TGG CTT GTC TCT G -3'

Forward

5'- CTC ACC AGT TCC TGC TTT GAT GT -3'

Reverse

5'- CTT AAA CTT CAG TGG CTT GTC TCT G -3'

Forward

5'- AAC GAC CCC TTC ATT GAC -3'

Mecp2e1
(91)

Mecp2e2

Gapdh

(214, 215)

Reverse

5'- TCC ACG ACA TAC TCA GCA C -3'

Table 4: Primers used in the study for Quantitative Real-time PCR analysis.
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Chapter 3: Results
3.1 Validation of MeCP2 isoform-specific antibodies
Our custom anti- MeCP2E1 and MeCP2E2 antibodies were specific for several
applications including Western blot. Validation of the MeCP2E1 antibody was done
using cell extracts from Phoenix cells transfected with either Retro-EF1α-E1 or RetroEF1α-E2 (68) in parallel with non-transfected control cells, as described in our recently
published article (70). Our custom anti- MeCP2E2 antibody has also been validated using
the same strategy as MeCP2E1, and will be part of a future thesis. All Western blot
analyses using anti-MeCP2E1 and anti-MeCP2E2 antibodies to detect endogenous
protein yielded a specific band at the expected molecular weight, which is slightly higher
than 72 kDa (Figure 6 A-C).
3.2 MeCP2 isoform-specific expression in the adult murine brain
It is currently not known whether neurological dysfunctions are mediated by aberrant
MeCP2 isoform-specific expression levels or if MeCP2 isoforms have redundant or
different roles in the brain. A recent demonstration that MeCP2 protein levels in different
brain regions correlate with different behavioural impairments in RTT mice (221),
supports the claim that both the expression levels and location of MeCP2 are important
for its function. Previous MeCP2 isoform-specific studies indicated that Mecp2e1
transcript levels are higher than Mecp2e2 in the brain, and therefore implicate MeCP2E1
as the more important isoform for normal brain function (91). Our protein analysis of
MeCP2E1 shows confirms that protein levels are also hi in the adult murine brain (70).
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A

B

C

C

Figure 6: Validation of MeCP2 isoform-specific antibodies. A) Schematics of the
previously reported MECP2E1 and MECP2E2 retroviral vectors that were used to
transfect phoenix cells (68, 70). B) Western blot experiment using cell extracts from nontransfected (NT), MECP2E1 transfected (E1-T) and MeCP2E2 (E2-T) transfected
phoenix cells probed with our custom generated MeCP2E1 antibody. C) Western blot
experiment using cell extracts and probed with our custom generated anti- MeCP2E2
antibody. Anti-MYC labeling was used as positive control and ACTIN was used as
loading control.
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However, a complete and comparative characterization of MeCP2E1 and MeCP2E2 at
both protein and transcript levels has not been determined. An understanding of the
distribution and relative abundance of MeCP2 isoforms is necessary to clarify some of
the conclusions derived from previous studies and to also address fundamental
unanswered questions regarding MeCP2 isoforms such as their protein expression
profiles and relative abundance. To this end, we performed a comparative analysis of
MeCP2 isoform-specific distribution in the adult murine brain and during mouse brain
development, at both mRNA and protein levels.
3.2.1 Optimization of MeCP2 isoform-specific antibodies for endogenous protein
detection
Optimization of a custom antibody for endogenous protein detection can be challenging,
and in our case this had to be overcome prior to performing our comparative analysis. For
the purpose of optimization, whole cell lysates from different mouse brain regions
including olfactory bulb, striatum, cerebral cortex, hippocampus, thalamus, brainstem and
cerebellum (4-6 weeks old mice) and whole brain from different developmental time
points (embryonic day (E), E14 and E18 and postnatal day (P), P1, P7, P21, P28) were
prepared and analyzed by Western blot. Initial experiments pointed to the difficulty in
detecting endogenous MeCP2E1 protein expression. However modifications to i) method
of tissue preparation, ii) homogenization conditions, iii) Western blot running conditions,
iv) milk concentration and v) antibody concentration, resulted in the detection of
endogenous MeCP2E1 protein with our custom MeCP2E1 antibody. Using our custom
MeCP2E1 antibody and a commercial MeCP2 antibody that detects both MeCP2
isoforms (Abcam MeCP2), we were able to demonstrate the expression profile of total
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MeCP2 and MeCP2E1 in whole cell lysates from different brain regions. Quantification
of the data from three independent animals revealed that the highest expression of
MeCP2E1 was in the cerebellum and cortex, which was similar to levels observed for
total MeCP2 (Fig. 7 A-B). The result of this experiment was part of our recently
published article (70). Using our custom anti- MeCP2E1 antibody we were also able to
show the distribution of MeCP2E1 in whole cell lysates from different aged mouse brains
(Fig. 7C). However, similar approach did not produce reproducible results with our
custom anti- MeCP2E2 antibody. Therefore, we were unable to perform a comparative
characterization of the distribution of MeCP2 isoforms at the protein levels by using the
same approach.
Optimization of our custom MeCP2E2 antibody proved to be more difficult than
MeCP2E1. Despite several attempts using the same conditions and modifications
introduced for our custom anti- MeCP2E1 antibody, we were unable to detect
endogenous MeCP2E2 protein expression. This could be due to the following
possibilities: 1) Our custom antibodies did not allow detection of MeCP2E2 by Western
blot or differences between endogenous protein and endogenously expressed MeCP2E2
levels, 2) Protein extraction techniques employed resulted in increased susceptibility of
MeCP2E2 to protein degradation, 3) lower abundance of MeCP2E2 protein in the brain,
as suggested from previous transcript expression studies, which prevented detection with
our reagents. Since validation experiments with cells overexpressing MeCP2E2 using our
custom anti- MeCP2E2 antibody were successful, the first option was eliminated and we
sought to address the 2nd and 3rd options.
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Figure 7: Optimization of MeCP2E1 isoform-specific antibodies for endogenous
protein detection using whole cell lysates. Whole cell lysates from different mouse
brain regions were prepared and analyzed by Western blot. Brain null was included as
negative control in all Western blot experiments and ACTIN was used as a loading
control. A) Quantification of total MeCP2 and B) MeCP2E1 reveals highest expression in
the cortex and cerebellum relative to other brain regions (N = 3±SEM). C) Western blot
using whole cell lysates from different aged mice, and probing with total MeCP2 and
MeCP2E1 antibodies. Endogenous MeCP2E2 could not be detected using whole cell
lysates despite several attempts; hence we switched to nuclear extracts for better
detection of endogenous protein. Data from (A-B) adapted from (70).
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As part of the optimization process, the next option was to obtain a better protocol that
enabled improved detection of MeCP2E2 and MeCP2E1. To this end, we switched from
using whole cell lysates to nuclear extracts. Nuclear extracts from mouse brain regions
were prepared, and the quality of the fractionation was validated prior to performing
further experiments. We confirmed the quality of our nuclear extracts with the use of an
antibody to detect the nuclear protein, histone H3. As expected, histone H3 was detected
only in the nuclear fractions and was absent from cytoplasmic fractions (Fig. 8A).
Using a commercial MeCP2 antibody that recognizes both MeCP2 isoforms, we further
confirmed the quality of our nuclear extracts as total MeCP2 protein was only detected in
the nuclear fractions similar to histone H3 (Figure 8B). We performed similar
experiments with our custom MeCP2E1 antibody and our results showed strong detection
of MeCP2E1 only in the nuclear fractions and no detection of MeCP2E1 in cytoplasmic
fractions (Fig. 8C). In contrast to results obtained with whole cell lysates, our results with
nuclear extracts proved successful for endogenous detection of MeCP2E2 with our
custom MeCP2E2 antibody (Fig. 8D). As expected, MeCP2E2 was detected in the
nuclear fraction of the brain regions analyzed and not in the cytoplasmic fractions. After
successful optimization, we proceeded to address our objectives.
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Figure 8: Validation of nuclear extract quality and optimization of MeCP2
isoform-specific antibodies using nuclear lysates. Nuclear extracts from mouse brain
regions were prepared and the quality of the extracts was validated by Western blot prior
to performing further experiments. A) Western blot with anti-histone H3 antibody
detects nuclear protein histone H3 only in the nuclear fractions and not in the
cytoplasmic fractions. B) Western blot using a commercial anti-MeCP2 antibody shows
detection of total MeCP2 only in the nuclear fractions. C) Similar Western blot
experiment using our custom-generated anti-MeCP2E1 antibody shows strong detection
of MeCP2E1 only in the nuclear fraction. D) Our custom-generated anti- MeCP2E2
antibody successfully detects endogenous MeCP2E2 only in the nuclear fractions in
contrast results when whole cell lysates were employed.
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3.2.2 Expression of Mecp2e1/MeCP2E1 transcripts and protein in the adult murine
brain
Quantitative RT-PCR and Western blot analyses were performed to determine the
distribution and relative abundance of MeCP2E1 protein and mRNA levels in adult
murine brain (4-6 weeks old). For this purpose, nuclear extracts and total RNA from
whole brain and various brain regions were prepared including; olfactory bulb, striatum,
cerebral cortex, hippocampus, thalamus, brainstem and cerebellum. Brain specimens
from null/Mecp2tm1.1Bird y/− mice was included in all experiments as a negative control.
Gapdh and ACTIN were used as loading controls for quantitative RT-PCR and Western
blot, respectively.
Quantitative RT-PCR analysis of Mecp2e1 transcript levels revealed differential
transcript distribution in different brain regions, however no statistically significant
differences in mRNA levels were observed between any of the analyzed regions (Fig.
9A) (Table 5). Using our custom MeCP2E1 antibody, we were able to show by Western
blot that MeCP2E1 levels are relatively uniform in different brain regions. Quantification
of Western blot data from three independent experiments revealed no significant
differences in MeCP2E1 nuclear expression between any of the analyzed regions, similar
to mRNA distribution (Fig. 9B) (Table 5).
Since most of the conclusions in the literature about MeCP2 isoforms are solely based on
transcript levels, we sought to determine how accurate Mecp2 isoform-mRNA levels are
at predicting protein levels; not only would this help to evaluate previous conclusions
regarding MeCP2 isoforms, it would also reinforce the suggestion that studying MeCP2
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isoforms at the protein level would improve our ability to understand isoform-specific
function(s) in the brain. To determine the strength of the relationship between Mecp2e1
mRNA and its protein, we performed a Pearson correlation analysis. Correlation analysis
between MeCP2E1/Mecp2e1, revealed a very strong positive relationship between
MeCP2E1 protein and transcript levels and the association was found to be statistically
significant (r=0.9101) (Fig. 9C). The squared correlation co-efficient (r2) provides
information regarding the percentage of the variation observed at the level of the protein
that is explained by mRNA levels. For MeCP2E1 this value is approximately 84%
(r2=0.9102 = 0.83) (Table 7). Therefore, approximately 84% of the variation observed for
MeCP2E1 protein levels can be explained by the corresponding transcript levels. This
suggests that for MeCP2E1, mRNA levels are good indicators of protein expression.
However, they are insufficient predictors in the absence of methods to determine protein
levels.
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Figure 9: Expression of Mecp2e1/MeCP2E1 transcripts and protein in the adult
murine brain. A) Quantitative RT-PCR was performed using RNA from different
mouse brain regions respectively. For quantification of mRNA levels, threshold cycle
values (ΔCt) were normalized to Gapdh and one-way ANOVA was used to determine
significant differences between brain regions that were analyzed. Mecp2e1 transcripts
are differentially distributed in the adult murine brain, however no significant
differences between brain regions were observed. B) Western blot was performed using
nuclear extracts from different mouse brain regions respectively, for quantification of
MeCP2E1 protein levels, values were normalized to ACTIN. Western blot data shows
relatively uniform MeCP2E1 protein levels in the analyzed brain regions, and further
quantification of data reveals no significant differences in endogenous MeCP2E1
between any brain regions. C) Pearson correlation analysis reveals a strong positive
association between MeCP2E1 protein and transcript, and is statistically significant, r =
0.910, P = 0.007 (***). N = 3±SEM, P<0.001(***).
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3.2.3 Expression of Mecp2e2/MeCP2E2 transcripts and protein in the adult murine
brain
Quantitative RT-PCR Western blot analyses were performed to determine the distribution
and relative abundance of Mecp2e2/MeCP2E2 mRNA and protein in the adult murine
brain (4-6 week old), using nuclear extracts and total RNA from various brain regions
similar to the experiments performed for MeCP2E1.
Quantitative RT-PCR analysis of Mecp2e2 mRNA levels revealed differential transcript
distribution in different brain regions, with significant differences in mRNA levels
observed between cortex and thalamus and cortex and brainstem respectively (Fig. 10A)
(Table 5).

