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A B S T R A C T

The neurodevelopmental disorder Pitt Hopkins syndrome (PTHS) causes clinical symptoms similar to Rett syn-
drome (RTT) patients. However, RTT is caused by MECP2 mutations whereas mutations in the TCF4 gene lead to
PTHS. The mechanistic commonalities underling these two disorders are unknown, but their shared sympto-
mology suggest that convergent pathway-level disruption likely exists. We reprogrammed patient skin derived
fibroblasts into induced neuronal progenitor cells. Interestingly, we discovered that MeCP2 levels were decreased
in PTHS patient iNPCs relative to healthy controls and that both iNPCs and iAstrocytes displayed defects in
function and differentiation in a mutation-specific manner. When Tcf4þ/� mice were genetically crossed with
mice overexpressing MeCP2, molecular and phenotypic defects were significantly ameliorated, underlining and
important role of MeCP2 in PTHS pathology. Importantly, post-natal intracerebroventricular gene replacement
therapy with adeno-associated viral vector serotype 9 (AAV9)-expressing MeCP2 (AAV9.P546.MeCP2) signifi-
cantly improved iNPC and iAstrocyte function and effectively ameliorated histological and behavioral defects in
Tcf4þ/� mice. Combined, our data suggest a previously unknown role of MeCP2 in PTHS pathology and common
pathways that might be affected in multiple neurodevelopmental disorders. Our work highlights potential novel
therapeutic targets for PTHS, including upregulation of MeCP2 expression or its downstream targets or, poten-
tially, MeCP2-based gene therapy.
Introduction

Pitt-Hopkins syndrome (PTHS) is a rare neurodevelopmental dis-
order that is characterized by moderate to severe intellectual
disability, global developmental delay, dysmorphic facial features, and
episodic hyperventilation followed by periods of apnea [1]. Many in-
dividuals with PTHS are nonverbal, and exhibit symptoms of autism
spectrum disorder, stereotypic hand movements, seizures, and sleep
er).

m 7 May 2024; Accepted 14 May
half of American Society for Expe
y-nc-nd/4.0/).
disturbances [2]. Typical onset occurs in infancy, with diagnosis
established via genetic testing to confirm a mutation in the Tran-
scription Factor 4 (TCF4) gene [3]. PTHS is the result of TCF4 hap-
loinsufficiency, arising from either a pathogenic variant in, or deletion
of, the genomic region which encompasses TCF4 (18q21.2). Currently,
treatment of PTHS is entirely focused on managing symptoms – there
are no therapies that target the underlying molecular pathology of the
disease.
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The size of the TCF4 gene (360 kb) and its vast number of isoforms
make the development of classical gene replacement therapy difficult.
There are no capsids with large enough carrying capacity for the entire
gene, thus restricting gene therapy to the use of a single coding sequence
for the most frequent isoform [4]. At present, it is unclear if such an
approach would provide an optimal therapeutic outcome. Gene-agnostic
or gene-independent therapies that target specific dysregulated molec-
ular pathways may also provide clinical benefit to patients with neuro-
developmental disease regardless of genetic cause.

Interestingly, PTHS clinical symptoms overlap with that of other
developmental diseases, including Rett syndrome (RTT, [2]), for which
several gene replacement strategies are currently being tested in the
clinic and for which the FDA recently approved Trofinetide (Daybue®) as
a novel small molecule therapeutic (NCT05898620, NCT05606614). RTT
is an X-linked developmental disorder caused by mutations in the Methyl
CpG Binding Protein 2 (MECP2) gene leading to protein loss-of-function
([5,6] reviewed in Refs. [7–9]). The clinical manifestation of RTT par-
allels PTHS to such a high degree that it is often one of the first differ-
ential diagnoses for PTHS patients before genetic testing [2]. Such
extensive clinical overlap suggests potential common disease pathways
which could be exploited therapeutically.

We discovered functional deficits in reprogrammed induced neuronal
progenitor cells (iNPCs) and induced astrocytes (iAs) from PTHS patients
in conjunction with reduced MeCP2 protein levels. These findings were
then confirmed in brain tissue of 60-day old Tcf4þ/� heterozygous mice.
Crossing the Tcf4þ/� heterozygous mouse with a mouse model that
overexpresses MeCP2 normalized molecular and behavioral pathologies
to a level comparable to healthy controls, confirming the important role
of MeCP2 in PTHS disease manifestation. Importantly, treatment of
patient-derived iNPCs and astrocytes, as well as Tcf4þ/� heterozygous
mice, with an adeno-associated viral vector serotype 9 (AAV9) expressing
MeCP2 (AAV9.P546.MeCP2) improved cellular function and restored
histological and behavioral deficits.

Taken together, these results provide compelling evidence for an
important role of MeCP2 in PTHS pathology and open new potential
therapeutic avenues based on genetic and non-genetic therapies
currently in development for RTT.

Methods

Cell Culture: Cells were obtained from human skin and all subjects
gave their consent to the study in accordance with the informed consent
regulations of the institution where the research was conducted. PTHS
patient fibroblasts were converted to neuronal progenitor cells as pre-
viously described [10–12]. Neuronal progenitor cells were cultured on
fibronectin-coated dishes in NPC media (DMEM/F12 media containing
1% N2 supplement [Life Technologies], 1% B27 and 20 ng/ml fibroblast
growth factor-2) until confluent. At this time, cells were either lifted and
pelleted for western analysis or differentiated into astrocytes using
astrocyte-inducing media (DMEM media containing 10% FBS and 0.2%
N2) as previously described [10]. For AAV9 treatment, we used a
modified version of a previously published protocol [54]. Briefly, NPCs
were treated with neuraminidase (NA) for 2 h in suspension. After NA
treatment, cells were seeded according to the regular NPC protocol and
transduced with scAAV9.546.MeCP2 at a Multiplicity of Infection (MOI)
of 100,000 K. Two days following transduction, cells were lifted and
differentiated into astrocytes for 5 days.

