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Abstract

The methyl-CpG-binding protein 2 (MECP2) is a critical global regulator of gene expression. Mutations in MECP2 cause
neurodevelopmental disorders including Rett syndrome (RTT). MECP2 exon 2 is spliced into two alternative messenger
ribonucleic acid (mRNA) isoforms encoding MECP2-E1 or MECP2-E2 protein isoforms that differ in their N-termini.
MECP2-E2, isolated first, was used to define the general roles of MECP2 in methyl-deoxyribonucleic acid (DNA) binding,
targeting of transcriptional regulatory complexes, and its disease-causing impact in RTT. It was later found that MECP2-E1 is
the most abundant isoform in the brain and its exon 1 is also mutated in RTT. MECP2 transcripts undergo alternative
polyadenylation generating mRNAs with four possible 3'untranslated region (UTR) lengths ranging from 130 to 8600 nt.
Together, the exon and 3'UTR isoforms display remarkable abundance disparity across cell types and tissues during
development. These findings indicate discrete means of regulation and suggest that protein isoforms perform
non-overlapping roles. Multiple regulatory programs have been explored to explain these disparities. DNA methylation
patterns of the MECP2 promoter and first intron impact MECP2-E1 and E2 isoform levels. Networks of microRNAs and
RNA-binding proteins also post-transcriptionally regulate the stability and translation efficiency of MECP2 3'UTR isoforms.
Finally, distinctions in biophysical properties in the N-termini between MECP2-E1 and E2 lead to variable protein stabilities
and DNA binding dynamics. This review describes the steps taken from the discovery of MECP2, the description of its key
functions, and its association with RTT, to the emergence of evidence revealing how MECP2 isoforms are differentially
regulated at the transcriptional, post-transcriptional and post-translational levels.

Introduction are highly regulated across cell types and developmental stages

The biogenesis of eukaryotic messenger ribonucleic acid
(mRNAs) in the cell nucleus involves processes ranging from
transcription initiation to nuclear export. These include matura-
tion steps, such as splicing where introns are removed and exons
joined together, and cleavage and polyadenylation (pA) where
the cleavage of the nascent RNA is followed by synthesis of a
poly-A tail at its 3'-end. Both these mRNA maturation processes

(1,2). Fundamentally, splicing and pA are post-transcriptionally
regulated by interactions between cis-elements in the primary
mRNA and trans-acting factors, including RNA-binding proteins
(RBPs) and non-coding RNAs (2,3), and have significant impact
on the fate of the mRNA molecule in the cell.

The diversity of mRNA isoforms produced by any given
gene is generated by the use of alternative exons and pA
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sites. The presence of isoforms with diverse composition of
exons serves the central role of increasing the genomic coding
capacity, resulting in the greater proteomic diversity observed in
mammals relative to other organisms with comparable number
of genes (4). Alternative exon isoforms are the products of
alternative splicing (AS) mechanisms that comprise, but are
not limited to, inclusion or skipping of exons, use of alternative
splice sites and intron retention (for a comprehensive review on
AS mechanisms see (3)). Importantly, AS is a highly dynamic and
context-dependent process and can generate mRNA isoforms
with different untranslated regions (UTRs) or coding-sequences
(CDS) (3).

Alternative 3'UTR isoforms allow distinct responses to post-
transcriptional regulatory pressure due to the change in the
number of regulatory cis-elements. For example, longer 3'UTR-
bearing transcripts often have an increased likelihood of being
bound by microRNAs (miRNAs) that target transcripts for desta-
bilization or translation inhibition (5). These longer 3'UTRs also
have more capacity to interact with regulatory RBPs to impact
isoform-specific sub-cellular localization, stability, or translation
efficiency (6-9). Alternative polyadenylation (APA) is a prevalent
gene regulatory mechanism that creates transcripts of the same
gene with distinct 3'-ends (for a comprehensive review on APA
mechanisms see (10)). APA is highly regulated in response to
environmental stimuli (7,11). During neurodevelopment, in par-
ticular, mRNAs with longer 3'UTRs accumulate through APA or
by reduced RNA degradation of the long isoform (8,12).

In this review, we describe nearly 30 years of experimental
findings that led to the characterization of the methyl-
CpG-binding protein 2 (MECP2) mRNA isoforms, we discuss
studies suggesting different protein isoform functions and
summarize current knowledge regarding differential regulation
of MECP2 exon and 3'UTR isoforms at the transcriptional,
post-transcriptional and post-translational levels.