In contrast to MeCP2E1, Western blot analysis using our custom anti-

MeCP2E2 antibody revealed a differential expression profile in different regions of the
brain. MeCP2E2 showed a differential expression pattern in different brain regions with
significantly highest expression levels observed in the olfactory bulb and cerebellum and
lowest expression in the brainstem compared to other brain regions. Quantification of
data also revealed significant mean differences in MeCP2E2 protein levels between brain
regions such as; striatum and thalamus, striatum and cortex, hippocampus and thalamus,
and cortex and hippocampus, respectively (Fig. 10B). Significant mean differences
between other brain regions are indicated (Table 5).
Correlation analysis between MeCP2E2/Mecp2e2, revealed a strong positive relationship
between MeCP2E2 protein and transcript levels and the association was found to be
statistically significant (r = 0.774) (Fig. 10C). Therefore, approximately 59% of the
variation observed for MeCP2E2 protein levels can be explained by mRNA levels (Table
7).
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Figure 10: Expression of Mecp2e2/MeCP2E2 transcripts and protein the adult
murine brain. A) Quantitative RT-PCR was performed using RNA from different mouse
brain regions. For quantification of mRNA levels, threshold cycle values (ΔCt) were
normalized to Gapdh and one-way ANOVA was used to determine significant differences
between brain regions that were analyzed. Mecp2e2 transcripts are differentially
distributed in the adult murine brain; significant differences between brain regions are
indicated. B) Western blot was performed using nuclear extracts from different mouse
brain regions. Western blot data reveals differential distribution of endogenous MeCP2E2
protein in adult murine brain with significantly highest MeCP2E2 expression observed in
the olfactory bulb and cerebellum. C) Correlation analysis reveals strong positive
association between MeCP2E2 protein and transcript and is statistically significant, r =
0.774 P = 0.021(*). N = 3±SEM. Significant mean differences are indicated with
P<0.0001(****), P<0.01(**), or P<0.05(*).
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MeCP2E1

