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Abstract
Rett syndrome (RTT) is a severe neurodevelopmental disorder that is usually causedbymutations inMethyl-CpG-binding Protein 2
(MECP2). Four of the eight common disease causing mutations in MECP2 are nonsense mutations and are responsible for over
35% of all cases of RTT. A strategy to overcome disease-causing nonsense mutations is treatment with nonsense mutation
suppressing drugs that allow expression of full-length proteins from mutated genes with premature in-frame stop codons.
To determine if this strategy is useful in RTT, we characterized a new mouse model containing a knock-in nonsense mutation
(p.R255X) in theMecp2 locus (Mecp2R255X). To determinewhether the truncated gene product acts as a dominant negative allele
and if RTT-like phenotypes could be rescued by expression of wild-type protein, we genetically introduced an extra copy of
MECP2 via an MECP2 transgene. The addition of MECP2 transgene to Mecp2R255X mice abolished the phenotypic abnormalities
and resulted in near complete rescue. Expression of MECP2 transgene Mecp2R255X allele also rescued mTORC1 signaling
abnormalities discovered in mice with loss of function and overexpression of Mecp2. Finally, we treated Mecp2R255X embryonic
fibroblasts with the nonsense mutation suppressing drug gentamicin and we were able to induce expression of full-length
MeCP2 from themutant p.R255X allele. These data provide proof of concept that the p.R255Xmutation ofMECP2 is amenable to
the nonsense suppression therapeutic strategy and provide guidelines for the extent of rescue that can be expected by
re-expressing MeCP2 protein.

Introduction
Rett syndrome (RTT) is a neurodevelopmental disorder that
affects 1 in 10 000 live female births (1). Affected individuals
have apparently normal initial neurocognitive development but
then present with head growth deceleration and loss of acquired
language and motor function. This devastating disease currently
has no cure and people with RTT require lifelong care. The vast

majority (>95%) of people with RTT have mutations in the
X-chromosome transcriptional regulatorMethyl CpG binding Protein
2 (MECP2) (2), whose protein product, MeCP2, plays an important
role in neuronal development by binding methylated CpG (3)
and regulating expression of neuronal genes (4–6). A number of
mouse models of RTT have been generated, with the most com-
monly used ones representing a complete loss of function of the
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protein due to the elimination of the bulk of the coding sequence.
Male mice with these large MECP2 deletions show severe pheno-
types early in life culminating in premature death, while female,
heterozygous, mice develop symptoms of variable severity (7,8).
Previously, it has been demonstrated that restoration ofMecp2 ex-
pression in either pre-symptomatic (9) or post-symptomatic
(10,11) mice can rescue abnormal phenotypes and premature
death, providing hope that treatments can be developed tomodify
or even completely reverse the disease in humans.

Hundreds of different mutations in MECP2 have been asso-
ciated with RTT and the spectrum of RTT disease-causing muta-
tions in MECP2 include missense, nonsense, insertions and
deletions; however, over 60% of RTT cases are caused by eight
common point mutations in MECP2 (p.R106W, p.R133C, p.
T158M, p.R168X, p.R255X, p.R270X, p.R294X, p.R306C) (12). The
eight commonmutations arise due to C to T transitions at hyper-
mutable CpG sites within the gene (13,14). Notably, four of the
eight common disease causing mutations are nonsense muta-
tions and are responsible for at least 35% of RTT cases (12,15),
which presents an opportunity for mutation-specific therapy
based on compounds that suppress nonsense mutations (‘read
through drugs’). Nonsense suppression was first identified as a
property of aminoglycosides that act by binding with the riboso-
mal small subunit and increasing the incidence ofmispairing of a
near-cognate aminoacyl-tRNA (16). Aminoglycosides and non-
aminoglycoside compounds have been used in animal disease
models for cystic fibrosis (17) and Duchennemuscular dystrophy
(18) to restore protein expression and correct deleterious pheno-
types in mice with nonsense mutations; however to date, these
therapies have not been used for a central nervous system dis-
ease such as RTT.

In order to test these compounds in RTT, an animal model
with high construct and face validity expressing a humandisease
causing nonsense mutation in MECP2 is necessary. Previously, a
mouse expressing p.R168X was developed, but the engineering
removed the carboxy-terminus of the gene,making it inappropri-
ate for testing read through drugs (19). More recently, another p.
R168X mouse was developed, but no formal characterization of
the phenotype of the animal has been presented (20). In order
to address these issues and develop a system to test the abilities
of read through drugs to treat RTT, we generated a new mouse
model of RTT containing a common nonsense mutation in
MECP2, p.R255X (Mecp2R255X). The utility of such a model is that
it reproduces the clinical features observed in people with the
disease. Furthermore, in anticipation of preclinical treatment
trials, it is important to clearly define the severity of the pheno-
types in order to adequately power experiments to look for
improvement. To this end, we performed detailed phenotypic
characterization of both male and female animals with
Mecp2R255X. Additionally, a theoretical concern with nonsense
mutations is that there is the possibility that a truncated protein
product produced may act as a dominant negative protein, inter-
fering with any wild-type protein function. A dominant negative
effect would severely limit the ability of a read through drug to
show benefit, as it is unlikely that read through would ‘correct’
all the transcripts present. In the case of the p.R255 mutation,
the mutation lies distal to the DNA-binding domain but disrupts
the transcription repression domain of MeCP2. Therefore, it is
possible that a protein containing only the DNA binding domain
would be formed and potentially act as a dominant negative pro-
tein. To determine if the p.R255X allele has a dominant negative
effect, we introduced the MECP2 transgene (Mecp21Hzo/J) (21) to
Mecp2R255X to determine if providing a wild-type copy of MeCP2
was sufficient to rescue the phenotypes observed in this new

RTT model. Finally, we used cells derived from Mecp2R255X/Y ani-
mals to demonstrate that an aminoglycoside, gentamicin, is able
to read through and allow full-length protein production.