Overview of Rett Syndrome and the MECP2
Gene Alternative Exon Isoforms

MECP2 is an X-linked gene encoding an abundant chromosomal
protein that modulates transcription and translation globally
and is crucial for normal brain development (13). Damaging
mutations in the MECP2 gene are the primary cause of Rett
syndrome (RTT) (14), a neurological disorder that occurs in one in
10-15 000 female births. After an initial window of normal devel-
opment, girls acquire a variety of symptoms including micro-
cephaly, autism, ataxia, loss of learned speech and purposeful
hand movements, seizures, and hyperventilation (15). Duplica-
tions or triplications in the MECP2 locus in humans also lead to
neurological deficits, implicating that MECP2 protein levels must
be stringently regulated throughout neurodevelopment (16).
The MECP2 gene transcribes pre-mRNA encompassing four
exons, which through AS mature into two transcripts encod-
ing two protein isoforms. According to an agreed nomencla-
ture (Rett Syndrome Research Foundation annual meeting, June
28-30, 2004), the alternative exon isoforms are named MECP2-E1
(skipping exon 2, protein encoded by exons 1, 3 and 4, 492 amino
acids (aa)—previously identified as MECP2« or B) and MECP2-E2
(including all 4 exons, protein encoded by exons 2, 3 and 4, 486
aa—previously identified as MECP28 or A) (Fig. 1). Customarily,
splicing variants encode functionally diverse protein isoforms;
however, in the case of MECP2-E1 and E2, the two protein iso-
forms only differ by 21 and 9 aa, respectively, in their N-Termini

(Fig. 1).
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Discovery of the Mecp2-E2 Exon Isoform

Mecp2 was described by Adrian Bird’s group in 1992 as a pro-
tein that bound to deoxyribonucleic acid (DNA) probes contain-
ing a single methyl-CpG pair, distinguishing it from the Mecpl
complex that required 12 methyl-CpG pairs (17). A DNA probe
derived from the partially sequenced 84-kDa protein isolated
from rat brain lysates was used to screen a rat brain comple-
mentary DNA (cDNA) library. The resultant cDNA clone had an
open reading frame (ORF) of 492-aa and its N-terminal sequence
is diagnostic of the Mecp2-E2 protein isoform (Fig. 1). Detailed
characterizations of the rat Mecp2 protein tissue distribution,
chromatin association and its methyl-CpG binding domain were
accomplished by the same group in 1992 and 1993 (18,19).

Using chromosome mapping approaches and the rat Mecp2
cDNA as probe (E2 isoform), the gene encoding Mecp2 in mouse
was mapped to the X-chromosome (20), then found to be sub-
ject to X inactivation (21,22). The thorough physical mapping
indicated a likely position of the human homolog (20), which
was confirmed to be the Xq28 chromosome band (22,23). In
the first characterization of the human MECP2 gene (22), the
rat Mecp2 cDNA probe containing 80% of its CDS was used to
screen a human skeletal muscle cDNA library. Multiple hits were
overlapped to deduce the human MECP2 cDNA sequence with
a single ORF encoding a putative 485-aa protein. When com-
pared with the rat cDNA sequence, the human cDNA homolog
lacked the sequence coding for the first 9-aa of the rat protein
(MVAGMLGLR—TFig. 1). Incidentally, that truncation in the human
cDNA clone maps exactly to the junction between exons 1 and 2,
upstream of which, the two protein isoforms differ. Therefore, it
is not possible to distinguish whether the first mapped human
MECP2 cDNA clone was the E1 or E2 isoform. However, using the
5'-end of the rat cDNA (MECP2-E2), a search of human expressed
sequence tag (EST) databases identified a clone (22) now known
to be MECP2-E2.

Defining Molecular Functions of Mammalian
MECP2-E2 and Xenopus Mecp2-E1

The ability of MECP2 to bind methylated CpGs (17-19,24,25),
and recruit transcription repressive complexes such as HDAC
and mSin3 (24), in human and mouse were characterized
using the MECP2-E2 isoform. Similar findings were reported
by Alan Wolffe’s group that in Xenopus laevis, Mecp2 was
able to recruit histone deacetylases to repress transcription
(25), and to stably associate with nucleosomal DNA (26). In
both reports, the N-terminal sequence of the Xenopus Mecp2
cDNA used for recombinant protein and antibody production
was similar to the human MECP2-E1 isoform (to date, no
MECP2-E2 isoform has been reported for the Xenopus genera).
Similarly, chicken Mecp2 was identified as being the previously
reported attachment region binding protein (27). These authors
used 5'-rapid amplification of cDNA ends (5 RACE) and all
clones obtained showed a polyalanine tract in the N-terminal
downstream of the first methionine, a signature of the Mecp2-
E1lisoform. Together these results suggest that the two isoforms
retain grossly similar functions across species.

Analysis of the MECP2-E2 coding region showed high con-
servation levels between human and several primate species,
and most substitutions were found in non-critical regions of
MECP2 protein. Interestingly, one Alu insert of 300-bp was found
in intron 3 of two primate species, and a novel alternatively
spliced transcript containing a region of the human-homologous
intron 2 was found in a third species with the potential to code
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Figure 1. Graphical description of the MECP2 gene locus (A) and transcript isoforms (B). MECP2 gene comprises four exons and three introns that are alternatively
spliced to generate two transcript isoforms MECP2-E1 and MECP2-E2. The methylation of DNA regulatory elements in the MECP2 promoter, and first intron have been
shown to differentially affect abundances of the splicing isoforms. MECP2-E2 isoform also encodes an upstream ORF in its 5'UTR that affects translation of the main
MECP2 ORF. MECP2 transcripts also undergo alternative polyadenylation generating transcripts with 3'UTRs that range from 130 to 8600 nucleotides. Model is not to

scale.

for two putative polypeptides (28). Another study focusing on
the analysis of the ordered and disordered regions of the MECP2
protein suggested that these regions are stably conserved in
chordates. Although insertions and deletions were more fre-
quently found in the disordered regions, indicating that these are
under higher evolution rates, the overall conservation pattern
suggests that these regions could potentially harbor the typical
functional roles of disorder protein structures including entropic
chain activity or transient protein-binding sites (29).