MeCP2E2

Mecp2e1

Mecp2e2

REGION

MD

SIG

P

MD

SIG

P

MD

SIG

P

MD

SIG

P

WB vs. NB

0.9703

****

< 0.0001

0.3291

****

< 0.0001

0.00785

****

< 0.0001

0.002907

*

0.0422

WB vs. OB

-0.07358

ns

0.997

-0.5935

****

< 0.0001

0.001652

ns

0.8598

-0.00198

ns

0.5525

WB vs. STR

-0.08335

ns

0.9804

-0.3884

****

< 0.0001

-0.000085

ns

> 0.9999

-0.0022

ns

0.3449

WB vs. CTX

-0.04608

ns

> 0.9999

-0.1679

ns

0.0638

0.000652

ns

> 0.9999

-0.00397

***

0.001

WB vs. HIPPO

-0.03852

ns

> 0.9999

-0.3517

****

< 0.0001

0.001999

ns

0.5294

-0.00112

ns

0.9993

WB vs. THAL

-0.05912

ns

> 0.9999

-0.0257

ns

> 0.9999

-0.00083

ns

> 0.9999

-0.00084

ns

> 0.9999

WB vs. BS

-0.08505

ns

0.9745

0.1816

*

0.0302

0.001533

ns

0.9312

0.00059

ns

> 0.9999

WB vs. CERE

-0.07208

ns

0.9979

-0.6069

****

< 0.0001

0.001866

ns

0.6671

-0.00212

ns

0.4079

OB vs. STR

-0.00977

ns

> 0.9999

0.2051

**

0.0078

-0.001738

ns

0.7902

-0.00022

ns

> 0.9999

OB vs. CTX

0.0275

ns

> 0.9999

0.4256

****

< 0.0001

-0.001

ns

> 0.9999

-0.00199

ns

0.5356

OB vs. HIPPO

0.03507

ns

> 0.9999

0.2418

***

0.0009

0.00034

ns

> 0.9999

0.000854

ns

> 0.9999

OB vs. THAL

0.01447

ns

> 0.9999

0.5678

****

< 0.0001

-0.002482

ns

0.1596

0.001139

ns

0.9991

OB vs. BS

-0.01147

ns

> 0.9999

0.7751

****

< 0.0001

-0.00011

ns

> 0.9999

0.002566

ns

0.1244

OB vs. CERE

0.0015

ns

> 0.9999

-0.0134

ns

> 0.9999

0.000213

ns

> 0.9999

-0.00015

ns

> 0.9999

STR vs. CTX

0.03727

ns

> 0.9999

0.2205

**

0.0031

0.000737

ns

> 0.9999

-0.00177

ns

0.7573

STR vs. HIPPO

0.04483

ns

> 0.9999

0.0367

ns

> 0.9999

0.002085

ns

0.4441

0.001073

ns

0.9997

STR vs. THAL

0.02423

ns

> 0.9999

0.3627

****

< 0.0001

-0.000744

ns

> 0.9999

0.001358

ns

0.9843

STR vs. BS

-0.0017

ns

> 0.9999

0.57

****

< 0.0001

0.001619

ns

0.8827

0.002785

ns

0.0628

STR vs. CERE

0.01127

ns

> 0.9999

-0.2185

**

0.0035

0.001951

ns

0.5783

7.19E-05

ns

> 0.9999

CTX vs. HIPPO

0.00756

ns

> 0.9999

-0.1838

*

0.0267

0.001347

ns

0.986

0.002847

ns

0.0514

CTX vs. THAL

-0.01303

ns

> 0.9999

0.1422

ns

0.2286

-0.001482

ns

0.9526

0.003132

*

0.0197

CTX vs. BS

-0.03897

ns

> 0.9999

0.3495

****

< 0.0001

0.000881

ns

> 0.9999

0.004559

***

0.0008

CTX vs. CERE

-0.026

ns

> 0.9999

-0.439

****

< 0.0001

0.001214

ns

0.9972

0.001846

ns

0.6871

HIPPO vs. THAL

-0.0206

ns

> 0.9999

0.326

****

< 0.0001

-0.002829

ns

0.0544

0.000285

ns

> 0.9999

HIPPO vs. BS

-0.04653

ns

> 0.9999

0.5333

****

< 0.0001

-0.000465

ns

> 0.9999

0.001713

ns

0.8122

HIPPO vs. CERE

-0.03357

ns

> 0.9999

-0.2552

***

0.0004

-0.000133

ns

> 0.9999

-0.001

ns

> 0.9999

THAL vs. BS

-0.02593

ns

> 0.9999

0.2073

**

0.0069

0.002363

ns

0.2233

0.001427

ns

0.9698

THAL vs. CERE

-0.01297

ns

> 0.9999

-0.5812

****

< 0.0001

0.002696

ns

0.0835

-0.00129

ns

0.9929

BS vs. CERE

0.01297

ns

> 0.9999

-0.7885

****

< 0.0001

0.000332

ns

> 0.9999

-0.00271

ns

0.079

Table 5: Mean differences in the expression of Mecp2/MeCP2 isoforms between brain regions.
Whole Brain (WB), Null Brain (NB), Olfactory Bulb (OB), Striatum (STR), Cortex (CTX),
Hippocampus (HIPPO), Thalamus (THAL), Brainstem (BS), Cerebellum (CERE), versus (vs).
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This suggests that there are possibly other factors contributing to the variation in protein
levels observed for MeCP2E2. Such factors could include post-transcriptional regulatory
mechanisms. Therefore, Mecp2e2 mRNA levels may not be sufficient predictors in the
absence of specific methods to determine MeCP2E2 protein levels.
3.2.4 Relative abundance of MeCP2 isoforms in the adult murine brain
A two-way analysis of variance (ANOVA) was performed to compare the relative
abundance of MeCP2 isoforms. Our results revealed that Mecp2e1 transcript levels are
approximately 5 times higher in the adult murine brain compared to Mecp2e2 (Fig. 11A).
This is in agreement with previous reports that showed highest expression of MECP2E1
in human brain compared to MECP2E2 (91). Quantification of data from other brain
regions revealed significantly higher expression of Mecp2e1 mRNA levels in striatum,
thalamus and brainstem compared to Mecp2e2. Comparative analysis of MeCP2 isoformspecific proteins reveals significantly higher expression of MeCP2E1 in the adult murine
brain and in majority of the regions analyzed, with the exception of the olfactory bulb and
cerebellum where MeCP2E1 and MeCP2E2 levels are relatively equal (Fig. 11B). Our
data suggests that regional-specific mechanisms possibly contribute to MeCP2 isoformspecific protein expression.
3.3 MeCP2 isoform-specific expression during mouse brain development
Studies on the temporal expression of MeCP2 have revealed a complex developmental
regulation of MeCP2 protein expression, with significant variation in MeCP2 protein
levels observed among brain regions and within neuronal subtypes (7, 58, 64, 70).
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Figure 11: Relative abundance of MeCP2 isoforms in the adult murine brain. A)
Mecp2e1 mRNA levels are significantly higher in the adult murine brain compared to
Mecp2e1. B) Comparison of MeCP2 isoform-specific protein levels also reveals
significantly higher MeCP2E1 protein levels in majority of the analyzed brain regions
with the exception of the olfactory bulb and cerebellum; where MeCP2E1 and MeCP2E2
protein levels are relatively equal. Two-way ANOVA and Student-Neuman-Keuls post
hoc multiple comparison analysis was used to determine significant differences between
MeCP2 isoforms in the analyzed brain regions. N = 3±SEM. Significant mean
differences are indicated with P<0.0001(****), P<0.001(***), P<0.01(**), or P<0.05(*).
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The temporal expression profile of MeCP2 has also been demonstrated to track neuronal
maturation in each brain region and dramatic increase in MeCP2 levels observed during
early post-natal mouse brain development coincides with the peak of synaptogenesis (58,
