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Rett syndrome (RTT) and Angelman syndrome (AS) are devastating neurological disorders that share
many clinical features. The disease-causing mutations have been identified for both syndromes. Muta-
tions in Methyl-CpG Binding Protein 2 (MECP2) are found in a majority of patients with classical RTT while
absence of maternal allele or intragenic mutation in the maternal copy of UBE3A gene encoding the
human papilloma virus E6-associated protein (E6AP) cause most cases of AS. Extensive studies have been
performed to determine the cause of the neurological problems in each disease. However, the genetic and
molecular basis of the overlap in phenotypes between RTT and AS remains largely unknown. Here we
present evidence that the phenotypic similarities between the two syndromes might be due to the shared
molecular functions between MeCP2 and E6AP in gene expression. Our genetic and biochemical studies
suggest that E6AP acts as an essential cofactor for a subset of MeCP2 functions. Specifically, decreased
expression of Ube3a was able to rescue the cellular phenotypes induced by MECP2-overexpression in Dro-
sophila. And biochemical assays using mice and cell culture systems show that MeCP2 and E6AP physi-
cally interact and regulate the expression of shared target genes. Together these data suggest that
MeCP2 and E6AP play a role in the transcriptional control of common target gene expression and provide
some insight into why RTT and AS share several neurological phenotypes.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Rett syndrome (RTT) and Angelman syndrome (AS) are geneti-
cally distinct but phenotypically similar diseases with many shared
clinical features including impaired social interactions, absence of
speech, cognitive impairment, ataxia, and characteristic abnormal
behaviors. Mutations in the gene encoding Methyl-CpG Binding
Protein 2 (MeCP2) are found in the majority of patients with typi-
cal RTT [1]. Most cases of AS are caused by deletions in the mater-
nal chromosome 15q12 containing the UBE3A gene, intragenic
mutations in the maternal allele of the UBE3A gene, or absence of
maternal chromosome 15 (with paternal uniparental disomy of
the chromosome) [2–4]. UBE3A encodes the human papillomavirus
E6-associated protein (E6AP) [5]. In addition to mutations and
deletions, individuals with chromosomal duplications encompass-
ing either the MECP2 or UBE3A loci show clinical features related to
those of RTT, AS, or autism spectrum disorders (ASDs) [6,7]. These
data provide strong evidence that tight regulation of MECP2 and
UBE3A expression is essential for proper brain function and that
mutations in either MECP2 or UBE3A, or changes in the expression
levels of their respective proteins, lead to neurological disorders.

Both MeCP2 and E6AP are multi-functional proteins. MeCP2
modulates RNA at several levels including transcription and alter-
native RNA splicing [8–11]. MeCP2 was originally found to function
as a methylated CpG dependent transcriptional repressor [8] by
associating with corepressor complexes containing Sin3A and Bra-
hma and histone deacetylases, and/or CoREST [12,13]. In contrast,
MeCP2 was shown to up-regulate gene expression by cooperating
with transcription factor CREB1 [10]. Interestingly, several groups
recently reported that MeCP2 plays a critical role in the proper
organization of chromatin structures [14–16]. E6AP is an E3 ubiq-
uitin ligase [5], but it also acts as a transcriptional coactivator for
several proteins including the nuclear hormone receptors [17].

The fact that RTT and AS share many clinical features raises the
question of whether they impact similar pathways. It is becoming
abundantly clear that proteins that function in the same or inter-
connected molecular pathways cause similar phenotypes. For
example, proteins implicated in human inherited ataxias, a genet-
ically heterogeneous but clinically similar group of disorders, do
indeed interact either directly or indirectly [18]. We rationalized
that this may also be the case for RTT and AS, given the overlapping
neurological phenotypes in both disorders. In this study we set out
to test whether alterations in Ube3a expression can modulate the
phenotypes of MECP2 overexpression using a combination of
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genetic and biochemical approaches and whether any in vivo inter-
actions are due to some shared or overlapping molecular functions
of MeCP2 and E6AP.
2. Materials and methods

2.1. Creation of MECP2-GFP transgenic mouse line and mouse
husbandry

Using BAC/PAC recombineering technology [19], a PAC DNA
clone (PAC671D9) containing the human MECP2 gene was modi-
fied by inserting the coding sequence for the Enhanced Green Fluo-
rescent Protein (EGFP) downstream of the MECP2 coding sequence
to generate the MECP2-GFP clone. Linearized DNA containing the
human MECP2-GFP fusion gene was purified and injected into sin-
gle cell zygotes of FVB mice. Several MECP2-GFPTg lines were estab-
lished and MeCP2-GFP expression was analyzed. MECP2-GFPTg/+

and MECP2Tg1/+ [20] animals were maintained on a pure FVB/N
background. Ube3am+/p� [21] animals were maintained on a pure
129S6/SvEv background. MECP2Tg1/+ male mice were bred to
Ube3am+/p� heterozygote females and all four subsequent F1 prog-
eny were obtained. All mice were maintained on a 12 h light and
12 h dark cycle with standard mouse chow and water ad libitum.
All research and animal care procedures were approved by the
Baylor College of Medicine and the Yale University Institutional
Animal Care and Use Committee.