Results
Introduction of p.R255X mutation into Mecp2
affects mRNA and protein expression

We generated a knock-in mouse carrying a p.R255X mutation
(Fig. 1A) in the endogenousmouseMecp2 locus. From hemibrains
of adult WT and Mecp2R255X/Y mice, we isolated mRNA and per-
formed quantitative real-time PCR to detect the Mecp2 exon 1;
exon 3 splice junction and exon 3. Mecp2R255X/Y express both
Mecp2 mRNAs at ∼60% level of WT (Fig. 1B). From contralateral
hemibrains, we performed immunoblotting against the N-ter-
minus of MeCP2 common to isoforms 1 and 2 but saw no evi-
dence of protein product, even in the predicted size range of
20 kDa expected for a truncated protein produced from
Mecp2R255X/Y (SupplementaryMaterial, Fig. S1A) (19).We also per-
formed immunoblotting against the common N-terminus from
hippocampus and cortex lysates of adult WT and Mecp2R255X/Y

mice and did not detect any MeCP2 full-length protein or trunca-
tion product inMecp2R255X/Y (Fig. 1C). As expected, transgenic an-
imals containing an extra copy ofMecp2 (Mecp21Hzo/J) (21) express
two times the amount of MeCP2 protein, and when this trans-
gene is combined with Mecp2R255X allele, a wild-type level of
MeCP2 protein is observed (Fig. 1C).

As we were surprised to find no truncated protein product
produced, we decided to see if this was also the case in people
with RTT. We thus obtained human brain lysates from deceased
RTT individuals and performed immunoblotting against the
common MeCP2 amino-terminus. We did not detect any MeCP2
truncation product in heterozygous, female humans with the
RTT-causing mutations p.R168X, p.R255X, p.R270X or K256
fsX288 (Fig. 1D). Because p.R255X mice do not express any
MeCP2 protein or truncation product, we expected them to
have phenotypic onset and severity similar to complete null
MeCP2 mouse models (7,22).

Mecp2R255X mice have abnormal brain, heart, breathing
and weight phenotypes

As observed in humans with RTT (23) and other mousemodels of
RTT (8,24), Mecp2R255X/Y have decreased brain weight compared
with WT (Fig. 2A). At age 6–8 weeks, Mecp2R255X/Y have increased
breathing rate at baseline andwhenexposed toahypoxic gas chal-
lenge (Fig. 2B). Mecp2R255X/Y over 8 weeks age had increased cor-
rected QT interval time (Fig. 2C) and incidence of arrhythmia
(Fig. 2D). All of these detrimental phenotypes were rescued
by MECP2Tg1 allele (Fig. 2A–D). Notably, male MECP2Tg1 mice also
had increased incidence of arrhythmia compared with wild-type
littermates which was rescued in the presence of the p.R255X
allele (Fig. 2D). Mecp2R255X/+ female mice were assessed after 8
months age and had phenotypes similar to males (Fig. 2E–G)
with abnormal phenotypes in brain weight, inappropriate
response to hypoxic gas challenge and increased QT interval
corrected byMECP2Tg1. Three of sixMecp2R255X/+ had arrhythmias,
but this was not significant (Fig. 2H). Again, providing a wild-type
copy of Mecp2 corrected phenotypes in Mecp2R255X/+ animals
(Fig. 2E–H), similar to the rescue observed in male animals.

Mecp2R255X/Y were underweight at weaning (Supplementary
Material, Fig. S2A), but recovered to WT body weight by 6 weeks
age. Mecp2R255X/Y had liver and heart weights comparable with
WT (Supplementary Material, Fig. S2B and C) at 8 weeks age.
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Normal body weight was maintained inMecp2R255X/Y until death,
which occurred prematurely, with a median survival of 61 days,
σ = 1.764 (Fig. 2I). Mecp2R255X/+ developed an overweight body
weight phenotype by 10 weeks age (Supplementary Material,
Fig. S2D) and increased liver and heart weight by 8 months age
(Supplementary Material, Fig. S2E and F). Abnormal body, liver
and heart weight inMecp2R255X/+ was rescued by MECP2Tg1 allele.
Body weight is a phenotype inMecp2 knockout mice which is de-
pendent on genetic strain background (7). In a pure C57Bl6 back-
ground, Mecp2 knockout mice have an underweight phenotype
(7); however, an overweight bodyweight phenotype has been pre-
viously described in male Mecp2 knockout mice in an isogenic
129S6/C57Bl6 background (25,26). In this study, theMecp2R255X ex-
perimental mice examined for body weight were from the N1–N5
generation of a backcross from the 129S6 to C57Bl6 strain back-
ground and the mixed genetic background could account for
the weight dysregulation observed in male and female animals.
Four Mecp2R255X/+ had premature death (Fig. 2J), with two having
tonic-clonic seizures followed by death after being handled. The
remaining Mecp2R255X/+ assessed for survival time lived to over
1 year age and the median survival in Mecp2R255X/+ was 224
days, σ = 31.768. The premature death phenotype in Mecp2R255X/Y

and Mecp2R255X/+ was rescued by MECP2Tg1 (Fig. 2I and J).