199). These observations suggest a role for MeCP2 in synapse formation, function and
homeostasis. However, the temporal expression pattern of MeCP2 protein isoforms is
currently unknown. This knowledge will prove insightful in elucidating the role of
MeCP2 isoforms during brain development and neuronal maturation. Therefore, we
sought to investigate how MeCP2 protein and mRNA transcripts are dynamically
expressed during mouse development.
3.3.1 Expression of Mecp2e1/MeCP2E1 transcripts and protein during mouse brain
development
To understand the dynamics of Mecp2e1/MeCP2E1 transcript and protein expression
during mouse development, quantitative RT-PCR and Western blot were performed using
total RNA and nuclear extracts from mice at different embryonic and postnatal ages.
Analysis of Mecp2e1 mRNA levels during mouse brain development reveals that mRNA
levels increase well before protein levels, and are significantly higher at the embryonic
ages compared to later postnatal ages. Mecp2e1 mRNA levels are significantly higher at
E18 and P1, and decline to significantly lowest levels observed at P21 and P28 (Fig.
12A). Mean differences in Mecp2e1 mRNA levels are indicated in Table 6. Western blot
data shows that MeCP2E1 protein levels are low at E14 and increase dramatically at
postnatal ages. Quantification of Western blot data reveals a significant increase in
MeCP2E1 expression right before birth between embryonic day E14 and E18.
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Figure 12: Expression of Mecp2e1/MeCP2E1 transcripts and protein during murine
brain development. A) Quantitative RT-PCR was performed to determine the levels of
Mecp2e1 transcripts during murine brain development. Mecp2e1 mRNA levels are
significantly higher at embryonic ages compared to later postnatal ages, and transcript
levels significantly decline as the animal gets older. B) Western Blot was performed to
determine the levels of MeCP2E1 protein during murine brain development. MeCP2E1
protein levels show postnatal increase with significantly highest MeCP2E1 protein levels
observed at postnatal day 7. MeCP2E1 protein levels start to decline after P7. One-way
ANOVA and Student-Neuman-Keuls post hoc multiple comparison analysis was used to
determine significant mean differences in MeCP2E1 protein and transcript levels between
different aged mice. C) Correlation analysis did not reveal any significant relationship
between Mecp2e1/MeCP2E1 transcripts and protein during mouse brain development, r =
0.197, P = 0.318. N = 3±SEM. Significant mean differences between are indicated with
P<0.0001(****), P<0.001(***), P<0.01(**), or P<0.05(*).
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Significantly higher MeCP2E1 levels were also observed at later postnatal ages compared
to embryonic ages, with the exception of E18 and P28, where protein levels are not
significantly different (Fig. 12B). In addition, maximum levels of MeCP2E1 protein are
observed at postnatal day 7 after which protein levels start to decline. Significant decline
in E1 protein levels are observed between P7 and P28. Mean differences in MeCP2E1
protein levels at developmental time points that were analyzed are indicated in Table 6.
Correlation analysis between MeCP2E1/Mecp2e1 protein and mRNA levels revealed no
statistically significant relationship between MeCP2E1 protein and transcript levels,
developmentally (Table 7).
3.3.2 Expression of Mecp2e2/MeCP2E2 transcripts and protein during mouse brain
development
To determine the temporal distribution of Mecp2e2/MeCP2E2 transcripts and protein,
quantitative RT-PCR and Western blot were performed as described for MeCP2E1.
Our results from qRT-PCR revealed maximum levels of Mecp2e2 mRNA at birth and in
the first postnatal week (ages P1 and P7), in contrast to Mecp2e1 where transcript levels
were observed to be highest at embryonic the ages. In addition, Mecp2e2 mRNA levels
significantly decline at P21 and P28 (Fig. 13A). Mean differences in Mecp2e2 mRNA
levels are indicated in Table 6. In contrast to MeCP2E1, MeCP2E2 protein is absent at
E14 and starts to appear at E18 where protein levels are relatively low in abundance
compared to postnatal ages. Dramatic increase in MeCP2E2 protein levels are observed
at birth and in the first postnatal week. Quantification of the data obtained by WB
confirms significant increase of MeCP2E2 between E18 and P1, and P1 and P7,
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respectively. Maximum levels of MeCP2E2 protein are observed at P7 and P21, after
which protein levels decline significantly at P28 (Fig. 13B). Mean differences in
MeCP2E2 protein levels at developmental time points that were analyzed are indicated in
Table 6. Temporally, MeCP2E2/Mecp2e2 protein and mRNA levels are not correlated as
correlation analysis reveals no statistically significant relationship MeCP2E2/Mecp2e2
protein and transcripts (Table 7).
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Figure 13: Expression of Mecp2e2/MeCP2E2 transcripts and protein during murine
brain development. A) Quantitative RT-PCR was performed to determine the levels of
Mecp2e2 transcripts during murine brain development. Mecp2e2 mRNA levels are highest
at P1 and P7 and declines significantly by P21 and P28. B) Western Blot was performed to
determine the levels of MeCP2E2 protein during murine brain development. In contrast to
MeCP2E1, MeCP2E2 protein starts to appear at E18 and protein levels significantly
increases at birth and in the first postnatal week of mouse brain development. C)
Correlation analysis did not reveal any significant relationship between
Mecp2e2/MeCP2E2 transcripts and protein during mouse brain development, r = 0.580, P
= 0.167. One-way ANOVA and Student-Neuman-Keuls post hoc multiple comparison
analysis was used to determine significant mean differences in MeCP2E2 protein and
transcript levels between different aged mice. N = 3±SEM. Significant mean differences
between are indicated with P<0.0001(****), P<0.01(**), or P<0.05(*).
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MeCP2E1