2.2. Western blot analysis

Samples were prepared from adult fly head or whole brain or
specific brain regions of mice, collected into 1 ml lysis buffer
(50 mM Tris [pH 7.5], 150 mM NaCl, 1% SDS, 1% Triton X-100,
1 mM PMSF and Roche complete protease inhibitor cocktail) and
briefly homogenized. The lysate was rotated at 4 �C for 20 min
and then centrifuged for 15 min at 13,000 rpm at 4 �C. The super-
natant was quantified and 20 or 40 lg total protein from each sam-
ple was analyzed by western blot. The following primary
antibodies were used: mouse anti-tubulin (clone 12G10, Develop-
mental Studies Hybridoma Bank), mouse anti-Gapdh (Advanced
Immunochemical), mouse anti-HA clone HA-7 (Sigma–Aldrich),
mouse anti-MeCP2 (Sigma–Aldrich), mouse anti-E6AP (Sigma–Al-
drich), rabbit anti-GFP (Abcam), rabbit anti-Sst (Santa Cruz Bio-
technology), rabbit anti-CREB (clone 48H2, Cell Signaling
Technology), rabbit anti-E6AP (Bethyl Laboratory), rabbit anti-
MeCP2 (Millipore), rabbit anti-mSin3A (clone AK-11, Santa Cruz
Biotechnology), and rabbit anti-CoREST [13].

2.3. Co-immunoprecipitation assays

To investigate the interaction between MeCP2 and E6AP, co-
immunoprecipitation experiments were performed using HEK293T
cell extracts as similarly described [22]. HA-E6AP was a gift of Dr.
Howley (Addgene plasmids, #8657, 8658, 8659) [23]. To test the
MeCP2-E6AP interaction in vivo, whole brain of MECP2-GFPTg/+ (or
MECP2-GFPTg/+; Ube3am�/p+) transgenic mice was dissected, col-
lected into 2 ml hypotonic buffer (10 mM HEPES [pH 7.4],
1.5 mM MgCl2, 10 mM KCl, 0.2 mM PMSF, 0.5 mM DTT, and prote-
ase inhibitor cocktail) and homogenized. Samples were rotated at
4 �C for 20 min and then centrifuged for 15 min at 1600 rpm at
4 �C. Pellets were washed at least twice with the same hypotonic
buffer. Pellets were then lysed in lysis buffer (0.5% Triton X-100,
20 mM Tris [pH 8.0], 100 mM NaCl, 1 mM EDTA, 1 mM PMSF,
and protease inhibitor cocktail) for 15 min at 4 �C, rotating, and
soluble protein extracts were collected after centrifugation for
15 min at 13,000 rpm at 4 �C. Anti-E6AP, anti-GFP or normal rabbit
IgG were used for immunoprecipitation. The immunocomplexes
were washed three times with the same lysis buffer, and analyzed
by SDS–PAGE and western blot.

2.4. Luciferase reporter assay

HEK293T cells were transfected using Lipofectamine 2000 with
the pGL3-Basic-Sst-promoter luciferase reporter construct (50 ng)
[10], the pRL-TK vector (10 ng) as an internal transfection control,
pCDNA3.1-MECP2 (100 ng) and HA-E6AP (100 ng) vectors. Total
plasmid amounts were adjusted by adding empty plasmid. After
approximately 1 day later, cells were lysed and subjected to a dual
luciferase reporter assay (Promega). Normalized luciferase activity
was obtained by dividing the firefly luciferase activity from the re-
porter construct by the Renilla luciferase activity from the pRL-TK
vector. All experiments were performed in triplicate.

2.5. Quantitative real-time PCR

The RNA extraction, cDNA synthesis, and quantitative real-time
PCR were performed as described [10].

2.6. Statistical analysis

Data were analyzed using ANOVA (analysis of variance) using
SPSS 18 software for Mac OSX or Student’s t-test (two-tailed, not
assuming equal variances).