Experiments Linking the MECP2-E2 Isoform to
Disease in Patients and Mice

In the seminal publication by Amir et al. (14), from Huda Zoghbi’s
group, demonstrating that RTT is caused by mutations in MECP2,
the primers used to amplify MECP2 exons from a cohort of
patients were based on the MECP2-E2 isoform, thus leaving exon
1 out of the mutational analysis. Later, comparative sequence
analysis of the MECP2 locus in human and mouse led to the iden-
tification of the new 5'-exon (30). It was found to be transcribed
in both species, but thought to be non-coding and extended
the S'UTR of MECP2-E2. The newly discovered upstream exon
harbored a CpGisland, believed to participate in the regulation of
MECP2 transcription, but today is known to code the polyalanine
tract in the N-terminal of MECP2-E1 protein isoform.
Subsequently, the Mecp2-null knockout mouse models
generated by Adrian Bird (Mecp2™!18id) (31), Rudolf Jaenisch
(Mecp2t™-¥2¢) (32), Huda Zoghbi (Mecp23®®) (33) and their
colleagues demonstrated the critical role of Mecp2 for RTT
pathophysiology. Similar to the first Mecp2-knockout mouse
generated in 1996 (34), all these models disrupt both isoforms but
left the then recently discovered exon 1 and the upstream ORF
(uORF) from the Mecp2-E2 isoform intact. Although no functional
role has been assigned to the peptide coded by Mecp2-E2 uOREF,

recent reports have suggested that such small peptides can
have important biological roles (35,36). It is important to note
that these valuable mouse models are well established and in
common use for RTT phenotyping and rescue studies described
later.

Definition of the MECP2-E1 Isoform in Mice
and Patients

It was not until 12 years after the initial isolation and char-
acterization of rat Mecp2 that Kriaucionis and Bird (37) and
Mnatzakanian et al. (38) added ‘the additional complication’ (as
quoted in the former report) that MECP2 undergoes AS gen-
erating two transcript isoforms and proteins with distinct N-
termini. In the Kriaucionis report, a deep search into human and
mouse EST databases revealed two categories of clones based
on the presence or absence of exon 2. The transcript lacking
exon 2 was first considered a non-coding mRNA as exon 2
contained the known translation start-codon. However, careful
analysis revealed that exon 1 also contained an ATG in-frame
with the rest of MECP2 ORF. Therefore, even in the absence of
exon 2, this new isoform encoded putative proteins of 501 and
498-aa in mice and humans, respectively. The authors named
the new isoform lacking exon 2 as MECP2« and the previously
described transcript containing all four exons MECP2g, but for
clarity we will use the E1 and E2 nomenclature (Fig. 1). Sequence
analysis showed that the new human and mouse MECP2-E1 iso-
form shared the N-terminal polyalanine and polyglycine tracts
with Xenopus, zebrafish and Fugu Mecp2 sequences, indicating
that MECP2-E1 was the ancestral form of MECP2 gene. In addi-
tion, transient transfection of plasmids encoding the full cDNA
sequence of MECP2-E1 or MECP2-E2 isoforms showed that the
latter translated at lower efficiencies, which was demonstrated
to be caused by the presence of an uORF in its 5UTR (Fig. 1).



The newly identified protein isoform also co-localized with the
major satellite sequences (containing the majority of methy-
lated DNA) in mouse cell nuclei, indicating that the different
N-terminal of MECP2-E1 probably did not change the chromatin
functions already described for mammalian MECP2-E2 and pre-
viously observed in Xenopus and chicken.

Above all, the discovery of a new coding exon 1 had impli-
cations for RTT studies. Mutations in exon 1 could potentially
impact > 90% of the MECP2 protein content in cells, and as exon
1 had been previously described as a non-coding exon, it was
excluded from mutational screening of RTT patients. Indeed, the
analyses of MECP2 function in the context of RTT mutations (39)
were done without the knowledge of a coding exon 1, and until
2002 (40) no mutations had been assigned to exon 1. In 2004,
Mnatzakanian et al. (38) independently identified the translation
potential starting in exon 1 of the new MECP2-E1 isoform and
validated it in human and mouse tissue samples. Importantly,
the authors described new mutations in the new CDS of exon
1in a cohort of patients with typical RTT. Soon after, evidence
accumulated that mutations in exon 1 of MECP2 and its promoter
region were not common in RTT patients (41-43), an observation
that still holds to today. In summary, MECP2-E1 variants are rare
in RTT and all other mutations affect both isoforms.