Co-culture: Stem cells from HB9:GFPþmouse embryos were cultured
as described previously [10,12,13]. Embryonic bodies (EB) were cultured
in EB differentiation media (knockout DMEM/F12, 10% knockout serum
replacement, 1% N2, 0.5% L-glutamine, 15% glucose, and 0.008%
2-mercaptoethanol) with smoothened agonist (SAG) and 2 μM retinoic
acid freshly added starting day 2 of differentiation. EBs were dissociated
as previously described [12] and sorted using BD (Becton-Dickenson)
Influx sorter running Sortware software. Cells were sorted through a
100-μm tip at a sheath pressure of 27.5. Following sorting, GFPþ neurons
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were seeded in a 96 well plate (10,000 cells per well). Cells were cultured
in motor neuron media (DMEM/F12, 5% horse serum, 2% N2, 2% B27
supplemented with 10 ng/mL of each GDNF, BDNF, CNTF) for up to four
days. The entire well was imaged using the InCell 6000 plate reader and
analysis was conducted on the entire field of view. Survival, skeletal
length and average neurite length were quantified using the InCell
Developer and Analyzer.

Animal Housing: All animals used in the present study were group
housed with food and water given ad libitum and maintained on a 12 h
light/dark cycle with room temperature (21 � 2 �C), relative humidity
(55 � 5%), a 12-h light–dark cycle (lights on 7 a.m.–7 p.m.) and air
exchange (16 times per h) automatically controlled. Animals were cared
for in accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. Mice used for behavioral experi-
ments were different from those utilized for molecular assays.

Animals utilized for cross breeding experiments (Vanderbilt Univer-
sity): All studies were approved by the Institutional Animal Care and Use
Committee for Vanderbilt University School of Medicine and took place
during the light phase. Tcf4 � mice were cryo recovered from The
Jackson Laboratory (B6; 129-Tcf4tm1Zhu/J, stock no. 013598), and
maintained by breeding male Tcf4�with female WT C57BL/6Jx129S F1
hybrid mice (The Jackson Laboratory, B6129SF1/J, stock no. 101043).
MECP2Tg1/o mice (C57BL/6J background) were generously shared by
Dr. Jeffrey Neul (Vanderbilt University Medical Center). Experimental
mice were obtained by crossing Tcf4 � and MECP2Tg1/o mice. Male
mice were aged until the predicted symptomatic age of 20 weeks old for
all experiments.

Animals used for injection (University of Chile): Heterozygous male
B6; 129-Tcf4tm1Zhu/J mice acquired from the Jackson Laboratory
(stock #013598) and breed with female B6129SF1/J mice (stock
#101043) to produce Tcf4 � and Tcf4þ/þ littermates. Genotyping of
transgenic mouse line B6; 129-Tcf4tm1Zhu/J originated from the Jack-
son Laboratory was done according to Jackson Laboratory guidelines
using PCR with the following primers: FW: 50-AGCGCGA-
GAAAGGAACGGAGGA-30, RV1 50 GGCAATTCTCGGGAGGGTGCTT-30,
and RV2 50-CCAGAAAGCGAAGGAGCA-30 (expected product 229 bp for
WT allele and 400 bp for KO allele). Intracerebroventricular (ICV) in-
jections were performed on P1 (first day of life) mice using Hamilton
Syringes (Catalog No. 80330 700RN 10 μL SYR (26s/2”/2) REV M Lot
#324603 11/08/2005) with Hamilton needles (Catalog No. 7803-05
NDL. NDL 6pk 33 GA RN 75”20 DEG PT S/0# 83521 02/17/2005) as
previously published (JOVE article with a video: “Delivery of Thera-
peutic Agents Through Intracerebroventricular (ICV) and Intravenous
(IV) Injection in Mice”). Each pup was transcranially injected with
1.5x1010 vgs at p1, returned to the mother and genotyped at P15 using
TransnetXY Automated Genotyping. Behavioral testing was performed
blinded on Tcf4 � and Tcf4þ/þ male mice the animals reached P60.

Cross Bred Animal Behavioral Assays (Vanderbilt University): All
behavioral experiments were conducted from the predicted symptomatic
age (20–26 weeks) at the Vanderbilt Neurobehavioral Core. Male mice
were used and open field and elevated zero maze were conducted in the
same cohort of mice with a minimum of 3 days between each assay. For
each assay, mice were habituated to the testing room for 1 h prior to the
experiment. Quantification was performed either by a researcher blinded
to the genotype or by automated software.

Open Field: Male mice were placed in an activity chamber for 1 h and
locomotor and vertical activities were quantified as beam breaks in the X,
Y and Z axis using Activity Monitor software (Med Associates Inc, St.
Albans, VT, USA).

Elevated Zero Maze: The elevated plus maze has two open arms and
two closed arms; all arms are 20 cm in length and 8 cm in width. The maze
is elevated 50 cm above the floor. Mice were placed on a continuous cir-
cular platform with two closed and two open regions for 5 min under full
light conditions (~700 lux in the open regions, ~400 lux in the closed
regions). For cross bred animals, the time spent exploring the open regions
were quantified by ANY-maze software (Stoelting, Wood Dale, IL, USA).
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Injected Animal Behavioral Assays (University of Chile): All behav-
ioral experiments were conducted on 15 male mice at p60 days. For each
assay, mice were habituated to the testing room for 1 h prior to the
experiment. Quantification was performed either by a researcher blinded
to the genotype or by automated software.

Open Field: Mice were given 30 min to habituate followed by a 30
min trial. The total distance travelled in centimeters of injected and
uninjected Tcf4 � mice was measured by Ethovision XT 15.0 program.
Only data collected the last 30 min in the chamber was utilized to allow
Tcf4 � mice to equilibrate and begin ambulation within the chamber as
previously described [26].

Elevated Zero Maze: As described earlier for Cross Bread Animal
Behavioral Assays. Mouse movements on the maze (entries) in open or
closed arms are measured by Ethovision XT 15.0 program.