MeCP2E2

AGE

MD

SIG

P

MD

E14 vs. E18

-0.2647

****

< 0.0001

-0.1089

E14 vs. P1

-0.3697

****

< 0.0001

-0.4495

E14 vs. P7

-0.5155

****

< 0.0001

-0.7871

E14 vs. P21

-0.4578

****

< 0.0001

E14 vs. P28

-0.3498

****

< 0.0001

E14 vs. NB

0.5253

****

SIG

Mecp2e1

Mecp2e2

P

MD

SIG

P

MD

SIG

P

ns

0.2642

-0.00262

ns

0.7446

-0.00158

ns

0.9979

****

< 0.0001

-0.00192

ns

0.9787

-0.0051

*

0.0162

****

< 0.0001

0.004596

*

0.0424

-0.00472

*

0.0335

-0.7829

****

< 0.0001

0.009475

****

< 0.0001

-0.00075

ns

> 0.9999

-0.4899

****

< 0.0001

0.009832

****

< 0.0001

1.57E-05

ns

> 0.9999

< 0.0001

0.00697

ns

> 0.9999

0.01573

****

< 0.0001

0.004131

****

< 0.0001

E18 vs. P1

-0.105

ns

0.3166

-0.3407

****

< 0.0001

0.000703

ns

> 0.9999

-0.00353

*

0.0347

E18 vs. P7

-0.2508

****

< 0.0001

-0.6782

****

< 0.0001

0.007218

***

0.0002

-0.00315

*

0.0254

E18 vs. P21

-0.1931

**

0.0016

-0.6741

****

< 0.0001

0.0121

****

< 0.0001

0.000828

ns

> 0.9999

E18 vs. P28

-0.0851

ns

0.668

-0.3811

****

< 0.0001

0.01245

****

< 0.0001

0.001591

ns

0.9976

E18 vs. NB

0.79

****

< 0.0001

0.1158

ns

0.1862

0.01835

****

< 0.0001

0.005706

****

< 0.0001

P1 vs. P7

-0.1458

*

0.0333

-0.3375

****

< 0.0001

0.006515

***

0.001

0.000379

ns

> 0.9999

P1 vs. P21

-0.0881

ns

0.6105

-0.3334

****

< 0.0001

0.01139

****

< 0.0001

0.004354

***

0.001

P1 vs. P28

0.0199

ns

> 0.9999

-0.0404

ns

0.9998

0.01175

****

< 0.0001

0.005117

***

0.0005

P1 vs. NB

0.895

****

< 0.0001

0.4565

****

< 0.0001

0.01765

****

< 0.0001

0.009232

****

< 0.0001

P7 vs. P21

0.0577

ns

0.9837

0.00413

ns

> 0.9999

0.004878

*

0.0249

0.003975

**

0.0086

P7 vs. P28

0.1657

**

0.0096

0.2971

****

< 0.0001

0.005235

*

0.0125

0.004737

**

0.0031

P7 vs. NB

1.041

****

< 0.0001

0.794

****

< 0.0001

0.01113

****

< 0.0001

0.008853

****

< 0.0001

P21 vs. P28

0.108

ns

0.2748

0.293

****

< 0.0001

0.000357

ns

> 0.9999

0.000763

ns

> 0.9999

P21 vs. NB

0.9831

****

< 0.0001

0.7899

****

< 0.0001

0.006255

***

0.0009

0.004878

****

< 0.0001

P28 vs. NB

0.8751

****

< 0.0001

0.4969

****

< 0.0001

0.005898

***

0.00034

0.004116

****

< 0.0001

Table 6: Mean differences in expression of Mecp2/MeCP2 isoforms at developmental ages.
Embryonic day (E), Postnatal day (P), Null Brain (NB), versus (vs).
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3.3.3 Relative abundance of MeCP2 isoforms during mouse brain development
Comparative analysis of Mecp2/MeCP2 isoform-specific distribution during mouse brain
development revealed that Mecp2e1 mRNA levels are significantly higher than Mecp2e2
at embryonic stages (including birth). However, Mecp2e1 and Mecp2e2 mRNA levels are
not significantly different from each other at later postnatal ages (Fig. 14A). In contrast,
MeCP2E1 protein levels are significantly higher than MeCP2E2 at all the developmental
ages analysed (Fig. 14B).
3.3.4 Summary of results
From our results, we summarize that MeCP2 isoforms differ with respect to the onset of
expression as well as their distribution and relative abundance in the brain. While
MeCP2E1 shows similar levels in all the analyzed brain regions, MeCP2E2 levels are
differentially distributed within these brain regions. Furthermore, a stronger relationship
was

observed

between

MeCP2E1/Mecp2e1

protein

and

transcripts

than

for

MeCP2E2/Mecp2e2. Temporally, MeCP2E2 protein shows a later onset of expression,
(at E18) compared to MeCP2E1 and both isoforms show differential transcript
distribution during mouse development. MeCP2 protein and transcript isoforms are also
observed to be developmentally uncoupled, as both isoforms do not show significant
correlation between mRNA and protein.
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Figure 14: Relative abundance of MeCP2 isoforms during mouse brain
development. A) Comparing Mecp2 isoform-specific mRNA levels reveals that
Mecp2e1 mRNA levels are significantly higher at embryonic stages compared to
Mecp2e2. However transcript levels are not significantly different at later postnatal
ages. B) MeCP2E1 protein levels are significantly higher than MeCP2E2 at all the
developmental ages analyzed. Two-way ANOVA and Student-Neuman-Keuls post hoc
multiple comparison analysis was used to determine significant differences between
MeCP2 isoforms in differently aged mice brains. N = 3±SEM. Significant mean
differences are indicated with P<0.001(***), P<0.01(**).
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MeCP2 isoform

Correlation
analysis

r

r2

P-value

Mecp2e1/MeCP2E1

Adult mouse
brain regions

0.910

83%

0.007***

Mecp2e2/MeCP2E2

Adult mouse
brain regions

0.774

59%

0.021*

Mecp2e1/MeCP2E1

Mouse brain
development

0.197

20%

0.318

Mecp2e2/MeCP2E2

Mouse brain
development

0.580

33%

0.167

Table 7: Correlation co-efficients from adult mouse brain and developmental
analysis. Pearson bivariate and linear regression analysis obtained for protein and
transcript values for individual MeCP2 isoforms are indicated. The square of the
correlation co-efficient is converted to percentage values. Statistical significance
P<0.001(***), P <0.05(*), N = 3.
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Chapter 4: Discussion
4.1 Detection of MeCP2 isoforms using whole lysates versus nuclear lysates
During the optimization of our custom anti- MeCP2E1 and anti- MeCP2E2 antibodies,
several factors arose that require evaluation. One of them was our inability to detect
MeCP2E2 when whole tissue lysates were used. As mentioned previously, there are a
number of reasons why this was the case. It is possible that the lower abundance of
MeCP2E2 in the nucleus compared to MeCP2E1 (as confirmed by Western blot
experiments) prevented its detection when whole tissue lysates were employed. A nuclear
protein with relatively low abundance in the nucleus will comprise a very minute
proportion of the total protein in whole-tissue lysates, thereby reducing the possibility of
detecting this protein when whole-lysates are used. This might have been the reason for
the lack of MeCP2E2 detection in total cell extracts. With the use of nuclear lysates, the
proportion and thus the probability of detecting MeCP2E2 was increased. Another
possibility that cannot be excluded is that MeCP2E2 degradation prevented its detection.
It is known that cellular components that are present in the whole cell lysates can
adversely affect nuclear protein stability. If this is the case with MeCP2E2, detecting it
might be an impossible task unless controlled fractionation techniques are employed
whereby cellular components are extracted separately in steps. It would be of importance
to examine potential differences in protein stability for both MeCP2 isoforms by
measuring their rates of degradation.
Another observation worth evaluating are the differences in MeCP2E1 distribution
obtained when whole cell lysates and nuclear extracts were employed. With whole-tissue