Consequences of MECP2-E2 Overexpression
and Rescue

One way to begin to study the role of MECP2-E2 was to perform
over-expression and rescue experiments in KO mice. Indeed,
transgenic animals overexpressing excessive levels of Mecp2-
E2 (in addition to the endogenous) displayed a range of severe
motor and neurological dysfunctions, indicating that proper
regulation of Mecp2 expression is critical for normal neurode-
velopment (41,42). Likewise, it was shown that transient overex-
pression of the Mecp2-E2 isoform in mouse neurons cultured in
vitro promoted enhanced axonal and dendritic outgrowth with
significant gain in morphological complexity (43). The overex-
pression of MECP2-E2, but not E1, promoted cell death in healthy
neurons (44). Although the mechanisms for specific MECP2-E2
neurotoxicity were not explored, the report showed that the
neurotoxic effect was normally inhibited by direct interaction
between MECP2-E2 and FOXG1 proteins, whose mutations can
cause congenital RTT (45), through binding with the N-terminal
9-aa unique to MECP2-E2 protein. An implication of these studies
is that the regulation of MECP2-E2 abundance needs tight control
for proper brain function.

In parallel with the over-expression studies, new mouse mod-
els and rescues with Mecp2 were performed. Mecp2-mutant mice
engineered by the Jaenisch group to re-express appropriate lev-
els of Mecp2-E2 in neurons were phenotypically indistinguish-
able from wild-type (WT) animals, rendering a complete rescue
(46). In a subsequent study by the same group, neuronal-specific
re-activation of Mecp2-E2 postnatally prolonged lifespan and
delayed the onset of neurologic symptoms in Mecp2-KO mice (41).
The seminal work of Guy et al. (47) showed that endogenous
re-expression of both isoforms post-symptomatically partially
rescued phenotypes, and dramatically raised hopes that RTT
could be treated in patients after symptoms developed.

Ultimately a high degree of functional similarity between
the isoforms was shown after re-expressing each isoform sep-
arately in a Mecp2-null mice model (48). However, the rescue of
motor specific phenotypes was not thoroughly concordant, as
the MECP2-E1 isoform had a stronger performance, leaving open
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the possibility that the two isoforms might, in fact, retain distinct
functions in vivo. Additionally in 2012, a specific disruption of
Mecp2-E2 isoform in mice showed that although RTT-related phe-
notypes were not observed, a survival disadvantage for embryos
carrying the Mecp2-E2-null allele, and placental development
defects were noticed (49). These studies suggested that muta-
tions in the MECP2-E2 isoform may result in phenotypes that
escape RTT diagnosis and that MECP2-E2 might perhaps keep
specific functions distinct from MECP2-E1.

MECP2-E1 Disease Models, Rescues and
Isoform Function

A mouse model with specific disruption of the Mecp2-E1 protein
was generated by altering the start-codon in exon 1. Despite
an unexpected increase in Mecp2-E2 protein levels, the model
recapitulated the neurological phenotypes reminiscent of RTT,
confirming the strong relationship between MECP2-E1 and RTT
(50). It is interesting to note that the start-codon in exon 1 is
the same used by the uORF encoded in the 5UTR of MECP2-E2
isoform. Therefore, by preventing translation of the uORF, one
could expect that the translation efficiency of the main ORF
(MECP2-E2) would increase, as observed in that study.

In an effort to establish causative effects of mutations in
the MECP2-E1 isoform and RTT in humans, induced pluripotent
stem cells (iPSCs) were isolated from the RTT patient with the
first described 11-bp deletion and frameshift in the CDS of exon
1, sparing the MECP2-E2 isoform (51). iPSC-derived neurons from
MECP2-E1 deleted lines exhibited decreased soma size, reduced
dendritic complexity and altered electrophysiological param-
eters redolent of RTT pathophysiology and consistent with
previous iPSC-derived neurons models of RTT with mutations
affecting both mRNA isoforms (52-55). An intriguing observation
was that although re-expression of a transgene MECP2-E1
at proper levels rescued the soma size defects, MECP2-E2
overexpression did not result in any phenotypic improvement
across different expression ranges (51).

In 2014, the overexpression of both isoforms separately in
neurons differentiated from the human SK-N-SH neuroblastoma
line caused different genes to be differentially regulated with a
modest overlap (56). Gene ontology analyses indicated a more
diverse set of biological functions affected by the MECP2-E1,
particularly on genes involved in neuronal development and
function, whereas genes impacted by MECP2-E2 overexpression
were involved in chromatin organization and transcriptional
regulation.