Self-grooming: Mice were placed in a Plexiglas cage with fresh
bedding as well as no nest or cardboard material. Self-grooming behavior
was recorded automatically by the computer for 10 min following an
initial 10 min habituation phase.

Nesting (Activities of Daily Living, ADL): Approximately 1 h before
the dark phase, mice were transferred, if housed as a group, to indi-
vidual testing cages with wood-chip bedding but no environmental
enrichment items. Place One Nestlet was placed in each cage after being
cut to supply exactly 3.0 g of Nestlet material per cage. The next
morning, the nests were assessed a rating scale of 1–5 as described
previously [52].

Novel Object Recognition (NOR): Recognition memory for a novel
object compared to a familiar object was assessed by the object novelty
detection task [55–57]. For this task, a Plexiglas box (26 cm long � 20
cm wide � 16 cm tall) and two objects in duplicate (4–6 cm diameter �
2–6 cm height) were used. Mice were first habituated to the experi-
mental environment by allowing them to freely explore the box without
any objects for 20 min per day for 2 consecutive days before testing.
During the first session of testing, two copies of Object 1 were placed at
each end of the box, and the mouse was allowed to explore the objects
for 5 min. The mouse was then removed to an opaque holding container
for 5 min, and one object was replaced with Object 2 (novel object) for
the mouse to explore during the 5 min test session. More time exploring
the novel Object 2 compared to the familiar Object 1 during the test
session indicates that the mouse remembered previously exploring
Object 1, but equal exploration between the two objects indicates that
the mouse has impaired recognition memory. Object exploration is
defined as the mouse sniffing or touching the object with its nose,
vibrissa, mouth, or forepaws, and time spent near or standing on top of
the objects without interacting with the object is not counted as
exploration.

Beamwalking test: Fine motor coordination and balance was assessed
by the beam walking assay in which the mouse had to walk across an
elevated horizontal beam (48-cm long, 2.5-cm diameter, 1-m above
bedding) to a safe platform. Subjects were placed near one end in bright
light, and the far end of the platform was placed in darkness, providing
motivation to cross. The performance was quantified by measuring the
number of paw slips within a2-minute cut-off.

Sociability Partition Test: For this study, we followed the Crawley
protocol (2014). The social testing apparatus is a rectangular, three-
chambered box fabricated from clear Plexiglas. The dividing walls had
doorways allowing access into each chamber. An automated tracking
system (Ethovision, Noldus is used) provides measures of time spent in
each chamber. Each subject was allowed an initial habituation period
when they could explore the fully open chamber freely for 10 min. After
habituation, the test mouse was enclosed in the center compartment of
the social test box. The mouse was placed in one of the side chambers and
enclosed in a small Plexiglas cage drilled with holes, allowing for nose
contact. An identical empty Plexiglas cage was placed in the opposite side
of the chamber. After placement of the mouse and the empty cage, the
doors were reopened, and the subject was allowed to explore the social
test box for 10 min.
3

Total Protein Extraction for Cross Bred Animals (Vanderbilt Univer-
sity): The cortex, hippocampus and striatum were microdissected from
naïve, 20–25 week old mice. Total protein was prepared as previously
described in (Fisher, Gogliotti et al. 2018). Briefly, tissue samples were
homogenized using a hand-held motorized mortar and pestle in radio-
immunoprecipitation assay buffer (RIPA) containing 10 mM Tris-HCl,
150 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 0.1% so-
dium dodecyl sulfate (SDS), 1% Triton X-100, and 1% deoxycholate
(Sigma, St. Louis, MO, USA). After homogenization, samples were
centrifuged and the supernatant was collected. Protein concentrationwas
determined using a bicinchoninic acid (BCA) protein assay (Pierce,
ThermoFisher, Waltham, MA, USA).

Total Protein Extraction for Injected Animals (University of Chile):
Total protein extracts were obtained from the frontal or medial cerebral
cortex of PTHS animals. Cortices were dissociated mechanically in cell
lysis buffer (TrisHCl 50 mM, NaCl 50 mM, EDTA 1 mM, SDS 0.1%, Trit�on
1%) with P8340 protease inhibitor (Sigma Aldrich) and disrupted using
sonication (Bioruptor Plus, Diagenode) followed by centrifugation at
13,000 rpm for 15 min at 4 �C. Total proteins in the supernatant were
quantified using Bradford method.

SDS-PAGE and Western Blotting Protocol for Cross Bread (Vanderbilt
University) and In Vitro Cell Analysis (Nationwide Children's): 50 μg of
total protein was separated by electrophoresis using a 4–20% SDS
polyacrylamide gel and transferred onto a nitrocellulose membrane (Bio-
Rad, Hercules, CA, USA). Membranes were blocked in TBS Odyssey
blocking buffer (LI-COR, Lincoln, NE, USA) for 1 h at room temperature.
Membranes were probed with primary antibodies overnight at 4 �C:
rabbit anti-MeCP2 (1:1000, Millipore cat no. 07–013, Burlington, MA,
USA) or Anti-TCF-4 antibody - Neuronal Marker (ab185736) and mouse
anti-Gapdh (1:1000, ThermoFisher cat. no. MA5-15738, Waltham, MA,
USA), followed by the fluorescent secondary antibodies: goat anti-rabbit
(800 nm, 1:5000, LI-COR, Lincoln, NE, USA) and goat anti-mouse (680
nm, 1:10,000, LI-COR, Lincoln, NE, USA). Fluorescence was detected
using the Odyssey Infrared Imager (LI-COR, Lincoln, NE, USA) at the
Vanderbilt University Medical Center Molecular Cell Biology Resource
(MCBR) Core then quantified using the Image Studio Lite software (LI-
COR, Lincoln, NE, USA). Values were normalized to Gapdh and compared
relative to wild-type controls.