Mecp2R255X mice have anxiety, motor and learning
impairments

At ∼6 weeks age, several abnormal behavioral phenotypes were
apparent inMecp2R255X/Y mice.Mecp2R255X/Y mice mademore en-
tries into, traveled greater distance (Supplementary Material,
Fig. S3A and B) and spent increased time in (Fig. 3A) the open
arm of the elevated plus maze compared with WT mice. The
decreased anxiety phenotype was rescued in the Mecp2R255X/Y;
MECP2Tg1 animals. Mecp2R255X/Y mice had motor coordination
dysfunction demonstrated by increased footslips when walking
on an array of parallel bars (Fig. 3B), decreased ability to remain
suspended on a ¼ in diameter dowel (Fig. 3C), and impaired abil-
ity to learn the accelerating rotating rod walking task (Fig. 3D).
MECP2Tg1 rescued all motor coordination phenotypes observed
in Mecp2R255X/Y mice. In contextual fear conditioning—a hippo-
campal-dependent learning task (27)—Mecp2R255X/Y had im-
paired contextual long-term memory (Fig. 3E), which was
rescued in the presence of MECP2Tg1.

We tested female mice beginning at ∼17 weeks age, an age at
which abnormal behavioral phenotypes in female Mecp2null/+

mouse models can be observed (28). There was no difference in
behavior among the female genotypes in the elevated plus
maze (Fig. 3G and Supplementary Material, Fig. S3C and D).
Mecp2R255X/+ had increased footslips in the parallel rod walking
task (Fig. 3H) and difficulty learning the rotating rod walking
task (Fig. 3J) compared with WT and MECP2Tg1 rescued both phe-
notypes. There was no difference among female mice in the
motor coordination task of dowel hang time (Fig. 3I).

Mecp2R255X/Y have LTP impairment insurmountable
by MECP2Tg1

Mice expressing a truncated allele of Mecp2 have impaired
long-term potentiation (LTP) (29), while MECP2Tg1 mice have

Figure 1. Introduction of R255X mutation into Mecp2 affects mRNA and protein

expression. (A) Diagrammatic representation of the p.R255X allele. The allele

has a single retained loxP sequence within intron 3, the expected nonsense

point mutation in exon 4 and no other molecular changes in the locus,

confirmed by sequencing. (B) Quantitative PCR of hemibrain lysates reveals that

Mecp2R255X/Y mice brains express Mecp2 mRNA at ∼60% of WT levels. (C)
Western blotting shows no full-length or truncated MeCP2 protein produced

from the hippocampus or cortex of Mecp2R255X/Y mice brains. In contrast, brain

tissue from Tg1 animals express twice as much MeCP2 as WT, and the addition

of Tg1 transgene normalizes MeCP2 protein levels in Mecp2R255X/Y mice brains.

(D) Western blot of human brain lysates from heterozygous female RTT

patients who have nonsense mutations in MECP2. No truncation MeCP2 protein

product was observed in any of the cases. Lower panel shows levels of GAPDH,

which is used as a loading control.
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enhanced LTP (21). To determine if expression ofMECP2Tg1 on the
Mecp2R255X/Y background could rescue hippocampal synaptic
plasticity, we performed field recordings on acute hippocampal
slices from 6- to 7-week-old malemice of each genotype. Despite
rescue of contextual learning in the presence of theMECP2Tg1 al-
lele, bothMecp2R255X/Y andMecp2R255X/Y;MECP2Tg1 had decreased
evokedfield excitatory post-synaptic potential (fEPSP) slope com-
pared with WT and MECP2Tg1 (Fig. 4). Surprisingly, MECP2Tg1 did
not display the previously described enhancement of LTP after
high-frequency stimulation of Schaffer-collateral synapses (21).
Despite the presence of protein in the hippocampus (Fig. 1C), the
MECP2Tg1 is unable to rescue the LTP phenotype caused by lack
of MeCP2 in the hippocampus of Mecp2R255X/Y; MECP2Tg1 animals.

Mecp2R255X/Y and Mecp2Tg1 have mTORC1 pathway
abnormalities

To determine the molecular mechanism underlying the behav-
ioral and cellular phenoytpes in MECP2Tg1 and Mecp2R255X/Y, we
analyzed the activity of mammalian target of rapamycin

complex 1 (mTORC1), a key signaling pathway underlying long-
term changes in synaptic strength and behavioral learning (30–
33). The best characterized mechanism by which mTORC1 con-
trols LTP and memory is through its control of new protein syn-
thesis (30). mTORC1 regulates mRNA translation rates through
phosphorylation of its downstream effectors, eIF4E-binding pro-
teins (4E-BPs) and p70 S6 kinase (S6K) (30). We determined
mTORC1 activity by measuring the phosphorylation levels of
the direct downstream target of S6K ribosomal protein S6 (S6)
in region-specific brain lysates across genotypes. S6 is phos-
phorylated at S240/244 and S235/236. The S240/244 phosphoryl-
ation site on S6 is targeted by mTORC1-S6K, whereas S235/236
is phosphorylated by both S6K andmitogen-activated protein ki-
nase (MAPK/ERK) (34). We did not observe any differences in
MAPK/ERK activity among genotypes (Supplementary Material,
Fig. S4A–D). Therefore, we measured whether mTORC1 activity
is altered in Mecp2R255X/Y mice, MECP2Tg1 mice and double-mu-
tant Mecp2R255X/Y;MECP2Tg1 mice. Impaired mTORC1 signaling
was previously reported in a cellular model of RTT, where exon
3 was ablated (35). Consistent with these results, in the