2.7. Drosophila strains and scanning electron microscopy

The mutant and transgenic flies used in this study are dUbe3a
(alleles 6J, 80, 15b) [24] and UAS-MECP2 [25]. Processing and image
acquisition of Drosophila eyes for scanning electron microscopy
were performed by the EM Facility CCMI at Yale University.

3. Results

3.1. Decreased expression of Ube3a rescues MECP2-overexpression
phenotypes in Drosophila

To explore the possibility that the neurological phenotypes
associated with altered MeCP2 or E6AP levels may be mediated
by some shared molecular functions between the two proteins,
we performed a genetic interaction study using Drosophila models
of MECP2 and Ube3a. Overexpression of the human MECP2 gene in
the Drosophila eye causes disruption in the structured pattern of
the normal eye surface [25]. Similarly, overexpression of Ube3a
causes many abnormal phenotypes in Drosophila, while loss of
Ube3a expression does not produce any detectable alterations in
the Drosophila eye [24]. Therefore, these models provide an excel-
lent opportunity to determine if loss or decreased expression of
Ube3a can modify MECP2 overexpression phenotypes. We looked
for a genetic interaction between MECP2 and Ube3a by crossing
MECP2 overexpression flies with Drosophila Ube3a (dUbe3a) mu-
tant flies. A heterozygous loss of a single dUbe3a allele strongly
suppressed ommatidial disorganization phenotypes, without
affecting MECP2 expression, in flies expressing human MECP2
(Fig. 1). These genetic interaction data suggest that Ube3a has a
crucial role in inducing or mediating MECP2-induced abnormal
phenotypes in Drosophila.

3.2. E6AP and MeCP2 do not regulate each other’s expression

We next investigated the molecular relationship between
MeCP2 and E6AP. Since reduced expression of E6AP did not affect



Fig. 1. Decreased expression of dUbe3a suppresses MECP2 overexpression phenotypes in Drosophila. (A–F) Scanning electron microscopy of adult fly eyes from controls (A, B)
or animals expressing human MECP2 driven by the GMR-Gal4 driver (C–F). Loss of one dUbe3a allele robustly suppressed the MECP2-mediated retinal disorganization
phenotypes (D–F). Magnified images are at the bottom of each panel. More than 100 adult flies per genotype were examined at day 2 after eclosion. Three independent
mutant alleles (called 6J, 80, and 15b) of dUbe3a showed the same results. (G) Western blot with a specific MeCP2 antibody in extracts from MECP2 expressing adult fly head
shows that decreased expression of dUbe3a (50% reduction) did not affect MECP2 protein expression. Flies were raised at 28 �C and genotypes are: (A) dUbe3a+/�, (B) GMR-
Gal4/UAS-EGFP, (C) GMR-Gal4/UAS-MECP2, (D) GMR-Gal4/UAS-MECP2; dUbe3a6J/+, (E) GMR-Gal4/UAS-MECP2; dUbe3a80/+, and (F) GMR-Gal4/UAS-MECP2; dUbe3a15b/+.
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MECP2 expression in Drosophila (Fig. 1G), we tested whether this is
also the case in mice. We checked MeCP2 protein levels in the
whole brain or specific brain regions of Ube3a-null mice and found
no obvious difference in the MeCP2 protein level (Fig. 2A; data not
shown). Conversely, we also examined the level of E6AP in mice
with altered MeCP2 levels. E6AP expression was not altered in
whole brain extracts of MECP2 transgenic (MECP2-TG) (Fig. 2B) or
Mecp2-null male mice (Fig. 2C) or in specific brain regions (data
not shown). Taken together, these analyses suggest that E6AP
and MeCP2 do not affect each other’s expression.

3.3. E6AP cooperates with MeCP2 to regulate target gene expression

We next asked whether MeCP2 and E6AP could function to-
gether in regulating target gene expression, given that MeCP2
and E6AP both act as regulators of gene expression independently
[10,17,26,27]. Since E6AP can act as a transcriptional coactivator
[17], we tested whether E6AP acts as a coactivator for MeCP2.
We transfected HEK293T cells with a luciferase reporter construct
driven by the promoter of Somatostatin (Sst), a known transcrip-
tional target activated by MeCP2 [10]. Co-expression of MeCP2
with E6AP resulted in significant enhancement of Sst reporter
activity (Fig. 3A). E6AP has three isoforms that differ at their N-ter-
minus. Interestingly all three isoforms of E6AP could enhance the
MeCP2-mediated Sst luciferase activity (Fig. 3A), suggesting that
E6AP cooperates with MeCP2 to enhance transcription, at least in
this cell culture system.