SDS-PAGE and Western Blotting Protocol for Injected Animals (Uni-
versity of Chile): Samples were heated at 95 �C for 5 min for denaturation
and resolved by SDS-PAGE in a 10% (w/v) polyacrylamide gel and
transferred to PVDF membranes (0.45 μm, Immobilon-P, Merck Milli-
pore, Germany); membranes were blocked with 5% milk and incubated
overnight at 4 �C with rabbit anti-MeCP2 (D4F3, Cell Signalling, 1/800)
or mouse anti-actin (sc-69879, Santa Cruz, 1/2000) antibodies. Mem-
branes were then incubated with secondary antibodies, including HRP-
conjugated anti-mouse or anti-rabbit (1/5000, R&D systems). Immuno-
reactive proteins were detected using enhanced chemiluminescence re-
agents according to the manufacturer's instructions (SuperSignal West
Pico Plus Chemiluminescent substrate, Thermo scientific).

Total RNA Extraction: The hippocampus and striatum were micro-
dissected from naïve 20–25 week old mice. Total RNAwas prepared from
tissue samples using TRIzol Reagent (ThermoFisher, Waltham, MA, USA)
and isolated using an RNeasy Mini Kit (Qiagen, Hilden, Germany) in
accordance with manufacturer's instructions. Total RNA was DNase-
treated with RNase-Free DNase Set (Qiagen, Hilden, Germany). Using
one set of RNA samples, cDNA from 2 μg of total RNA was synthesized
using SuperScript™ VILO™ cDNA Synthesis Kit (ThermoFisher cat no.
11754050, Waltham, MA, USA) for qRT-PCR analysis.

Quantitative Real-Time PCR (qRT-PCR): RT-qPCR (CFX96, Bio-Rad
Hercules, CA, USA, equipment located at the Vanderbilt University
Medical Center MCBR core) on 50ng/9 μL cDNA was run in duplicate
using PowerUp™ SYBR™ Green Master Mix (ThermoFisher cat no.
A25742, Waltham, MA, USA) with primers for target genes (Supple-
mentary Table 1). Ct values for each sample were normalized to Gapdh
expression and analyzed using the delta�delta Ct method as described in
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Ref. [28]. Values exceeding two times the standard deviation were
classified as outliers. Each value was compared to the average delta-Ct
value acquired for wild-type controls and calculated as percent-relative
to the average control delta-Ct.

Statistical Analyses: Statistics were carried out using Prism 8.0
(GraphPad) and Excel (Microsoft). All data shown represent Mean �
SEM. Statistical significance between genotypes was determined using
mixed-effects analysis, or nonparametric statistical tests (Mann-Whitney
U test, 1-way or 2-way ANOVA with Sidak's or Tukey's post-hoc test).
Sample size and statistical test are specified in each figure legend or on
the graph above the error bars.

Results

TCF4 patient iNPCs have reduced MeCP2 protein levels affecting astrocyte
differentiation and function

We utilized three different patient skin-derived fibroblast cell lines
from PTHS patients harboring different mutations (c.1486þ5G>T,
c.520C>T, del [18] (q21.2q21.32), Supplementary Fig. 1a). The fibro-
blasts were directly reprogrammed to iNPCs according to previously
established methods [10–15]. We first quantified the levels of TCF4
protein (approximately 70 kDa, corresponding to isoforms B,D,E,F,M,NO,
Q) via Western blot. There was no significant change in the levels of TCF4
in patient fibroblasts or NPCs relative to healthy controls (Fig. 1a and b).
Next, we evaluated MeCP2 levels in each cell line. While no significant
changes in MeCP2 protein levels were found in any of the patient
fibroblast cell lines (Fig. 1c), all PTHS iNPCs displayed a significant
reduction of MeCP2 compared to healthy controls (Fig. 1d). Astrocytes
have recently been described to play an important role in Rett Syndrome
[16–18]. To evaluate disease mechanisms in astrocytes, iNPCs were
further differentiated into induced Astrocytes (iAs) as previously
described [10–12]. Given that astrocytes are primarily glycolytic, we
evaluated cellular glycolysis and oxygen consumption in patient iAs
through the extracellular acidification rate (ECAR). We found patient cell
line-specific alterations in cellular glycolysis as well as significantly
reduced basal and ATP-linked respiration in all three patient iAs (Fig. 1e).
Since astrocytes have a major role in support of neurons, we evaluated
the non-cell autonomous effect of PTHS iAs on neuronal morphology and
survival in established co-culture assays as previously described [10–13].
Co-culture of patient iAs with healthy mouse neurons demonstrated that
all three patient cell lines significantly impacted neuronal morphology
and/or survival (Fig. 1f and g). Interestingly, TCF4-3 also displayed se-
vere defects in differentiation from iNPCs to astrocytes, as indicated by
continued expression of high nestin levels and strongly reduced levels of
the astrocyte marker, glial fibrillary acidic protein, GFAP compared to
healthy controls and the other two PTHS cell lines (Supplementary
Fig. 1b) [10–15].

Genetically increasing MeCP2 expression does not affect Tcf4 mRNA levels

To determine whether elevating MeCP2 levels affects PTHS pheno-
types in vivo, we crossed Tcf4þ/� mice with a mouse expressing an
autosomal MECP2 transgene, MECP2Tg1/o (Fig. 2a, [19]) at Vanderbilt
University. The MECP2Tg1/o mouse expresses ~2x MeCP2 levels relative
to WT mice and is commonly used as a model of a related neuro-
developmental disorder termed MECP2 Duplication Syndrome (MDS).
The MECP2Tg1 allele has also previously been used to rescue phenotypes
in knock-in and truncating mouse models of RTT [20–25]. We bred
MECP2Tg1/o animals with Tcf4þ/� mice to generate MECP2Tg1/o; Tcf4þ/�

transgenic mice that are haploinsufficient for Tcf4, have a wild type
murine Mecp2 locus, and a third MECP2 allele from the transgene
(Fig. 2a), which cannot be distinguished from each other. To confirm that
MeCP2 was appropriately increased, we harvested cortex, hippocampus,
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and striatum and conducted quantitative PCR and Western blot analysis.
As expected, MECP2Tg1/o animals had significantly higher levels of
MeCP2 mRNA and protein relative to wildtype and Tcf4þ/� controls in
the cortex, hippocampus, and striatum. No difference in MeCP2 levels
was seen in Tcf4þ/� animals compared to wildtype controls (Fig. 2b–d).
MECP2Tg1/o; Tcf4þ/� offspring retained the elevated levels of Mecp2 with
no impact on Tcf4 mRNA expression (Fig. 2e), regardless of the brain
region. Notably,MECP2Tg1/o; Tcf4þ/� mice resembleMECP2Tg1/o mice in
terms of the level of MeCP2 protein expression (Fig. 2c and d). However,
analysis of Tcf4þ/� transgenic mice at an earlier age (p60), at an inde-
pendent lab at the University of Chile, revealed reduced MeCP2 expres-
sion levels in frontal and medial cortex (Supplementary Fig. 2),
suggesting that subregions of the cortex may be unique in their rela-
tionship between Tcf4 heterozygosity andMecp2 expression. To evaluate
the relationship between Tcf4 and MeCP2, we next quantified Tcf4
mRNA levels (Fig. 2e). These studies revealed significant reductions in
Tcf4 mRNA in both Tcf4þ/� and MECP2Tg1/o; Tcf4þ/� double transgenic
mice that were significantly decreased compared to wild-type controls.
These data indicate that increasing MeCP2 dosage does not impact on
Tcf4 mRNA levels in healthy control or Tcf4þ/� mice.

Abnormal phenotypes in Tcf4þ/� mice are reversed with increased MeCP2
dosage

To determine whether increased MeCP2 expression normalized dis-
ease phenotypes in vivo, we performed a battery of behavioral tests,
focusing on previously identified abnormal behavioral characteristics of
various PTHSmodel mice [26]. Consistent with previous reports, Tcf4þ/�

mice showed significant hyperlocomotor activity in an open field while
MECP2Tg1/o mice showed no difference relative to control animals
(Fig. 3a and b). In support of our hypothesis, hyperlocomotor activity was
reduced to WT levels in MECP2Tg1/o; Tcf4þ/� test mice, with similar
distance travelled compared to littermate controls. Additionally, Tcf4þ/�

mice displayed a significant increase in vertical or rearing activity in the
open field arena and increased expression of MeCP2 also attenuated this
behavior (Fig. 3c). Given that rearing has been linked to anxiety-related
behavior [27], we performed an additional assay to measure anxiety
using an elevated zero maze apparatus. In this test, Tcf4þ/� animals spent
more time in the open, fully lighted regions of the maze, displaying
significantly diminished anxiety (Fig. 3d). This phenotype was also cor-
rected in MECP2Tg1/o; Tcf4þ/� mice, correlating with reduced time spent
in the open regions [28–32].

Elevation in MeCP2 levels in PTHS patient cell line restores defective iNPC
to astrocyte differentiation and astrocyte-mediated neuronal support

Given the promising efficacy of increasing MeCP2 levels via genetic
cross in Tcf4þ/� mice, we next tested an AAV9-based gene therapy
approach in our PTHS patient cell lines. The iNPCs containing the dele-
tion mutation that showed a severe defect in differentiation in our pre-
vious assays were transduced with AAV9.P546.MeCP2 and the
differentiation potential into iAs was re-evaluated. Increased MeCP2
mRNA and protein levels following transduction were confirmed in iAs 5
days following transduction (Supplementary Fig. 3). Remarkably,
immunofluorescent staining indicated that transduction of the iNPCs
prior to iA differentiation led to improved differentiation as demon-
strated by a decrease in nestin signal and an increase in GFAP signal
(Fig. 4a and b). Moreover, in co-culture, AAV9.P546.MeCP2-transduced
iAs from this patient were now better able to support neuronal survival,
as well as improve neuronal morphology as indicated by an increased
number of neurites and skeleton length (Fig. 4c and d). Combined, these
data suggest that increasing MeCP2 levels in defective PTHS iNPCs re-
sults in improved iA differentiation and improved support of co-cultured
neurons.



Fig. 1. Patient fibroblast-derived NPCs have reduced
MeCP2 levels and exhibit reduced ability to differen-
tiate into astrocytes.
Fibroblast (A and C) and NPC (B and C) lysates were
analyzed by Western blot and levels of TCF4 (A and B) and
MeCP2 (C and D) were quantified. NPCs were subse-
quently differentiated into astrocytes and their metabolic
state, in addition to impact on neurons, was evaluated. E)
Extracellular flux analysis was used to quantify oxygen
consumption rate (OCR) and extracellular acidification
rate (ECAR) to determine mitochondrial basal respiration,
ATP-linked respiration and glycolytic protein efflux rate
(glycoPER). Mitochondrial-based respiration was down-
regulated in TCF4 mutant astrocytes and a mutation-
specific effect on glycoPER was identified (as measured
by lactate mediated acidification). F) Representative im-
ages of neurons co-cultured with differentiated astrocytes
(scale bar: 200 uM). G) Quantification of survival and
neuronal morphology. Neurons cultured on TCF4 patient-
induced astrocytes have reduced survival and shorter
neurite and skeletal length. Dotted line represents average
control values. Data have been generated from at least 3
independent experiments. Statistical analysis was per-
formed using One-way ANOVA with Dunnett post-hoc
analysis comparing the mean of each data set to the
combined average of the controls (dotted line). *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 2. Increased MeCP2 dosage does not affect Tcf4 expression in mice.
(A) Breeding scheme to genetically introduce the MECP2 transgene (MECP2Tg1/o) into Tcf4þ/� animals. MeCP2 mRNA (B) and protein levels (C-D) were quantified in
the cortex, hippocampus and striatum of wildtype (Tcf4þ/þ, black), MECP2Tg1/o (blue), Tcf4þ/� (green), and MECP2Tg1/o; Tcf4þ/� (pink) P120 mice. (B) qPCR with
values normalized to corresponding wild type controls. MeCP2 mRNA expression was significantly increased in the presence of the Tg1 transgene and was not affected
by Tcf4 heterozygosity. (C) Representative images of fluorescent Western blot for MeCP2/Mecp2 (72 kDa, red arrow) and Gapdh (35 kDa, black arrow). (D) MeCP2
protein (72 kDa band) levels were normalized to Gapdh (35 kDa band) and then normalized against the corresponding wildtype controls. MeCP2 protein levels were
elevated inMECP2Tg1/o andMECP2Tg1/o; Tcf4þ/� mice. (E) Tcf4 mRNA expression is decreased in the brains of Tcf4þ/� andMECP2Tg1/o; Tcf4þ/� mice, but is unaffected
by the Tg1 transgene. mRNA: n ¼ 5–6 mice per genotype. Protein: n ¼ 9–10 mice per genotype. 1-way ANOVA with Tukey's post-hoc test within each brain region.
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Open circle/black bars ¼ Tcf4þ/þ, blue squares/bars ¼ MECP2Tg1/o, green triangles/bars ¼ Tcf4þ/�, pink
diamonds/bars ¼ MECP2Tg1/o; Tcf4þ/�.