Recently, it was shown that the N-terminal domains (NTD)
of MECP2-E1, and E2 can modulate the DNA-binding kinetics
of MECP2, neural depolarization response and induce changes
in protein levels during circadian oscillations (57). Biophysical
characterization of the NTD indicated that MECP2-E1 has
slightly lower structural stability, diminished unfolding enthalpy
and exhibits lower binding affinities for both methylated and
unmethylated double-stranded DNA (dsDNA) than MECP2-E2.
Thermodynamic binding profiles showed that the binding of
MECP2-E1 isoform with dsDNA is mainly driven by specific
interactions promoted by hydrogen bonds and electrostatic
interactions, whereas the binding of MECP2-E2 with dsDNA is
mainly driven by unspecific interactions such as hydrophobic
desolvation and steric arrangements. The authors showed that
Mecp2-E1 protein levels, but not Mecp2-E2, were dynamically
regulated during the circadian cycle and after KCl-induced
depolarization. In addition, 40 interacting proteins for the
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Mecp2-E1 isoform and 7 for Mecp2-E2 were found using mouse
whole brain lysates. Mecp2-E1 co-eluted proteins are highly
enriched for microtubule-associated proteins, proteins related
to mRNA processing, and chromatin regulation. Interestingly,
functional network analysis suggests the participation of Mecp2-
E2 in processes similar to those involving Mecp2-E1, but through
the interaction with a different set of protein partners.

Mechanistic Insights into Differential Gene
Regulation of MECP2-E1 and E2 Isoforms

The first reports describing the existence of two MECP2 isoforms
were also first to indicate they might be differentially regulated
(37,38). MECP2-E1 transcript was at least 10-fold more abundant
than MECP2-E2, and the two isoforms translated MECP2 protein
with distinct efficiencies. Initially, it was assumed that muta-
tions in exon 1 had no effect on the MECP2-E2 protein, as MECP2-
E2 mRNA levels were observed to be unchanged in patients
(38). Shortly after, it was shown that mutations in exon 1 were
associated with a reduction in MECP2-E2 protein levels despite
no change in MECP2-E2 mRNA levels, which was suggested to be
caused by translational interference (58).

Using riboprobes for in situ hybridization of MECP2 mRNA
isoforms in neonatal and postnatal mouse brain samples, spa-
tiotemporal abundance variation of isoforms was observed, thus
providing the first demonstration that the two mRNA isoforms
are differentially regulated in the brain (59). Using an in vitro
neurodevelopment system, a reciprocal pattern in the change of
isoform abundances was observed with MECP2-E1 levels reduced
at the beginning of the differentiation then increasing toward
the end, and MECP2-E2 levels increased in the beginning to then
decrease at the end of the differentiation protocol (60).

Methylation of CpG dinucleotides in regulatory elements (RE)
within the promoter and intron 1 of MECP2 had been observed to
negatively associate with total MECP2 levels (61-63). By altering
the DNA methylation status, the authors observed a significant
correlation between CpG methylation at the REs and the ratio
of MECP2-E1/MECP2-E2 abundances. Interestingly, only MECP2-E1
was altered by artificial changes in DNA methylation suggesting
that its effect is specific for MECP2-E1 regulation. These results
were corroborated by other reports showing that CpG methyla-
tion at REs were also associated with the patterns of MECP2-E1
and E2 isoform abundances in different regions of mouse brains
(64,65).

Recently, sex-dependent differential accumulation of MECP2
isoforms in the neurons and astrocytes of mouse brains was
also shown (66). Female neurons and astrocytes accumulate
similar levels of MECP2-E1 transcripts, whereas MECP2-E2 levels
are higher in neurons relative to astrocytes. In contrast, in males
both MECP2 isoforms are more abundant in neurons than astro-
cytes. These differences were shown to correlate, to some extent,
with the CpG methylation of the same REs in the promoter
and exon 1 of each male and female cell lines. These represent
interesting evidence for differential regulation of MECP2 iso-
forms between cell types in a sex-specific fashion and support
DNA methylation as a prevalent mechanism for the differential
regulation. Also, although MECP2 is expressed at much lower
levels in astrocytes relative to neurons, it has been reported that
MECP2-null astrocytes negatively affect neurons in a non-cell-
autonomous fashion (67,68). The mechanisms regulating MECP2
expression in astrocytes are likely to be relevant for RTT and
warrant further research. It has also been reported that MECP2-
E1, but not E2, can be pathogenically induced by insults to the

immune system such as the one in the autoimmune disease
multiple sclerosis (69) or during pain experiences (70). No mecha-
nistic insight into how these insults can impact isoform-specific
abundance has been offered so far.

Post-translational regulation has also been reported for
MECP2 with the demonstration that the two protein isoforms
have different stability in human neuroblastoma-derived
neurons. The authors showed that MECP2-E1 is at least 2-fold
more stable than MECP2-E2, contributing to the distinct levels
of both protein isoforms in the brain (50). In contrast, MECP2-
E1 has a higher turn-over rate in neuronal systems (57). Post-
translational regulation of MECP2 was also demonstrated using
a forward genetics approach. The authors describe HIPK1/2 (a
protein kinase) and PP2A (a protein phosphatase) as druggable
regulators with strong effects on endogenous MECP2 protein
levels without a significant impact on MECP2 mRNA levels (71).
The MECP2 sequence used in the reporter gene to detect protein
degradation in the screen was MECP2-E2.