To ascertain the relevance of E6AP activity in MeCP2-mediated
gene expression in vivo, we investigated whether the expression
levels of activated MeCP2 targets are affected by the presence or



Fig. 2. MeCP2 and E6AP do not regulate each other’s expression in mice. (A) The
expression level of MeCP2 was not altered in Ube3a-null mice. (B) The expression
level of E6AP was not altered in MECP2-TG mice while MeCP2 expression was
increased by >2-fold. (C) E6AP expression level was not changed in Mecp2-null male
mice. Graphs show the normalized levels (wild-type = 100%) of MeCP2 (A) and E6AP
(B, C) in whole brain extracts from wild-type or mutant mice. WT = wild-type.
Tg = Transgenic. NS = non-significant, t-test.
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absence of E6AP. We first analyzed the protein level of Sst in wild-
type and Ube3a-null hypothalami, a brain region with several well-
validated mRNA transcripts that are up-regulated by MeCP2 over-
expression [10]. We found that Sst protein levels were significantly
decreased in Ube3a-null hypothalami compared with those of their
wild-type littermates (Fig. 3B and C). Importantly, we also ob-
served that increased Sst expression driven by MECP2 overexpres-
sion in MECP2-TG mice was strongly suppressed by loss of the
maternal Ube3a allele (Fig. 3E). Consistent with E6AP’s role as a
transcriptional coactivator, the mRNA expression levels of Sst were
significantly decreased in the Ube3a-null hypothalami compared to
those of their wild-type littermates (Fig. 3D). It was also reported
that Sst transcription was down-regulated in the Ube3am�/p+ cere-
bellum compared to wild-type mice [26]. Taken together, these
data suggest that E6AP can function as a coactivator for the
MeCP2-mediated regulation of Sst expression in vivo.

In contrast to Sst, the protein and mRNA expression levels of
CREB1, another validated MeCP2-activated target [10], were not al-
tered in Ube3a-null hypothalami (Fig. 3B–D). This suggests that
E6AP may not cooperate with MeCP2 in CREB1 expression and
raises the possibility that expression of a subset, but not all, of
MeCP2 targets depends on E6AP activity. To determine what per-
cent of activated MeCP2 targets are affected by E6AP function,
we randomly selected 60 genes whose levels were increased in
MeCP2-TG mice [10]. By quantitative real-time PCR analysis, we
found that 6 out of 62 genes tested were down-regulated while
13 genes were up-regulated in the Ube3a-null hypothalami (Sup-
plementary Table S1), suggesting that about 10 percent of the
genes that we analyzed are normally activated by MeCP2 and
E6AP in this brain region.

3.4. E6AP does not regulate the expression of known corepressors for
MeCP2

We next investigated the mechanism by which E6AP enhances
MeCP2-mediated regulation of gene expression. Since E6AP acts as
an E3 ubiquitin ligase, it is possible that E6AP may promote the
degradation of some negative regulators of MeCP2, allowing
MeCP2 to be available to its coactivators and to activate target
genes. MeCP2 has been known to associate with corepressor com-
plexes containing mSin3A, histone deacetylases, and CoREST
[12,13]. To test whether E6AP targets these corepressors for degra-
dation, we checked the protein levels of mSin3A and CoREST in
whole brain, as well as specific brain regions including hypothala-
mus, olfactory bulb, amygdala, and others, of Ube3a-null mice com-
pared with their wild-type littermates, but we found no differences
between the genotypes (Supplementary Fig. S1). This observation
rules out the possibility that the degradation of at least these core-
pressors could be linked to E6AP-mediated transcriptional activa-
tion of MeCP2 targets.

3.5. E6AP physically associates with MeCP2

Another mechanism by which E6AP could activate MeCP2 tar-
gets is to act as a coactivator directly by associating with MeCP2.
In support of this, we found that MeCP2 physically interacted with
all three isoforms of E6AP in cultured mammalian cells by co-
immunoprecipitation (co-IP) assays (Fig. 4A). We also performed
co-IP assays on mouse brain extracts using a specific E6AP anti-
body. To increase IP efficiency of MeCP2-associated protein com-
plexes in vivo, we generated a P1 artificial chromosome (PAC)
transgenic mouse that mildly overexpresses MECP2-GFP under
the control of its endogenous promoter by one and a half fold
the wild-type level (Chahrour and Zoghbi, unpublished data). The
anti-E6AP antibody co-immunoprecipitated MeCP2-GFP from
whole brain extracts (Fig. 4B), suggesting that MeCP2 and E6AP
do indeed interact in vivo. These data support the idea that E6AP
directly associates with MeCP2.
4. Discussion