Figure 2. R255X mice have abnormal brain, heart, breathing and weight phenotypes. (A) Mecp2R255X/Y mice have decreased brain weight compared with WT and this

phenotype is rescued by MECP2Tg1. (B) Mecp2R255X/Y mice have increased breathing rate at baseline normal air conditions and when exposed to a hypoxic

environment. (C) Mecp2R255X/Y have increased Q–T interval compared with WT and this phenotype is rescued by MECP2Tg1. (D) Mecp2R255X/Y has increased occurrence

of arrhythmia compared with WT and this phenotype is corrected by transgene. (E) Mecp2R255X/+ mice have decreased brain weight compared with WT and this

phenotype is rescued by MECP2Tg1. (F) Mecp2R255X/+ mice have increased breathing rate at baseline normal air conditions and when exposed to a hypoxic environment.

(G)Mecp2R255X/+ have increased Q—T interval compared withWT and this phenotype is rescued byMECP2Tg1. (H)Mecp2R255X/+ have increased incidence of arrhythmia. (I)
Male and (J) female R255X mice have reduced survival compared with WT. The premature death phenotype is rescued by MECP2Tg1. ***P < 0.001, **P < 0.01, *P < 0.05. Error

bars are SEM. See Supplementary Material, Table S1 for full details regarding number of animals in each group at each age and full statistical comparisons.
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hippocampus and cerebellum of Mecp2R255X/Y mice, mTORC1 ac-
tivity was reduced as determined by decreased phosphorylation
of S6 at S235/236. Furthermore, S6 phosphorylation was reduced
at both sites (S240/244 and S235/236) in the brainstem and cortex
(Fig. 5A–D). Conversely, mTORC1 activity was near-uniformly
increased across MECP2Tg1 brain regions (Fig. 5A–D).

Given that relative to WT, S240/244 S6 phosphorylation was
mildly decreased in the cortex of MECP2Tg1, but significantly in-
creased relative to Mecp2R255X/Y, and double-mutant mice
(MECP2Tg1, Mecp2R255X/Y) show normal behaviors, we measured
mTORC1 activity in these mice. Remarkably, mTORC1 signaling
was restored in double-mutant mice across several brain regions
(Fig. 5B–D). Taken together, our findings suggest that normalized
mTORC1 signaling in the Mecp2R255X brainstem, cerebellum and
cortex by MECP2Tg1 expression could drive the restoration of
motor, anxiety and premature death phenotypes in these mice.

An intriguing findingwas thatwhile inMecp2R255X/Y;MECP2Tg1

double mutants, contextual fear memory was rescued (Fig. 3E),
hippocampal LTP was not (Fig. 4). S240/244 phosphorylation
was rescued in Mecp2R255X/Y; MECP2Tg1 hippocampal lysates,

Figure 3. R255X mice have anxiety, motor and learning impairments. (A) Mecp2R255X/Y mice spend increased time in the open arms of the elevated plus maze compared

withWTand this phenotype is rescued byMECP2Tg1. (B)Mecp2R255X/Ymice have increased footslips in the parallel rodwalking task comparedwithWTand this phenotype

is rescued by MECP2Tg1. (C) Mecp2R255X/Y mice have decreased hang time on ¼" diameter dowel compared with WT and this phenotype is rescued by MECP2Tg1.

(D) Mecp2R255X/Y mice perform poorly on the accelerating rotating rod walking task and do not show motor learning behavior, and this phenotype is rescued by

MECP2Tg1. (E and F) Mecp2R255X/Y mice have reduced context freeze response in the conditioned fear learning task compared with WT and this phenotype is rescued

by MECP2Tg1. (G) There is no difference in open arm time among the four female genotypes in the elevated plus maze. (H) Mecp2R255X/+ mice have increased footslips

in the parallel rod walking task compared with WT and this phenotype is rescued by MECP2Tg1. (I) There is no difference in dowel hang time among the four female

genotypes. (J) Mecp2R255X/+ mice do not learn the accelerating rotating rod walking task and have reduced time on the rotarod compared with WT and this phenotype

is rescued by MECP2Tg1. ***P < 0.001, **P < 0.01, *P < 0.05. Error bars are SEM. See Supplementary Material, Table S2 for full details regarding number of animals in each

group at each age and full statistical comparisons.

Figure 4. LTPphenotype is not rescued byTg.Mecp2R255X/Y andMecp2R255X/Y;MECP2Tg1

have decreased fEPSP compared with WT in CA1 region of the hippocampus.
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while S235/236 phosphorylation remained elevated as in
MECP2Tg1 (Fig. 5A). These results are consistent with the normal-
ization of contextual fear memory we observed and suggest that
hypoactive hippocampalmTORC1 signaling critically contributes
to the contextual fear memory deficits in RTT mice; however,
why the LTP phenotype of theMecp2R255Xmutation was not simi-
larly rescued by MECP2Tg1 expression remains unexplained by
these data. In future studies, it will be important to identify
other molecular alterations that could explain the impaired hip-
pocampal LTP demonstrated in theMecp2R255X/Y;MECP2Tg1 mice.