Mapping MECP2 3'UTR Isoforms

MECP2 transcript maturation involves APA, generating tran-
scripts with several 3'UTR lengths accumulating at variable
abundances across cell types (8,72). Remarkably, the longest
3'UTR isoform is 8.6 kilobases (kb) long, positioning MECP2 in
the group of genes with the longest 3UTRs in the mammalian
transcriptome. In addition, this long 8.6-kb 3'UTR is highly
conserved across mammals (Fig.2), indicating that positive
selective pressure exists to preserve important RE.

In 1996, the first reported MECP2 northern blot of human
tissue mRNA was performed using a probe common to both
isoforms. Three transcripts with approximate sizes of 1.8,7.5 and
9.5 kb, varying in abundance between tissues were detected, pro-
viding the first indication that MECP2 was expressed as multiple
mRNA isoforms in humans (22). The set of detected transcripts
was refined to 1.8, 5.0, 7.2, 10.1 kb after analysis of both fetal and
adult human tissues (72) (Fig. 2). Later, exon 3 and 4 riboprobes
detected three 3'UTR variant transcripts of 1.8, 5.4 and 10.2 kb
in northern blot experiments, but an exon 2 riboprobe detected
only two 3'UTR variants of 1.8, and 5.4 kb but not the long 10.2
kb transcript (59). This suggested that although both MECP2-E1
and -E2 isoforms were associated with the 1.8, 5.4-kb transcripts,
there was a preferential association of MECP2-E1 with the longest
3'UTR isoform. Another report also indicated that the longest
3'UTR may be associated with MECP2-E1 isoform in pluripotent
cells (8), although the mechanism coupling the AS and APA
has not been explored. Recently, a high-throughput map of pA
sites in human cells, including embryonic and neural stem cells,
using 3'-end sequencing indicated the existence of 10 pA sites
in MECP2 3'UTR further expanding the complexity of MECP2
post-transcriptional regulation (73).

Expression of MECP2 3'UTR Isoforms

An important feature of the MECP2 3'UTR isoforms is that the
longest 10.1-kb transcript is only enriched in the fetal brain and
is replaced by the 5-kb transcript as the longest 3'UTR isoform
in the adult brain (72). Although that drastic difference in 3UTR
length was anticipated to lead to distinct RNA degradation rates,
the first measure of mRNA stability of both 1.8 and 10.1-kb
transcripts showed that they had similar 34 h of half-life, within
the accuracy of the technique used in Raji cells (30), which was
contrasted with distinct half-life measurements made later (8).
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sequences predicted for MECP2 3'UTR based on TargetScan using high stringency parameters (101). In blue and pink, miRNAs and RBPs demonstrated to regulate MECP2
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Coy et al. (72) and Wang et al. (73), respectively, the latter using 3'-READS assays from multiple cell types. Bottom graph: conservation degree of human MECP2 3'UTR
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conservation score was calculated using the UCSC phastCons conservation score tool averaged in 100-nt bins (102).

MECP2 expression in neural tissues follows two general pat-
terns. An ontogenetic pattern (74), where MECP2 appears first in
the evolutionarily old structures like spinal cord and brain stem
and only after in the more recent structures like cerebral cortex
(75) and a laminar inside-out pattern within the brain regions,
where Cajal-Retzius neurons become MECP2 positive first (33).
The net result of these patterns is the low MECP2 level in the pre-
natal stage, followed by its gradual increase at later stages (33). In
the cerebral cortical layers I1I-V, MECP2 abundance in the human
brain gradually increases from 18-weeks post-conception and
during the post-natal development. This gradual increase in
MECP?2 levels coincides with the apparent age-dependent reduc-
tion in the abundance of the 10.1-kb 3'UTR isoform (76). How-
ever, if cells from the cerebral cortical layers III-V are split into
MECP2yp;en, and MECP2y,,, populations, the correlation between
abundances of MECP2 protein and the longest 3'UTR isoform
disappears. The abundance of the longest 3'UTR isoform only
decreases in the MECP2),,, population during the transition from
fetal to juvenile brains, whereas for the MECP2yg, population
the abundance of the longest 3'UTR isoform remains constant
from infant to adult. In fact, in juvenile and adult samples, the
relative abundance of the longest 3'UTR isoform is higher in the
MECP2p;g, than in MECP2y,,, populations (77). This suggests that
the correlation observed by Balmer et al., measuring the whole
brain, was primarily driven by MECP2,,, population, the largest
by cell number. As another observation, contrary to the cerebral
cortex, MECP2 abundance in the renal cortex remains constant
during development (76).