C.N. Dennys et al. Neurotherapeutics 21 (2024) e00376
AAV9.P546.MeCP2 treatment effectively ameliorates disease phenotype in
Tcf4þ/� mice

Our in vitro and transgenic rescue experiments established proof-of-
concept that increasing MeCP2 dosage from conception can rescue
PTHS phenotypes. We next tested the therapeutic potential of post-natal
AAV9 based delivery of MeCP2 in Tcf4þ/�mice at the University of Chile,
a third independent laboratory. Postnatal day 1 (PND1) pups were
injected via intracerebroventricular injection (ICV) with 1.5x1010 vg
scAAV9.P546.MeCP2, a dose previously established to be efficacious for
treatment of RTT syndrome in Mecp2-/y knockout mice as performed by
the Meyer lab [32]. The injection route and dose allows widespread
targeting of the brain and spinal cord as demonstrated in previous pub-
lications [28–32] Therapeutic impact was evaluated using open-field,
self-grooming, social interaction test, nesting, novel item recognition,
6

and beam walk at 60 days. In these experiments, Tcf4þ/� mice again
showed hyperactivity, elevated rearing, and spent more time in the open
areas of the plus maze. Importantly, Tcf4þ/� mice injected with
scAAV9.P546.MeCP2 showed significant rescue in all three of these
phenotypes relative to uninjected control mice, with normalized activity
(Fig. 5a), decreased rearing (Fig. 5b), and a reduction in time spent in the
open arms (Fig. 5c).

We next evaluated stereotypic behaviors by quantifying self-
grooming frequency. In this test, Tcf4þ/� mice exhibited significantly
more grooming behaviors than Tcf4þ/þ animals, and injection with
scAAV9.P546.MeCP2 resulted in a significant reduction in grooming
habits relative to uninjected Tcf4þ/� mice (Fig. 5d). To assess sociability,
we employed a social interaction test that quantifies the amount of time
spent in a chamber with a novel mouse following 10 days of isolation. In
this experiment, Tcf4þ/þ mice spent significantly more time in the



Fig. 3. Increasing MeCP2 levels reverses abnormal phenotypes in Tcf4þ/� mice.
(A-B) Tcf4þ/� mice (20–26 weeks of age) exhibit hyperlocomotive activity in an open field chamber, (C) enhanced vertical activity in an open field chamber, and (D)
increased time spent in the open arms of an elevated zero maze (green versus black bars). All of these abnormal responses in Tcf4þ/� compared animals are normalized
to Tcf4þ/þ levels in the presence of the MeCP2 transgene. n ¼ 8–16 mice per genotype. Statistical analysis was performed using 1-way ANOVA with Tukey's post-hoc
test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns (not significant) for panels B, C, and D and 2-way ANOVA was used in time course locomotion data (A).
Open circle/black bars ¼ Tcf4þ/þ, blue squares/bars ¼ MECP2Tg1/o, green triangles/bars ¼ Tcf4þ/�, pink diamonds/bars ¼ MECP2Tg1/o; Tcf4þ/�.
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chamber holding the novel mouse than that with the empty cage, while
Tcf4þ/� mice spent significantly more time in the empty cage, suggesting
a preference for social isolation. In contrast, scAAV9.P546.MeCP2-
treated Tcf4þ/� mice spent significantly more time in the chamber with
the novel mouse to a degree that matched wild-type controls (Fig. 5e).
Next, we assessed nesting as a measure of daily living activities to eval-
uate the performance of species-related tasks [33]. Wildtype Tcf4þ/þ

animals made nests achieving scores between 4 and 5 while Tcf4þ/�mice
scored a median score of 2. In contrast to Tcf4þ/� mice, treated Tcf4þ/�

scored 4.5 in nesting, which was comparable to wildtype levels (Fig. 5f).
As a measure of spatial learning, we tested mice in the novel object

recognition task. Wildtype animals spend more time investigating novel
objects than they do with objects to which they have been previously
exposed. In contrast, Tcf4þ/� failed to differentiate between the novel
and familiar mouse indicating learning and memory deficits (Fig. 5g).
Importantly, the learning and memory deficit of treated mice improved
time spent recognizing novel objects as these animals spent more time
investigating novel objects when compared to familiar objects. Finally,
we evaluated motor coordination in Tcf4þ/� mice using the beam walk
assay. Notably, Tcf4þ/� mice had more slips than wild-type littermates,
which were not corrected by treatment with the viral construct (Fig. 5h).
Combined, these data demonstrate that scAAV9.P546.MeCP2 effectively
reduces anxiety, restores species-related tasks, learning and memory in
treated Tcf4þ/� mice.