87

lysates, a differential distribution of MeCP2E1 was observed, with highest expression in
the cortex and cerebellum, however, similar MeCP2E1 levels were observed in all brain
regions when nuclear extracts were used. There are several possibilities as to the reasons
such results were obtained. It is possible that the ratio of nuclear fraction-to-cytoplasmic
fraction in whole lysates differs for each part of the brain, and might influence the
detection of MeCP2E1 in brain regions. If this ratio is greater for cell lysates obtained
from cortex and cerebellum, it might explain why highest expression of MeCP2E1 was
observed in these regions compared to others, where levels were relatively similar.
It could also very well be that in addition to the nucleus, MeCP2E1 is expressed in the
cytoplasm of the cortex and cerebellum which might explain why we detect them at
higher levels in whole lysates compared to other regions. Evidence suggests that this
might be the case, at least in the cortex. Aber et el., demonstrated the presence of
cytoplasmic MeCP2 in human frontal cortex and further characterization by tissue
fractionation revealed its localization to synaptic fractions (222). From their data, it is
suggested that MeCP2 is synthesized locally at the synapses in response to synaptic
activity, similar to other transcriptional regulators such as c-Fos, c-Jun and ERK1 that act
at synapses. These transcriptional regulators have also been demonstrated to be present in
nuclear and extra- nuclear fractions like MeCP2 (91, 222). Since MeCP2E1 is similar to
ERK1 with regard to sequence motif at the N-terminus, it is possible that this isoform is
also localized outside the nucleus in murine cortex and might explain our results obtained
with MeCP2E1 using whole cell lysates. Currently, it is not known whether similar
localization occurs in the cerebellum, and such a possibility cannot be ruled out. It is
noteworthy that immunofluorescent staining with our MeCP2E1 antibody in these
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regions might not detect any extra-nuclear localization especially if the levels outside the
nucleus are too low to be detected by such methods. Brain fractionation assays and
Western blot using our custom anti- MeCP2E1 antibody would be a suitable strategy to
confirm possible extra-nuclear localization of MeCP2E1 in the cortex or cerebellum.
Another study by Jarrar et al., revealed that the 75 kDa MeCP2 band is relatively stronger
in the nuclear fractions than in whole tissue homogenates from brain or peripheral tissues
(223). This observation might explain why stronger detection of MeCPE1 was obtained
when nuclear extracts were used than when whole lysates were used. In addition, it might
explain why MeCP2E2 was detected only in the nuclear extracts, especially since it is
much lower in abundance compared to MeCP2E1 in the brain.
4.2 Distribution of MeCP2E1 and putative function(s) attributed to whole protein
MeCP2E1 protein showed a similar expression pattern in the adult murine brain and
mRNA levels were strongly correlated with protein levels. Generally, the levels of
mRNA poorly correlate with the level of protein due to reasons such as i) complicated
and varied post-transcriptional mechanisms that occur, ii) different mRNA and protein in
vivo half-lives, iii) technical error and noise that influence results obtained during the
experiment (224). However, few biologically critical genes have highly correlated
mRNA-protein expression especially if the protein function is critical for organisms
function and health, as is the case observed for MeCP2E1/Mecp2e1.
One can start to think of the reasons why MeCP2E1 is very important and what it might
be doing in the nucleus to warrant similar levels in all parts of the brain, as observed in
our study. Taking a step back to what is currently known about MeCP2; maybe we can
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start to unravel some of the putative function(s) of MeCP2E previously ascribed to the
whole protein. In an effort to understand why precise levels of MeCP2 are critical for its
function, it was demonstrated that MeCP2 is one of the most abundant nuclear proteins in
mature neurons. MeCP2 abundance is similar to that of nucleosomes and its high number
of molecules impacts chromatin state globally. This observation gave rise to the structural
model/role of MeCP2 where it was suggested to function akin to linker histones and other
chromatin architectural proteins that impart structure to the genome. In line with this
model, the levels of histone H1 was demonstrated to be unusually low in neurons and
neuronal MeCP2 is suggested to displace histone H1 from half of its potential sites (87).
This model would predict a homogenous distribution of MeCP2 among individual
cellular nuclei, similar to what was obtained for MeCP2E1 in our experiment. The global
distribution of MeCP2 corroborates previous gene expression studies where insignificant
changes in gene expression were detected between Mecp2 null and wild-type brain, in
line with an architectural protein that binds promiscuously to the entire genome (81). It
would be interesting to determine if a similar result is observed solely with MeCP2E1
isoform.
If indeed MeCP2E1 acts as a chromatin architectural protein, it is important to outline
how such function would be critical for neuronal activity and also envisage how loss of
this function would be detrimental to neurons. Chromatin organization and structure is
essential for dynamic gene expression to occur (225), therefore MeCP2E1 binding (to
methylated DNA) might act to facilitate a three-dimensional chromatin structure that
allows for dynamic gene transcription through organization of chromatin regions.
Dynamic gene expression is required for neuronal plasticity and homeostasis (226), and
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such processes would depend on the ability of MeCP2E1 to mediate this function. Where
does requirement for precise MeCP2E1 levels fit in all these? One can imagine a scenario
where an increase or a reduction in MeCP2E1 levels would significantly alter chromatin
structure, thereby disrupting gene expression and thus neuronal function. Since chromatin
architecture is unique to each cell- or tissue-type, due to distinct gene expression patterns
(225), the phenotypic consequences of MeCP2E1 disruption would be expected to differ
for each cell- or tissue-type.
4.3 Distribution of MeCP2E2 reveals emerging properties about this isoform
In our studies, MeCP2E2 showed heterogeneous distribution among different parts of the
brain, with highest expression in the olfactory bulb and cerebellum. The differential
distribution of this isoform speaks to a more specialized function in different parts of the
brain. This observation is interesting in light of the apparent unresolved dichotomy
regarding MeCP2 function. It remains unclear whether MeCP2 acts genome-wide (as an
architectural nuclear protein), or as a gene-specific regulator and evidence exists in favor
of both models (198). As we discussed previously for MeCP2E1, we can imagine a
situation where MeCP2E2 might be the isoform responsible for the gene specific function
of MeCP2. MeCP2E2 might act to regulate the expression of different subset(s) of genes
in different regions of the brain and the functional outcome would depend on the
requirement for gene/region-specific factors that provide specificity.
The prevailing view of MeCP2 as both an activator and a repressor is worth mentioning
given the emerging properties of MeCP2E2. Evidence from several studies provide
support for models in which MeCP2 binds to both 5mC and 5hmC containing DNA with
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similar high affinities. MeCP2 binding to 5mC is suggested to mediate repressive
functions while binding to 5hmC is suggested to facilitate gene expression (17, 227). It is
possible that the binding of MeCP2E2 to either of these epigenetic marks contributes to
varying gene expression patterns (activation or repression) in different tissue/cell types,
and might explain the demonstration that MeCP2 can act as both a transcriptional
activator and repressor (81).
The presence of two populations of MeCP2 in the brain has been demonstrated; one in
nucleosome-enriched chromatin regions and the other within actively transcribed gene
regions (228). It is tempting to delineate the former population as MeCP2E1 and the
latter as MeCP2E2. MeCP2E2 could also constitute to the population of MeCP2
organized at the promoters where it acts to repress or activate transcription. Thus, we can
begin to imagine the dynamic interplay between epigenetic marks and MeCP2 isoforms
in regulating chromatin structure and gene expression in different cell types in the central
nervous system. In such a scenario, interaction of MeCP2E1 might act to establish a
dynamic state of chromatin amenable to target specific binding by MeCP2E2. Disruption
in levels or activity of either MeCP2 isoform would be sure to result in an imbalance in
the CNS function. The variability in brain region-specific targets could also account for
various phenotypic consequences observed upon dysfunction of MeCP2E2. As recalled
from previous section, over-expression of Mecp2e2 resulted in different phenotypes in
the hippocampus and cerebellum.
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4.4 Expression of MeCP2 isoforms during mouse brain development
MeCP2 isoforms show a postnatal increase in protein levels with a later onset of
expression observed for MeCP2E2. For both isoforms, dramatic increase in MeCP2
protein levels is observed during the first three weeks of life (earlier for MeCP2E1 at
E18). This is the time period coinciding with the onset of synaptogenesis in many parts of
the brain (58, 199). From previous studies, we are also able to understand that MeCP2 is
important in both developmental (during synaptogenesis) and maintenance processes
(normal neuron function) (58, 199). The relationship between the abundance of MeCP2
isoforms and the timing of neuronal maturation will help to elucidate their roles in brain
development. Synaptogenesis involves activity-dependent gene expression mechanisms
that regulate synapse formation and subsequent synaptic pruning or elimination.
Dysregulation of either process underlies the synapsopathies (synaptic defects) observed
in many neurodevelopmental disorders. Since both MeCP2 isoforms are highly expressed
at the time when synapse formation is suggested to occur, one cannot rule out the
possibility that they both contribute to either of the above-mentioned processes. MeCP2
is also implicated as a critical regulator of activity-dependent synaptic function in mature
neurons (229). Deletion of Mecp2 in the adult mice has been demonstrated to recapitulate
the germline knock-out phenotype, underscoring the role of MeCP2 in adult neurological
function (230). Both MeCP2 isoforms are expressed at the adult ages analyzed, which
suggests their importance for mature neuron function. However, the precise function of
individual MeCP2 isoform in the adult brain requires further investigation.
Important to note is the later onset of MeCP2E2 expression, which might reflect the
developmental trajectory of a neuronal/cellular subtype in the brain. Delving into the
93