Mouse Mecp2 transcripts have lengths of 1.8, 5.4, 7.2 and
10.2 kb with abundance exhibiting spatiotemporal dependence.
Starting from 12-weeks post-natal, the abundance of the 10.2-kb
isoform in the cerebellum gradually increases, whereas the other
isoforms show little variation. However, in the substantia nigra,
basal ganglia, and occipital cortex, this increase is preceded by a

decrease of larger magnitude starting from E16.5. Furthermore,
the 10.2-kb transcript isoform has minimal shifts in abundance
in liver and lung. These data suggest the existence of a unique
developmental program regulating Mecp2 abundance profiles
between visceral organs and brain (78).

Regulation of 3'UTR Isoform Length by APA
and RNA Destabilization

All these observed features of differential accumulation of 3UTR
isoforms in developing or adult brains are yet to be harmonized
with a sufficiently strong mechanistic description. One proposed
mechanism for the establishment of MECP2 isoforms with dif-
ferent 3'UTRs is the tight pA regulation on premature mRNA,
controlled by regulatory sequences surrounding pA sites. The
PA site proximal to coding-sequence, corresponding to the short
3'UTR, has a canonical pA signal AAUAAA, conserved G-rich
sequence and a suboptimal CstF binding element. In contrast,
the distal pA site, corresponding to the long 3'UTR, has a non-
canonical pA signal UAUAAA and an optimal CstF binding site,
preceded by an upstream sequence element (USE). A comparison
of the pA efficiencies between the proximal and distal pA sites
in Hela cells indicated that the distal pA site is at least 2-
fold stronger than the proximal. Interestingly, a mutation in
the conserved G-rich sequence causes a greater impact on pA
site usage than mutation in the USE (79). The premature mRNA
cleavage factor NUDT21 (CFIm25) was also found to play a role
in the regulation of MECP2 3'UTR isoforms. Elevated NUDT21
increased the usage of the distal pA site of the MECP2 transcripts,
resulting in an enrichment of the inefficiently translated 10.1-kb
long isoform in lymphoblastoid cells (80).

The longest 3'UTR of MECP2 harbors a massive number of
miRNA binding sites (81) (Fig. 2). In some instances, the MECP2-
miRNA interaction forms a homeostatic feedback loop, and in
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others forms a feedback loop between two distinct genes (82-85).
In rat dorsal striatum, the overexpression of miR-212 results in
reduction of Mecp2 protein levels. In addition, the overexpres-
sion of miR-212 in rat PC12 cells leads to degradation of Mecp2
long 3'UTR isoform (86). The non-conserved human-specific miR-
483-5p was shown to regulate MECP2 mRNA. Overexpression of
miR-483-5p in hippocampal neurons of mouse with an additional
copy of human MECP2 rescued the mouse phenotypes to WT
level. Notably, miR-483-5p is enriched in fetal brains then down-
regulated postnatally, which might contribute to the dynamic
regulation of short versus long MECP2 3'UTR isoforms. miR-483-
5p also regulates multiple genes from the SIN3 and NCoR/SMRT
complexes in which MECP2 participates, implying a regulon type
of relationship between these genes (87,88).

MECP2 3'UTR isoforms also undergo miRNA-mediated
regulation in non-neural tissues (89-91). In human iPSCs,
the pluripotent-specific miRNAs miR-200a and miR-302c, in
cooperation with the RBP PUM1, actively degrade the 10.2-kb
long mRNA, whereas the RBP TIA1 represses translation of
the remaining MECP2 transcripts (8). Mutations in PUM1 are
associated with adult-onset ataxia, and PUM1 haploinsufficiency
leads to developmental delay and seizures (92,93). PUM1 over-
expression in human iPSC-derived neurons decreased MECP2
long 3'UTR isoform levels and caused dendrite complexity
and soma size reductions (8). The long isoform is stabilized
and accumulates in the human iPSC-derived cortical neurons,
resulting in the upregulation of total MECP2 mRNA levels. In
addition, another RBP, HuC, outcompetes TIA1 for the same
binding site increasing MECP2 translation efficiency. The final
result is that although total MEPC2 mRNA levels increase by
~2.5-fold, MECP2 protein levels increase by at least 25-fold
during in vitro neurodevelopment. In the same report, we
showed that MECP2 transcription rate remains unaltered in the
neurodevelopment model; thus, the combination of miRNAs and
RBPs is critical for the regulation of MECP2 protein levels (8). We
also observed that changes in abundance of the MECP2 3'UTR
isoforms through differential transcript stabilization suggests
that the global 3'UTR landscape can, in principle, be specified by
mRNA stability rather than APA (8).

The introduction of CREB-induced miR-132 into rat primary
cortical neurons reduces Mecp2 abundance without correspond-
ing changes in mRNA levels, suggesting that miR-132 regulates
MECP2 translation (83). In the miR-132/212-KO mice, the circadian
rhythm of Mecp2 is dysregulated in the circadian pacemaker
neurons in the suprachiasmatic nucleus (94). The binding site for
miR-132 is specific for the long 3'UTR isoform, suggesting that its
effect on translation rate is exclusive for the MECP2 long 3'UTR,
at least in cortical neurons. Changes in relative translation effi-
ciency of the MECP2 long versus short 3'UTR were indepen-
dently corroborated by distinct high-throughput measurement
of translation in hESC and hiPSC-derived neurons (9,95). Also,
mRNA instability and inefficient translation were demonstrated
for a gene therapy MECP2 transgene cassette lacking the long
3'UTR and shown to be a barrier for recovery of MECP2 pro-
tein levels to a physiological range in MECP2 deficient neurons
(96). These results highlight the breadth of post-transcriptional
control on MECP2 transcripts mediated by its multiple 3UTR
isoforms by the combination of miRNA and RBPs.