scAAV9.P546.MeCP2 treatment improves neuronal morphology in Tcf4þ/�

animals

To determine whether phenotypic improvement correlated with
rescue of neuronal morphology as observed in vitro, we performed an
imaging analysis of CA1 pyramidal neurons 120 days post treatment.
Fig. 6a–c depicts representative images of CA1 pyramidal cells obtained
from the virally-treated and untreated Tcf4þ/� mice compared to WT
controls. When compared toWT, both untreated and AAV9.P546.MeCP2-
treated Tcf4þ/� mice displayed significant shorter dendritic length
(upper panel, A to C, Scale bar: 50 μm) as well as reduced number and
density of dendritic spines of CA1 pyramidal cells (boxes in the lower
panel, A’ to C’; Scale bar: 5 μm). However, when comparing the un-
treated Tcf4þ/� mice to the AAV9.P546.MeCP2 treated animals, we
found that treated Tcf4þ/� mice had significantly longer dendric length
compared to untreated animals (Fig. 6d). This increase was true for both
apical and basal dendrites (Fig. 6e and f). A similar pattern was also
observed in spine counts (Fig. 6g–i) and overall spine density (Fig. 6j–l),
where both treated and untreated exhibited decreased counts and density
7

relative to controls (Fig. 6g and j), but treated Tcf4þ/� mice were
significantly improved relative to untreated mice in both number and
density of basal and apical dendritic spines (Fig. 6h,i,k,l). Combined,
these data demonstrate that elevating MeCP2 levels postnatally by
treatment with AAV9.P546.MeCP2 significantly improves pyramidal cell
morphology in Tcf4þ/� mice.

Discussion

The neurodevelopmental disorder PTHS displays many similarities
to RTT, including intellectual disability, global developmental delay,
breathing abnormalities, stereotypic hand movements, seizures, and
sleep disturbances, which could indicate potential shared disease
pathways. Patients who are diagnosed with atypical RTT based on
symptoms but are not found to carry mutations in MECP2 are often
found to have mutations in CDKL5, FOXG1, TCF4 or other genes [34,
35]. The overlap in symptoms points to similarly disrupted pathogenic
mechanisms and, therefore, the possibility to explore whether the same
treatment could benefit for multiple disorders. Here, we tested the
hypothesis that MeCP2 might be involved in pathology of PTHS using
reprogrammed patient cells as well as mouse models. Testing was
performed in three different independent laboratories to ensure
maximum rigor. We quantified reduced MeCP2 levels in iNPCs of PTHS
patients harboring different types of mutations compared to healthy
controls. A reduction of MeCP2 levels was then also confirmed in the
Tcf4þ/� mouse model at 60 days of age in one of the Tcf4þ/� colonies
used in this study. In contrast, no difference in TCF4 levels were
observed in the genetic crossing study that was conducted in an inde-
pendent mouse colony. These findings may be explained by the mo-
lecular pathology observed in RTT patients. It has previously been
shown that RTT patients have, most distinctively, altered MeCP2
expression in the frontal cerebrum compared with hippocampus,
amygdala and cerebellum [36]. This was accompanied with evidence
pointing to regional regulation of MeCP2 transcripts, although MeCP2
homeostasis regulation is still not understood. In consequence, whole
brain or cortex lysate might obscure regional changes. Furthermore,
regional changes can be dynamic as shown by age dependent effects
from 3 to 9 months of MeCP2 heterozygosis on X chromosome inacti-
vation [37]. Thus, it is currently unclear whether MeCP2 levels are
specifically lower in younger Tcf4þ/� animals and normalize at later
ages or if the molecular defects are limited within a select region of the
cortex which was not captured in the sample lysates. In addition, var-
iances in the colonies or experimental methods may also explain the
discrepancy in MeCP2 levels between the two studies. Further studies



Fig. 4. Treatment of patient fibroblast-derived NPCs with AAV9.MECP2
restores differentiation potential into astrocytes that are supportive of
neuron morphology and survival.
NPCs were transduced with AAV9.MECP2 and subsequently differentiated into
astrocytes. (A) Cells were stained with the NPC marker, nestin, and an astrocyte
marker, GFAP. (B) Quantification of GFAP and nestin staining intensity
following differentiation. Transduction with AAV9.MeCP2 improved differen-
tiation potential as indicated by reduced nestin and increased GFAP staining
(scale bar: 100 μM). Astrocytes were seeded in co-culture with GFPþ neurons
(black) and imaged 3 days later. (C) Representative images of neurons co-
cultured with differentiated astrocytes. (D) Quantification of survival and
neuronal morphology (scale bar: 200 μM). AAV9.MeCP2 significantly improved
survival and neuronal morphology in the TCF4 deletion line (TCF4-3). Dotted
line represents average control values. Data were generated from at least 3 in-
dependent experiments. Statistical analysis was performed using Student's T-test
comparing the mean of untreated vs treated TCF4 cell lines. *p < 0.05, **p <

0.01, ***p < 0.001, ****p < 0.0001.

C.N. Dennys et al. Neurotherapeutics 21 (2024) e00376

8

requiring multiple time points and more detailed region and cell
type-specific analyses might be necessary to understand MeCP2 dy-
namics in Tcf4þ/� in detail.

Despite these discrepancies in MeCP2 measurements, both the inde-
pendently conducted genetic rescue study and the therapeutic gene
replacement study indicate a clear benefit from increased MeCP2
expression. Crossing MeCP2 overexpressing mice with Tcf4þ/� mice
significantly improved behavioral abnormalities, providing significant
genetic evidence of the importance of MeCP2 in PTHS pathology as well
as a lack of development of MDS-like behavioral effects. Treatment of
PTHS patient cell lines with the AAV gene replacement therapeutic
vector scAAV9.P546.MeCP2 improved cellular differentiation and func-
tion in vitro. The effect of the viral construct was then further confirmed
in Tcf4þ/� mice in an independent lab, where improved neuronal
morphological defects and significantly ameliorated cognitive, behavior
(anxiety, learning and memory) and motor function were quantified. It is
important to note that the factors that contribute to performance in
behavioral assays are often interconnected, and the reasons that underlie
the observed improvements can be multifactorial. In the case of Tcf4þ/�

mice, the hyperactivity phenotype could be a confounding factor for the
assessment of sustained attention, given that the general activity of the
mutant mice may interfere with task engagement. For example, novel
object recognition is typically conducted as a short-term memory task
and relies on rodents' natural tendency to investigate novelty. Thus, the
time spent with a novel object could be reduced not because an animal
recognizes the object, but because the animal is hyperactive in the first
place. Nevertheless, the simultaneous improvement of several indepen-
dent behavioral phenotypes using both genetic and therapeutic gene
replacement therapy approaches to raise MeCP2 levels supports the
importance of MeCP2 in PTHS pathology and the potential of common
therapeutic targets between RTT and PTHS.