Rescue of wild-type MeCP2 expression in Mecp2R255X/Y

mouse embryonic fibroblasts after treatment with
gentamicin

The ultimate goal of the generation of this new knock-in non-
sense allele of Mecp2 is to test the ability of read through drugs
to restore expression of MeCP2 protein. As a proof of concept,
we utilized mouse embryonic fibroblasts (MEFs) generated from
E13.5 Mecp2R255X/Y and WT littermate control embryos. As ex-
pected, Mecp2R255X/Y-derived MEFs exposed to vehicle media do
not express any MeCP2 protein (Fig. 6A). In contrast, exposure

to 800 µg/ml gentamicin sulfate for 72 h incubation allowed ex-
pression of full-length MeCP2 from Mecp2R255X/Y-derived MEFs
(Fig. 6A) at a level of 75% of wild-type (Fig. 6B). Gentamicin expos-
ure appears to increase the expression of the nuclear protein
loading control histone H3 in treated WT fibroblasts; however,
this effect is not significant. In a previous study, fibroblasts
from patients with RTT were treated with gentamicin and there
was a similar non-significant variable effect of gentamicin on
the expression of the nuclear protein loading control emerin (36).

Discussion
Nonsensemutations are a common source of disease in a variety
of conditions, and notably a major source of disease in RTT, with
over 35% of all affected individuals having a nonsense mutation
(12,15). The recent development of ‘read through’ compounds
provides a novel, mutation-specific approach toward treatment
of genetic diseases associated with nonsense mutations and
the best progress has occurred in cystic fibrosis and Duchenne
muscular dystrophy. In order to determine the efficacy of these
drugs in central nervous system diseases such as RTT, it is neces-
sary to have cellular and animal models containing clearly

Figure 5. R255X and Tg have disruptedmTORC1 signaling. (A) Western blots from hippocampal lysates showing increased phosphorylation of S6 at S240/244 [n = 10mice/

genotype, P = 0.0151, t(18) = 2.69] and S235/236 [P = 0.041, t(18) = 2.20] in MECP2Tg1 and decreased phosphorylation at S6 S240/244 [n = 10WT, 3Mecp2R255X/Y, P = 0.066,

t(11) = 2.04] and S6 S235/236 [P = 0.023, t(11) = 2.65] in Mecp2R255X/Y. S6 phosphorylation at S240/244 is rescued by MECP2Tg1 [Mecp2R255X/Y: Mecp2R255X/y; MECP2Tg1

P = 0.011, t(8) = 3.90], but S235/236 phosphorylation remains elevated as in the MECP2Tg1 [Mecp2R255X/Y: Mecp2R255X/Y; MECP2Tg1 P = 0.043, t(8) = 2.40]. (B) Western blotting

of cerebellar lysates shows trend toward reduced S6 S240/244 phosphorylation in Mecp2R255X mice [P = 0.072, t(7) = 2.12] with an opposite trend toward increased S240/

244 phosphorylation in MECP2Tg1 mice. Among the three mutant genotypes, Mecp2R255X; MECP2Tg1 cerebellar phospho-S6 S240/244 levels are most similar to WT,

suggesting rescue by MECP2Tg1 expression. A statistically significant decrease in phosphorylation of S6 S235/236 was noted in Mecp2R255X/Y mice [P = 0.016, t(7) = 3.15]

and is rescued by MECP2Tg1. In the cerebellum, MECP2Tg1 mice have increased phosphorylation of S6 at S235/236 [P = 0.030, t(11) = 2.50]. (C) Similarly, western blotting

from cortical lysates of Mecp2R255X/Y shows decreased phosphorylation of S6 at S235/236 [P = 0.0065, t(7) = 3.83] and S240/244 [P < 0.0001, t(7) = 9.50], with

phosphorylation of both sites rescued by MECP2Tg1. In the cortex, MECP2Tg1 mice have decreased phosphorylation of S6 S240/244 [P = 0.029, t(11) = 2.51]. (D) Western

blotting from brainstem lysates of Mecp2R255X/Y shows decreased phosphorylation of S6 at S235/236 and S240/244, with phosphorylation of both sites rescued by

MECP2Tg1 [n = 3 Mecp2R255X/Y, 7 Mecp2R255X;MECP2Tg1; S240/244 P = 0.042, t(8) = 2.42; S235/236 P = 0.046, t(8) = 2.37]. MECP2Tg1 mice have increased phosphorylation of S6

at S240/244 and S235/236 in the brainstem [S240/244 P = 0.0097, t(11) = 3.12; S235/236 P = 0.0046, t(10) = 3.64]. MECP2Tg1 expression in the Mecp2R255X/Y background

normalizes S6 phosphorylation at S240/244 and S235/236 to WT levels.
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defined nonsense mutations. To this end, here we generated and
characterized a new mouse model of RTT. We clearly demon-
strated that mice expressing this nonsense allele show the com-
plete spectrumof phenotypes expected. As a proof of concept, we
genetically introduced a wild-type copy of Mecp2 and demon-
strated that this effectively rescues the phenotypic spectrum ob-
served in both male and female animals. This provides us with
evidence that read through compounds could potentially treat
this disease, and defines the optimal degree of success that
might be expected, thus allowing us to correctly power future ex-
perimentswith these drugs. This newmodel shows a high degree
of face and construct validity and will be a useful tool in future
drug development.