developmental profile of different parts of the brain reveals that MeCP2E2 protein profile
follows the time course of cerebellar Purkinje cell maturation. Cerebellar development
has been demonstrated to parallel the developmental trajectory of Purkinje cells, one of
the earliest cells generated in the cerebellum (231, 232). While neurogenesis is largely
completed around E15, Purkinje neuron synaptogenesis does not occur until shortly after
birth. The maturation of Purkinje cells is attained by the third postnatal week in rodents
(65). Neurogenesis of cerebellar granule cells on the other hand occurs within the first
three postnatal weeks, while synaptogenesis does not occur until after P21 (65, 231).
Interestingly, the developmental time course of MeCP2 expression in the cerebellum has
been demonstrated to parallel the maturation of these cerebellar cell types. Purkinje cells
show dramatic increase in MeCP2 levels in the in the first and second postnatal weeks,
while granule cells do not start to express MeCP2 until after P21 when synapse formation
starts to occur for this neuron type (65). It is tempting to speculate (at least in mouse
cerebellum) that MeCP2E2 is involved in the maturation of Purkinje cells since a
significant increase in MeCP2E2 is observed at the time period when Purkinje cells
undergo maturation. Delineation of the ontogeny of MeCP2 isoform-specific expression,
using immunofluorescence methods with our isoform-specific antibodies, will provide
insight into the role of MeCP2 isoforms in the maturation of any neuronal/cellular subtype in the CNS.
In addition to its requirement for normal brain development and function, increasing
evidence also suggests an enhanced role for MeCP2 in the aging brain (233). Dynamic
regulation of DNA methylation marks has been demonstrated to be important for agedependent processes that occur in the brain (55). For example, significant enrichment of
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5hmC has been demonstrated in mouse Purkinje cerebellar cells during development (at
P7) and aging (6 weeks to 1 year) (55). It will be interesting to see if MeCP2E2 has any
role in the epigenetic dynamics observed in this neuronal subtype. The potential roles of
MeCP2 isoforms in regulating DNA methylation dynamics during neurodevelopment and
aging requires further investigation. Widespread splicing changes have also been
demonstrated to underlie various brain developmental and aging processes including
synapse formation and establishment of neurotransmitter specificity (234, 235). The role
of MeCP2 isoforms, and the genes involved in age-related splice changes, requires
further elucidation since a role for MeCP2 in RNA splicing is implied (28, 85).
4.5 How did previous studies influence our current understanding about MeCP2
isoforms?
The current view on MeCP2 isoforms is that MeCP2E1 is the isoform with an important
physiological role in the central nervous system. The bias towards this isoform stems
from previous studies showing its higher abundance in the brain compared to MECP2E2
(24), and another study that demonstrates functional equivalence of both isoforms in the
rescue of neurological phenotypes (96). In addition, Rett Syndrome causing mutations
have been delineated to Mecp2e1 gene-specific regions (exon1) but not Mecp2e2 genespecific regions (exon 2) (24, 91). An examination of previous reports reveals the need
for alternative evaluations in light of our current thoughts on how MeCP2 isoforms might
function.
Important for MeCP2 is that dosage and location determines its overall activity in the
brain. Therefore, higher levels of Mecp2e1 does not justify its being attributed a more
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physiologically important role than Mecp2e2, it only suggests that such endogenous
expression levels are required for MeCP2E1 to perform its required function in brain.
Interestingly, the dose-dependent rescue capabilities observed for both MeCP2 isoforms
(as reported by Kerr et al) (96) can be interpreted as a functional difference in itself,
especially considering our current understanding of the properties of MeCP2. Even
though MeCP2 isoforms are functionally redundant at similar levels, it does not mean
that they act in the same manner at different endogenously expressed levels. Recent
reports demonstrating neurological differences based on dosage for Mecp2e2 supports
this claim (97, 98). Our results also show that MeCP2E2 is expressed at different
endogenous levels in different parts of the brain, and reinforces the notion of functional
difference(s) based on protein dosage.
If indeed MeCP2 isoforms act differently in different parts of the brain, the behavioral
phenotypes assessed will influence any conclusions with regard to their contribution to
neurological dysfunction. Brain region-specific deficits are assessed using different
behavioral tests. Therefore, unless the assessed phenotype is particular to a dysfunction of
either MeCP2 isoform, one cannot really make any conclusions with regard to whether
(or how much) individual MeCP2 isoforms contribute to neurological dysfunction. On
this note, the dispensability of MeCP2E2 to Rett Syndrome neurological phenotypes, as
reported by Itoh et al, (99) requires further evaluation. The fact that no morphological
abnormalities were observed in cortical neurons does not guarantee that MeCP2E2 does
not affect the morphology of neurons in other part of the brain; also MeCP2E2 might not
act to affect cortical morphology. Furthermore the behavioral tests analysed in this study
including; tail suspension test, foot printing and open field test measure stress response,
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gait abnormalities and locomotory dysfunction. If loss of MeCP2E2 does not affect the
regions of the brain involved in these phenotypes, we cannot really conclude with regard
to its dispensability for Rett Syndrome neurological phenotypes. It is possible that
MeCP2E2 contributes to other yet unmeasured behavioral phenotypes. The same study
also analyzed neurological dysfunction at one time point (P28 mice). Some neuronal
abnormalities in Rett Syndrome (especially in the cortex and cerebellum) have been
demonstrated to occur with increasing age (140) (discussed in the next section). It is
possible that MeCP2E2 might be a contributor to some of the motor abnormalities
observed in the aging brain and unless this is measured, one cannot conclude with regard
to its relevance to RTT neurological phenotypes.
The majority of MeCP2 isoform-specific studies have focused on their contribution to
Rett Syndrome phenotypes. From previous studies we know that MeCP2 occupies a
central role in the pathogenesis of many neurological disorders. Even if the assumption
that MeCP2E2 is not clinically relevant for Rett Syndrome holds, the possibility of its
contribution to other neurological disorders cannot be ruled out. Understanding how each
MeCP2 isoform functions in different parts of the brain, will aid in designing effective
behavioral tests and any potential therapeutic strategies to ameliorate neurological
phenotypes.
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4.6 Contributions of MeCP2 isoforms to disease pathophysiology
A consistent feature of MeCP2E2 is its role in apoptosis. Apoptosis is a highly regulated
cell death mechanism that occurs within all neurons and many cell types in the body. Cell
death in the brain involves a cascade of gene expression and acts to establish and
maintain functional and effective neural circuits. Antagonistic to the apoptotic process are
neurotrophic factors produced by target neurons at synapses (66, 236). It is thus tempting
to speculate that MeCP2E2 acts in a subset(s) of neurons to regulate the production of
neurotrophic factors at synapses, such that a dysregulation in MeCP2E2 function or
levels would trigger neuronal death.
From our results, the highest expression of MeCP2E2 was observed in the cerebellum.
Overexpression of Mecp2e2 in cerebellar neurons has been demonstrated to result in
apoptosis (97). It is noteworthy to mention that duplication of the MECP2 gene has been
found to cause cerebellar degeneration in humans (237). Therefore, it is possible that this
isoform has a role in the neurodegenerative phenotype observed in MeCP2 duplication
syndrome.
Loss of Mecp2e2 has also been demonstrated to result in apoptosis (99). Interestingly,
progressive atrophy of Purkinje cerebellar neurons has been shown to occur with
increasing age in Rett Syndrome patients (140). Rett Syndrome is due to a loss of
function of MeCP2. Therefore, a similar phenotype is observed upon loss and
overexpression of Mecp2e2, respectively. Purkinje cell death and cerebellar atrophy are
phenomena also observed in autism, where they are suggested to produce the autistic-like
behaviors observed in the disease (238). Since dysfunction in MeCP2 is common to these
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disorders, it is worth investigating if MeCP2E2 is the responsible isoform, and
demonstrate any possible link between endogenous levels of MeCP2E2 and cerebellar
atrophy observed in these disorders.
4.7 Does the N-termini of MeCP2 isoforms confer particular conformations that
underlie their functions in the central nervous system?
A defining factor underlying MeCP2 function is its structure. Since MeCP2 isoforms
differ only in their N-termini, it is possible that this difference confers distinct
biochemical properties to both protein isoforms, thereby influencing how they act in the
CNS. Therefore, to understand the roles of MeCP2 isoforms, it will be important to
understand their structural biochemistry in relation to their function. The N-terminus of
MeCP2E1 is acidic compared to MeCP2E2 which has a more basic pI (9.25 compared to
4.25 for MeCP2E1). In addition, MeCP2E1 contains a conserved serine residue which
could act as a putative phosphorylation site; this serine residue is absent in MeCP2E2
(24). Comparative biochemical analysis of both MeCP2 isoforms is limited to the
assessment of their localization and binding kinetics in non-neuronal cell lines, which
was shown to be similar for both isoforms (239). However, the results of this study might
not reflect similar situation in the central nervous system and fails to provide enough