RTT and AS display many overlapping neurological phenotypes.
Extensive studies have been performed to determine the cause of
neurological problems. However, the genetic and molecular basis
of the overlap in phenotypes remains largely unknown. In this
study we provide in vivo genetic and molecular evidence that
MeCP2 and E6AP share functions by demonstrating that they are
involved in the regulation of shared target gene expression. First,
our genetic interaction studies show that MeCP2 overexpression
phenotypes are improved by decreased expression of Ube3a in Dro-
sophila (Fig. 1). These data suggest that MeCP2 activity is depen-
dent on E6AP and further suggest that MeCP2 and E6AP may
affect some overlapping genetic pathways. Second, we show that
MeCP2 and E6AP do not regulate each other’s expression (Fig. 2).
Furthermore, E6AP does not affect expression levels of some of
MeCP2-associated proteins in mice in vivo (Supplementary
Fig. S1), which are crucial for the regulation of MeCP2-mediated
target gene expression. There is still the possibility of novel



Fig. 3. E6AP functions as a coactivator for MeCP2-mediated gene expression. (A) Luciferase assay shows that MeCP2 and E6AP could synergistically activate Sst promoter in
HEK293T cells (n = 3, ⁄P < 7.53 � 10�8, two-way ANOVA). (B) The expression level of Sst, but not CREB1, was significantly decreased in the hypothalamus of a representative
Ube3a-null mouse compared to its wild-type (WT) littermate. (C and D) Graphs show the normalized expression levels of Sst and CREB1 proteins (n = 5, ⁄P < 0.001, t-test) or
mRNAs (n = 3, ⁄P < 0.005, t-test) in hypothalami from wild-type or Ube3a-null mice. NS = non-significant, t-test. (E) MECP2 overexpression-induced Sst up-regulation was
strongly suppressed by loss of maternal Ube3a expression. Graph shows the normalized expression levels of Sst protein in hypothalami (⁄P < 0.01, ⁄⁄P < 0.005, NS = non-
significant, one-way ANOVA). Genotypes are color-coded. (For interpretation of color in this Figure, the reader is referred to the web version of this article).
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unidentified MeCP2 corepressors regulated by E6AP, however.
Rather, MeCP2 and E6AP can physically associate with each other
and modulate expression of some common target genes (Figs. 3
and 4). MeCP2 and E6AP may co-regulate gene expression by act-
ing directly at the promoter and/or regulatory elements of their
target genes. Alternatively, E6AP may affect MeCP2 function in
organization of chromatin structures [14–16] and gene expression
changes might be secondary to the altered chromatin structures.
Regardless, MeCP2 and E6AP appear to co-regulate the expression
of about 10% of MeCP2 target genes in the hypothalamus that we
tested (Supplementary Table S1). Although the gene expression
changes may not directly explain specific behavioral and
neurological phenotypes at this moment, these molecular data
are in agreement with our genetic interaction data in that loss of
(or decrease in) Ube3a expression suppresses MECP2 overexpres-
sion-induced phenotypes. This co-regulation of shared molecular
targets between MeCP2 and E6AP may explain the similarities in
disease features of RTT and AS.

Our findings, however, should not diminish the importance of
other functions of MeCP2 or E6AP and the contributions of such
functions to RTT and AS or even ASDs. Only some MeCP2-activated
targets were influenced by E6AP coactivator activity, suggesting
that MeCP2 may be able to form several different transcriptional
complexes with different proteins besides E6AP to regulate



Fig. 4. MeCP2 associates with E6AP. (A) MeCP2 interacted with all three isoforms of
E6AP in HEK293T cells by co-immunoprecipitation (co-IP) assays. Top panel shows
expression of MeCP2 after IP using anti-HA-agarose beads, demonstrating the
MeCP2-E6AP interaction. GFP expression was used as a transfection and loading
control. (B) Interaction of MeCP2 with E6AP in mouse brain. The anti-E6AP antibody
was used to co-immnoprecipitate MeCP2.
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expression of distinct groups of target genes. In addition, the tran-
scriptional repressor function of MeCP2 may also play a crucial role
in the pathogenesis of RTT. This may also be the case for E6AP since
it may function as a coactivator for several different transcription
factors [17] besides MeCP2. Furthermore, the E3-ubiquitin ligase
function is also crucial for E6AP function, as well as the pathogen-
esis of AS [28–30]. Altogether, a detailed understanding of the
molecular functions and the crosstalk of MeCP2 and E6AP with
other autism-causing proteins will be at the center of future stud-
ies aimed at understanding these protein functions in brain, as well
as for developing interventions for RTT, AS, and ASDs.
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