In addition to the detailed phenotypic characterization of the
mouse model, we used the animals to generate a cellular model
of the disease, which allows for efficient testing of the molecular
ability of read through drugs to effectively allow the production
of full-length protein. Here, we clearly demonstrated as a proof
of concept that gentamicin can act in this manner to produce
full-length protein from this allele. The renal toxicity of amino-
glycosides such as gentamicin limit their use clinically; however,
a variety of newaminoglycoside- and non-aminoglycoside based
compounds have been developed that show markedly improved
toxicity profiles. Future work will be directed at testing these
newer compounds in the cellular model, and then bringing ef-
fective compounds in vivo to show therapeutic potential.

Surprisingly, Mecp2 mRNA levels were decreased in tissue
from Mecp2R255X/Y mice, and no truncated protein product ob-
served. It is currently unclear why Mecp2 mRNA levels are re-
duced in this allele. Previous work on a missense mutation in
Mecp2, p.T158A, did not result in any changes in Mecp2 mRNA,
but the mutated protein showed decreased stability resulting in
protein levels of ∼60% of wild-type levels (37). In contrast, a pre-
viously generated nonsensemutation inMecp2, p.R168X, showed
reduced mRNA expression (∼50% wild-type levels) and the pro-
duction of a small (25 kDa) truncation product (19). One possible

explanation for the reducedmRNA level observed inMecp2R255X/Y

mice is nonsense-mediated decay (NMD) (38); however, this spe-
cific nonsensemutation is contained in thefinal exon of the gene,
a featurewhich usually prevents NMD. Another possibility is that
MeCP2 regulates its own transcription, and in the situation in
which no functional MeCP2 protein is produced, transcription
also declines. Regardless of the exact mechanism, the fact that
mRNA levels are decreasedmay be an important issue to address
in order to maximize the potential therapy of read through com-
pounds. Itmay be necessary to developmethods to increase tran-
scription of Mecp2 in order to increase available mRNA
transcripts for the read through compounds to act upon. Interest-
ingly, previous work has indicated that treatment with drugs
such as fluoxetine can increased Mecp2 mRNA. Discovering the
molecular mechanisms involved in the transcriptional control
of Mecp2 may be a useful line of future experimentation.

The lack of observable protein product from the p.R255X
mouse may have a variety of explanations. A real concern is
that this lack of protein is some oddity that results from the gen-
etic engineering used to create the allele. The lack of any observ-
able truncated protein product from brain tissue isolated from
peoplewith truncatingMECP2mutations argues against this. Bio-
logical alternatives include decreased stability of the truncated
protein product, and other mechanisms such as mislocation of
mutant Mecp2 mRNA within stress granules, thus interfering
with translation. Decreased protein stability is likely, given recent
results showing decreased stability of MeCP2 containing a mis-
sense mutation (37); however this formally has not been proven
here. The fact that gentamicin was able to cause full-length pro-
tein production from the p.R255X allele in vitro argues against
mRNA mislocation and translation inhibition; however, explor-
ing whether there is any mislocation of mutated Mecp2 mRNA
may be useful as it may point to another potentially targetable
mechanism to improve read through treatments.

Addition of a single wild-type copy of Mecp2 was highly effi-
cient in rescuing the whole animal phenotypes observed; how-
ever, this genetic manipulation was not sufficient to restore
normal LTP in hippocampal slice culture. Interestingly, we did
not observe the expected increase in LTP previously reported in
hippocampal slice culture from the MECP2Tg1 animals, although
we did see the increased learning behavior reported in the condi-
tioned fear assay (21). The results are internally consistent—
rescue is achieved for the phenotype that displays the overex-
pression phenotype (conditioned fear overlearning) but not for
the phenotype we fail to observe the overexpression phenotype
(hippocampal LTP). Our inability to observe this slice culture
phenotype may be explained by the differences in genetic strain
background between the initial study (FVB) and this current work
(C57Bl6). It is very interesting that the whole animal behavior
phenotype is improved in the face of isolated circuit abnormal-
ities, which speaks to the understanding that behavior pheno-
types are not a function solely of a single isolated neural circuit
but rather the ensemble of interrelated circuits.

Our exploration of mTORC1 signaling provides mechanistic
insight into how MECP2Tg1 expression in the Mecp2R255X back-
ground rescues several RTTmouse phenotypes. As previously re-
ported (35), we found that loss of Mecp2 leads to decreased
mTORC1 signaling across brain regions. Intriguingly, we also de-
termined that increased MeCP2 in theMECP2Tg1 animals leads to
hyperactive mTORC1 signaling. mTORC1 activity is rescued in
most Mecp2R255X/Y; Mecp2Tg1 brain regions, with the notable ex-
ception of the hippocampus. Here, S235/236 phosphorylation re-
mains elevated as inMECP2Tg1. Importantly, despite the failure of
the Tg to rescue the p.R255X-associated hippocampal LTP

Figure 6. Read through compound treatment rescues MeCP2 expression in vitro.