Mutations in the MECP2 3'UTR without significant alterations
in the coding sequence have been reported in patients with neu-
rological disorders (Fig. 2). Interestingly, some of these mutations
have been correlated with reduction in total MECP2 mRNA levels
in blood cells of individuals with Autism Spectrum Disorder,
suggesting that these mutations could affect MECP2 regulation.

Some mutations reside in a region within 30 nt of the proximal
PA site, potentially affecting its usage. At least one mutation
has been associated with typical RTT, and two more were found
in patients with atypical RTT (97,98). In addition, a deletion
of almost the entire 3'UTR in one copy of duplicated MECP2
was reported in a MECP2 duplication syndrome patient with
milder neurological symptoms, suggesting that MECP2 duplica-
tion could be mitigated by the lack of its 3'UTR (99). Finally, a
mutation found in MECP2 3'UTR was associated with reduced
MECP2 mRNA levels in peripheral blood cells. This mutation
creates a de-novo binding-site for miR-511 that was shown to
suppress MECP2 mRNA levels (100).

Altogether, these studies demonstrate that MECP2 is under
extensive post-transcriptional control and that its 3’'UTR plays a
pivotal role. Given the extreme length of MECP2 3'UTR, it is likely
that more miRNAs and RBPs contribute to the developmental
and homeostatic regulation of MECP2. This is an exciting aspect
of MECP2 biology and the discovery of new regulatory trans-
acting factors overlapping with mutation sites in MECP2 3'UTR
can provide important insights toward mechanisms of MECP2
regulation and RTT.

Conclusions

As a protein of such importance, and for which proper lev-
els must be tightly controlled, some mechanisms that regulate
overall MECP2 gene expression and isoform-specific abundance
remain uncharted. What is clear is that MECP2 transcripts are
under strong post-transcriptional regulation pressure, explain-
ing the poor correlation between MECP2 protein and transcript
levels across multiple cell types in the brain of mice and humans.
Several mechanisms for the fine regulation of MECP2 protein
levels have been identified including mRNA stability, translation
efficiency control, and post-translational regulation. Because of
the presence of a uUORF, the MECP2-E2-encoding ORF is translated
at a much lower efficiency than the MECP2-E1 counterpart. That
feature likely contributes to the higher abundance of MECP2-E1
protein relative to E2. In addition, specific biophysical properties
conferred by the different N-terminal of the two isoforms affect-
ing protein stability might also contribute to the vast difference
in abundance between the two protein isoforms.

Another important aspect of MECP2 gene regulation refers
to the APA, which generates transcripts with multiple 3'UTR
lengths ranging from 0.1 to 8.6 kb. This positions MECP2 mRNA
among the genes with the longest 3'UTRs, further increasing its
post-transcriptional pressure. Importantly, although the RefSeq
database assigns the shortest (0.1 kb—RefSeq NM_001110792)
and longest (8.6 kb—RefSeq NM_004992) 3'UTRs to the MECP2-E1
and MECP2-E2 isoforms, respectively, two independent reports
actually suggest the opposite, at least for the cells studied (8,59).

At the moment, no strong evidence exists to explain the
allocation of the multiple 3'UTR lengths with either MECP2-E1 or
E2 isoforms. Therefore, a mechanism coupling the AS of exon 2
with the pA site usage is required. Long-reads sequencing, such
as produced by Nanopore technology, generating reads covering
exons 1 and 2 and the different 3'UTR lengths are required to
ultimately discriminate whether there is a preferential pA site
usage for each of the MECP2 exon isoforms. Emerging evidence
also correlates DNA methylation status of specific RE on the pro-
moter and intron 1 of MECP2 gene with the various abundances
of MECP2-E1 and E2 isoforms in differentiating neural stem cells.
However, it cannot be separated yet whether the changes in
DNA methylation status or the sex of these cells affect splicing
directly or indirectly through a post-transcriptional mechanism



acting on the stability of the mRNA isoforms that harbor the long
3'UTR.

Despite the existence of these transcriptional and intricate
post-transcriptional mechanisms that fine-tune MECP2 protein
levels, neurons cannot regularize MECP2 protein levels to
compensate for the doubled gene dosage in MECP2 dupli-
cation syndrome, nor induce the MECP2-E2 protein isoform
in RTT mutations affecting only the MECP2-E1. These upper
and lower boundaries to fine regulation of MECP2 isoforms
are overwhelmed in RTT and MECP2 duplication patients,
and approaches to resolve these extraordinary expression
differences could lead to improved therapeutic outcomes.
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