information with regard to functional conformation. Therefore, the function of the Nterminus of both isoforms is a mystery that eludes us to date.
It is possible that the conformation of MeCP2E1 might act to recruit potential binding
partners that allow for stable, yet dynamic, chromatin organization in the nucleus. The
conformation of MeCP2E2 on the other hand might be more influenced by local context,
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permitting a more gene-specific function. It is noteworthy to mention that the intrinsically
disordered and conformationally malleable structure of MeCP2 was deduced using the
MeCP2E2 isoform. Therefore, the multifunctionality attributed to MeCP2 in the CNS
might be a key property of the MeCP2E2 isoform, conferred by its N-termini. If
MeCP2E2 is indeed the multifunctional protein, we can imagine several ways by which
its conformation might be modulated. Tissue and cell- specific factors might act to induce
conformational changes to MeCP2E2, which in turn modulates its downstream targets
and resulting activity. Conversely, the nature of the target (unmethylated, methylated,
hydroxymethylated DNA or chromatin) might act to mediate a particular conformation to
MeCP2E2 which in turn influences binding partners that determine the functional
outcome. A better understanding of the structure of MeCP2 isoforms will provide insight
into how they function in the CNS.
4.8 Mouse models and systems for a better understanding of MeCP2 isoforms
Mice with Mecp2 isoform-specific gene disruption would serve as useful models to
explore the functional significance of MeCP2 isoforms. Mecp2e2 null mice have been
generated and characterized thus far, and the characterization of Mecp2e1 null mice is
currently being investigated. Mecp2e2 null mice have reduced embryo viability, while
Mecp2e1 null mice (100) show some distinct and overlapping phenotypes in comparison
to previous Mecp2 null mouse models (where exon 3 and 4 are deleted) (60). As noted
from previous studies, the null phenotype may be too severe as it potentially masks any
neurological deficits arising from loss of Mecp2 in particular regions or cell types of the
brain (198). Thus, a better strategy would be to generate conditional knockout mice that
allow for a controlled deletion of either Mecp2 isoform in various parts of the brain and at
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different developmental time points. This will facilitate a better understanding of the
requirement of each MeCP2 isoform. The generation of MECP2 isoform-specific
retroviral and lentiviral vectors is promising for future gene therapy to improve any
phenotype due to loss of either MeCP2 isoform. These vectors are efficient for long term
expression in the brain (68). Increasing evidence implicating MeCP2 in other nonneuronal disorders also calls for targeted deletion of Mecp2 isoforms in different tissues.
This will provide insight into any roles they might have in somatic tissues.
The adult olfactory system is well characterized and it may be useful to study the role of
MeCP2 isoforms during olfactory development. Olfactory biopsies of young females
with Rett Syndrome show persistence of the immature state and abnormal synaptic
morphology (143). In the adult mammalian brain, neurogenesis persists in the
hippocampus and the olfactory bulb (240, 241). Development of the adult born-olfactory
neurons has been demonstrated to occur in a well-defined trajectory, young neurons born
in the subventricular zone (SVZ) of adult mice migrate to the olfactory bulb where they
differentiate into granule cells (GCs) and periglomerular interneurons (241, 242).
Compared to other mechanisms of synaptic modification, the olfactory system is unique
as it uses cell death as a mechanism of plasticity (243, 244). Maturation of young granule
neurons involves both synaptic connection and survival; processes which rely on activitydependent gene expression. After synapse formation, the survival and function of granule
neurons depends on the level of activity they receive; many cells that do not make
functional synapses are eliminated by apoptosis (243, 245). Olfaction plays a critical role
in the survival of cells as they mature and is not required for the production and migration
of newly born granule neurons (243). Mice have a need for olfactory discrimination, and
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the maintenance of this sensory mode is critically dependent on activity-dependent
mechanisms to dynamically regulate olfactory information. Interestingly from our results,
similar transcript and protein levels of MeCP2E1 and MeCP2E2 were observed in the
olfactory bulb. It is worth investigating the role(s) of MeCP2 isoforms during the
maturation and function of olfactory neurons, as well as to identify any parallels or
modifications to these processes in the human brain.
The cerebellum is another system that can be used to study how MeCP2 isoforms
contribute to the motor and cognitive deficits associated with MeCP2 dysfunction. This
region of the brain is versatile in its functions which include motor control and learning,
cognitive functions such as attention and language, and in regulating fear and pleasure
responses (246). Its movement-related functions are the most studied and easiest to test.
The cerebellum contains few neuronal cell types and its circuitry is simple and well
defined. It is possible that MeCP2E2 is involved in the homeostatic regulation of the
cerebellum, although the possibility of its contribution to some of the motor functions of
the cerebellum cannot be ruled out. MeCP2E2 might be the isoform that contributes to
the gait abnormalities observed upon MeCP2 dysfunction, while MeCP2E1 might be
more involved in the cognitive functions (and other motor-related functions) associated
with the cerebellum.
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Figure 15: A summary of MeCP2 isoform-specific expression profile in the adult
murine brain. Relative protein expression levels of MeCP2 isoforms in the adult murine
brain regions analyzed in this study based on Western blot experiments.
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Chapter 5: Conclusion
We have come full circle in an effort to gain some understanding about MeCP2. Since its
discovery, significant progress has been made in understanding the dynamic properties of
this epigenetic regulator, especially with regard to its function in the CNS. The apparent
complexity and versatility with which this protein functions cannot be over-emphasized.
MeCP2 is clearly a multifunctional protein with roles in regulating chromatin
architecture, transcriptional repression, transcriptional activation, mRNA splicing and
other functions yet to be discovered. Such malleability in MeCP2 function underscores it
role in many neurological disorders.
To facilitate a better understanding of MeCP2, we have taken the approach of studying its
isoform components. My thesis was dedicated to characterizing the temporal and regionspecific expression profile of MeCP2 isoforms in the developing and adult murine brain.
From our experiments, we showed that MeCP2 isoforms differ with respect to the onset
of expression and relative abundance in the central nervous system. MeCP2E1 shows a
homogenous distribution, whereas MeCP2E2 is more differentially distributed in the
adult murine brain. Temporally, MeCP2E2 shows a later onset than MeCP2E1 during
murine brain development. Furthermore, our newly generated anti- MeCP2 isoformspecific antibodies can be utilized for Western blot applications and other results from
our lab have shown that our antibodies are also useful for immunocytochemisty,
immunohistochemical, and ChIP applications.
This work sets the stage for future studies where we hope to gain a better understanding
of how individual MeCP2 isoforms contribute to the many functions attributed to the
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whole protein. With this approach, we may begin to decipher the intricate workings of
such an enigmatic protein as MeCP2.
5.1 Future directions to a better understanding of MeCP2
Despite advancement in our knowledge about MeCP2 isoforms, additional studies are
required to fully ascertain the function(s) of MeCP2 isoforms in the mammalian brain,
and significant work awaits us in this regard.
Potential confounders in identifying MeCP2 isoform-specific target genes include the
regional-specificity of MeCP2 function. Therefore, further investigation of cell typespecific expression of MeCP2 isoforms in different parts of the brain is required in order
to determine what cell/neuronal subtypes are more susceptible to dysregulation of either
MeCP2 isoform. This can be done by immunohistochemical double- or triple- labeling
experiments with our custom-made antibodies and antibodies that are specific different
cell types or neuron subtypes.
A comprehensive knowledge of MeCP2 isoform-specific target genes is also required in
order to fully understand the functional significance of MeCP2 isoforms in the
pathophysiology of neurological disorders associated with MeCP2 dysfunction. This
knowledge can be gained using chromatin immunoprecipitation techniques with our
custom-made isoform-specific antibodies to precipitate MeCP2E1-DNA or MeCP2E2DNA complexes. The DNA associated with individual MeCP2 isoforms can
subsequently be determined using Real-time PCR, ChiP-sequencing (ChiP-Seq) or
microarrays.
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Knowledge about mechanisms regulating region and developmental-specific expression
of MeCP2 isoforms is important with regard to future prospects of gene therapy
applications. The time point of gene therapy application should also be considered with
respect to the requirement of MeCP2 isoforms during particular periods of brain
development.
To clarify any contribution of MeCP2 isoforms to the spectrum of neurological disorders
associated with MeCP2 dysfunction, Western blot with our custom antibodies can be
done to quantitatively determine any differences at the protein level. This can be done
using brain samples from patients with different neurological disorders.
Integration of ideas from epigenetics, molecular biology and synaptic physiology would
surely advance our current knowledge about MeCP2.
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