(A) Representative western blot demonstrating no full-length MeCP2 protein

from MEFs derived from Mecp2R255X/Y mice after vehicle treatment, but full-

length MeCP2 protein after 72 h treatment with 800 µg/ml gentamicin. Top

panel was probed using an antibody against MeCP2, bottom panel probed with

antibody against histone H3 (H3) as a loading control. (B) Quantitation of

western blots as shown in (A) representing the three technical replicates

examined per group.
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deficits, restoration of hippocampal mTORC1 activity did correl-
ate with normalized contextual learning. Thus, our findings sug-
gest that restoration of mTORC1 signaling in both RTT models
could be useful treatment strategies.

mTORC1 dysfunction has been implicated in a variety of neu-
rodevelopmental disorders (39), most notably in tuberous scler-
osis complex (TSC). TSC results from mutations in TSC1 or
TSC2, which together function as negative upstream regulators
of mTORC1 (40). Recent therapeutic approaches in TSC have fo-
cused on reducing mTORC1 activity through treatment with ei-
ther rapamycin or its analogs, ‘rapalogs’ (39). Our observation of
mTORC1 hyperactivity in mice overexpressing MeCP2 suggests
that a similar treatment strategymight prove effective in treating
people with Xq28 duplication syndrome. In contrast, deficient
mTORC1 activity in RTT suggests a need to take an opposite
therapeutic approach, namely stimulating mTORC1 activity. In
future work, it could be interesting to test whether pharmaco-
logical inhibition of Pten (phosphatase and tensin homolog), an
upstream negative regulator of mTORC1 activity (39), in the brain
could rescue some of the pathophysiological phenotypes seen in
the Mecp2R255X/Y RTT model.

Previous work has shown that neurotrophic growth factors
such as Brain derived neurotrophic factor (Bdnf ) (41) or Insulin-like
growth factor 1 (Igf1) (42,43) are able to partially reverse pheno-
types in mice lacking MeCP2 function. Both of these growth fac-
tors increase mTORC1 activity via the PI3K/Akt pathway, which
may account for at least some of the beneficial effects of these
compounds in RTT. Ultimately, RTT and Xq28 duplication syn-
drome may be among the many neurodevelopmental disorders
linked to dysregulatedmTORC1 activity (30,39); however, the cau-
sal relationship between MeCP2 function and mTORC1 remains
to be determined. Our results suggest the interesting possibility
that either increasing or decreasing mTORC1 signaling could
be a new mechanism-based therapeutic approach to treat RTT
and Xq28 duplication syndrome, respectively. The MeCP2R255X/Y

animal and cellular models of MeCP2 dysfunction (both loss
and gain of function) reported herein could therefore prove
highly valuable in dissecting common mechanisms linking
multiple neurodevelopmental disorders and aid in therapeutic
development.

Materials and Methods
Mice

All methods and animal care procedures were approved by the
Baylor College of Medicine Animal Care and Use Committee
andwere housed in AAALAC-approved facilities at Baylor College
of Medicine. Mecp2R255X/+ founder mice in the 129S6 background
were mated to C57Bl6 MECP2Tg1 males. F1 isogenic mice
Mecp2R255X/X; MECP2Tg1 were then crossed to wild-type C57Bl6
(Jackson Laboratories). Experimentalmicewere from generations
N1–N5 of a backcross from F1Mecp2R255X/X;MECP2Tg1 founders to
C57Bl6 males.

Sequencing, quantitative PCR and immunoblotting
of Mecp2

DNA fragments from WT and Mecp2R255X/Y mice were PCR ampli-
fied and cloned into TOPO-TAvector (Life Technologies). Sequen-
cing was performed by Lone Star Sequencing (Houston, TX, USA)
and assembled in DNASTAR. Three to four mice per genotype
were humanely euthanized and brains quickly extracted and
split into hemispheres. From one hemisphere, total RNA was

extracted using Trizol (Invitrogen). First-strand cDNAwas gener-
ated using SuperScript III (Invitrogen) and Mecp2 was probed
using SYBR Green methodology with previously described pri-
mers (44). From the contralateral hemibrain, frozen tissues
were lysed in ice-cold homogenizing buffer [2% sodium dodecyl
sulfate, 0.1 M Tris and protease inhibitor cocktail (Sigma), pH
7.5] with a Dounce homogenizer. Protein concentration was cal-
culated by the colorimetric bicinchoninic acid method (Thermo
Scientific). Thirty microgram protein were loaded to 4–12% gradi-
ent SDS–PAGE gel (Bio-rad) and run at 95 V for 1 h at 4°C. Gels
were transferred to nitrocellulose membrane at 37 mA constant
for 4 h at 4°C, blocked several hours in 5% bovine serum albumin
in PBS plus 5% Tween, and then incubated overnight with anti-
bodies to MeCP2 15–30 (Sigma) and GAPDH (Millipore). Mem-
branes were incubated for 1 h with secondary antibodies
conjugated to a Cy5 fluorophore (Jackson ImmunoResearch)
and blots were imaged using the Cy5 channel in a GE Imager.
Human lysate protein concentrations were unknown and the
maximum loading volume was loaded and immunoblotted as
above.

Western blotting of mTORC1 pathway

Behaviorally naïve, non-moribund, 7- to 9-week-old male mice
were deeply anesthetized and their brains were rapidly dissected
on ice. Brain regions, as specified, were isolated and tissue was
flash frozen. Frozen tissue was lysed in ice-cold homogenizing
buffer [200 m HEPES, 50 m NaCl, 10% Glycerol, 1% Triton X-
100, 1 m EDTA, 50 m NaF, 2 m Na3VO4, 25 m β-glyceropho-
sphate and EDTA-free complete ULTRA tablets (Roche, Indian-
apolis, IN, USA)]. Lysate protein concentration was assayed by
the Bradford method (ThermoScientific, 23238) and lysates
were resolved by 12.5% acrylamide SDS–PAGE. Gel contents
were transferred overnight at 30 V to nitrocellulose membranes.
Membranes were blocked 1 h at RT with 5% milk, 2% TWEEN-20
tris-buffered saline then incubated in primary antibody over-
night. Secondary antibodies were applied for 1 h at RT and the
blots were visualized using enhanced chemiluminescent sub-
strates (ThermoScientific, 34095).

Primary antibodies used for western blotting include rabbit
anti-phospho-S6 (S240/244) [Cell Signaling Technology (CST),
#2215, 1:1000], rabbit anti-phospho-S6 (S235/236) (CST, #2211,
1:1000), mouse anti-S6 (CST, #2317,1:1000), rabbit anti-phospho-
p42/44-MAPK/ERK (CST, #4370; 1:1000), rabbit anti-p42/44-
MAPK/ERK (CST, #4695, 1:1000) andmouse anti-α-actin (Millipore,
#1501, 1:1000). HRP-conjugated goat-anti-rabbit (Jackson Immu-
noResearch, 111-035-144, 1:10 000) and goat-anti-mouse (Jackson
ImmunoResearch, 115-035-003, 1:2000) secondary antibodies
were used to visualize the primary antibody bands.

Characterization of mice

Weight, temperature, whole-body plethysmography and heart
ratewere recorded as described previously (45). Parallel rod walk-
ing (25), dowel walking and accelerating rotating rod were per-
formed as described previously (44). Elevated plus maze was
performed as described previously (46). The above-described
data were analyzed using a one-way analysis of variance
(ANOVA), followed by Tukey’s t-test post hoc pairwise compari-
sons between all genotypes. Conditioned fear was performed as
described previously (31) and analyzed by the Kruskal–Wallis
non-parametric test followed by Mann–Whitney U post hoc test.
Transthoracic electrocardiography and programmed electrical
stimulation were performed as described previously (47) with
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corrected QT data analyzed by one-way ANOVA, followed by
Tukey’s t-test and arrhythmias analyzed by χ2. Survival statistics
were calculated by the Kaplan–Meier, followed Tarone–Ware post
hoc.

Hippocampal electrophysiology

In coronal slice, CA1 stimulation was performed with platinum/
iridium parallel bipolar electrode 1 MΩ, 75 µm tip separation
(Microprobes, Gaithersburg, MD, USA) on Schaffer-collaterals.
The recording electrode was a glass pipette filled with artificial
cerebrospinal fluid (2 MΩ). Evoked field excitatory post-synaptic
potentials (fEPSP) were acquired using a Multiclamp 700b ampli-
fier and a 1440a Digidata interface (Molecular Devices, Sunny-
vale, CA, USA). Baseline stimulation rate was every 30 s at
35–65 µA (half-max fEPSP). LTP induction was performed using
two 1 s 100 Hz pulse trains, separated by 30 s. Recording time
was from 20 min before and 90 min after LTP induction. Data
were analyzed using two-way ANOVA, followed by the Holm–

Sidak post hoc test.

Tissue culture

MEFs from wild-type and mutant embryos were derived as de-
scribed previously (48). Briefly, embryos were removed from the
uterine horns of female mice on post-coital day 13.5 followed
by dissection of embryo body from placenta, embryonic sac and
head. Embryo bodies were minced in 0.05% trypsin–EDTA (Invi-
trogen) with DNAse 1 (GE Healthcare), incubated at 37°C for
15 min and centrifuged to form a cell pellet. The single-cell sus-
pensionwas then plated in standard fibroblastmedia: Dulbecco’s
Modified Eagle Medium + l-glutamine (Life Technologies), 10%
fetal bovine serum (Gemini) and 1× MEM Non-Essential Amino
Acids Solution (Life Technologies). Fibroblasts lines were grown
to passage 3 and genotyped for p.R255X allele. For drug studies,
5 × 105 fibroblasts were plated in 10 cm dishes and incubated in
standard fibroblast media. Twenty-four hours after plating cells
were treated with 800 µg/ml gentamicin sulfate (Sigma G1914)
dissolved in standard fibroblast media or non-treated for 72 h.
Treatment or non-treatment media was refreshed every 24 h.
Cell lysates were prepared by trypsinizing the 10 cm dishes and
lysing cellular membranes in 0.5% NP40, pH7.9 followed by cen-
trifugation. Nuclear proteins were isolated from DNA and debris
in the pellet using a 1 hhigh salt incubation (300 mNaCl) on ice.
Nuclear proteins were immunoblotted as described above using
an in-house polyclonal antibody to MeCP2 N-308 and commer-
cially available H3 antibody (Abcam ab1791).

Supplementary Material
Supplementary Material is available at HMG online.
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