The exact mechanism by which an increase in MeCP2 levels provides
therapeutic benefit in PTHS is currently unknown and further studies will
be needed to unravel the pathways involved. Our promising results may
point to three possible mechanisms by which elevating MeCP2 is thera-
peutic. The first mechanism maybe be a consequence of selectively
increasing MeCP2 levels in cell types critical for disease pathology. Our
data from human patient cell lines demonstrated significantly reduced
levels of MeCP2 in iNPCs but not in the fibroblasts. Hence, MeCP2 levels
might only be affected in certain cell types of PTHS patients. Importantly,
elevating MeCP2 levels in the iNPCs resulted in enhanced differentiation
and function of the astrocytes. While this was not a full rescue, AAV9
transductions in vitro are notoriously difficult and technical challenges,
such as a short period of MeCP2 elevation, could explain the partial
response. Nevertheless, these data suggest that at least some of in vivo
rescue might be linked to normalizing deficient MeCP2 expression in
progenitor cells. The importance of neuronal progenitor cell dysfunction
in PTHS and RTT has recently been described by several other groups
who have also observed deficits in progenitor proliferation, differentia-
tion, or function ([38–44] reviewed in Ref. [45]). The data reported here
is novel and distinct from these previous studies as we used three types of
patient mutations (deletion, missense and frameshift mutations) and
report for the first time that these cells display a significant down-
regulation of MeCP2. The finding that an increase in MeCP2 levels
ameliorates cellular phenotypes has not been explored to date. The sec-
ond possibility is that shared downstream pathways of MeCP2 and TCF4
may present an opportunity for MeCP2-mediated signaling to counteract
the loss of TCF4-mediated signaling. In doing so, key pathways contrib-
uting to developmental and behavioral phenotypes may be restored
sufficiently to show a therapeutic effect. It will be interesting in future
studies to evaluate changes in genes of interest in neuronal progenitor
cells in the context of manipulating MeCP2 levels, which could help
identify common downstream pathways. Finally, we cannot eliminate
the possibility that antiparallel phenotypes in Tcf4þ/� and MeCP2Tg1/o

mice are normalized due to their opposite effects on behavior. While this
may explain the some of the promising results in the transgenic crosses
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and the therapeutic treatment of the mice, it is less likely to explain the
observed beneficial effect observed in the patient iNPCs.

On the surface, the reversal effect of increased MeCP2 dosage in
Tcf4þ/� mice could be viewed as surprising, as previous studies have
established that MDS-like phenotypes are observed with overexpression
of MeCP2 [23,24]. However, we and several other groups have devel-
oped MeCP2 gene therapy viral vectors that allow expression of MeCP2
at levels that are well tolerated even in wildtype mice [32,46,47] and
nonhuman primates (NHPs) [32]. We have studied the safety profile of
this same viral vector construct extensively in previous published work
[32]. The therapeutic dose selected in this study was tested in wildtype
mice, with normal levels of MeCP2, and was shown to have no adverse
effects on survival or behavior. Safety of this viral vector construct was
further confirmed in five nonhuman primates (NHP) using clinically
relevant dosages. Weight, serum chemistry and hematology was
routinely monitored for up to 18months post treatment at which time the
animals were sacrificed for an extensive pathological evaluation of
(caption on next column)
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relevant tissue. Findings from this study showed normal behavior, body
weight and bloodwork and histopathological evaluation confirmed that
the treatment was safe and well tolerated [32]. [48,49] Moreover,
several groups are currently advancing MeCP2 gene replacement thera-
pies to the clinic (NCT05898620, NCT05606614). If these treatments
proof to be safe and efficacious, the therapeutic approachmay be adapted
to PTHS patients. In contrast, development of a TCF4-specific gene
therapy is more complex due to the large number of isoforms that have
been reported for the gene, and it is unclear if replacing only one isoform
would be sufficient to provide substantial clinical benefit. Thus, further
research evaluating the mechanisms behind this novel therapeutic
approach and its feasibility should be conducted.

For small rodents, nests are important in heat conservation as well as
reproduction, shelter, and innate behavior. In 2005, it was proposed that
the hippocampus is also vital for the performance of species-typical tasks
such as nesting [33]. Follow-up studies suggest that the impact of dorsal
and ventral regions of the brain do not directly impact nesting but are
additive in phenotype severity [50–53]. Specifically, Deacon (2006)
published that mice with hippocampal lesions scored between 0 and 3,
with only the completely lesioned mice showing inhibition of nesting.
Interestingly, Tcf4þ/�mice scored amedian score of 2, indicating that the
nestle material was not fully taken apart to generate a nest. Thus, these
data support previous observations that TCF4 mutations result in hip-
pocampal deficits [26] but not substantial hippocampal damage. This
suggests that neurological impairments in Tcf4þ/� animals may be
reversible with a treatment that improves hippocampal function.
Importantly, treatment of Tcf4þ/� animals with scAAV9.P546.MeCP2
increased nesting scores to levels comparable to healthy controls. These
data suggest that elevating MeCP2 levels is sufficient to restore hippo-
campal function and, more importantly, that hippocampal dysfunction
related to loss of TCF4 activity might be treatable at least when addressed
early after birth. Additional experiments will be required to confirm a
benefit at later treatment time points in follow up studies.

Further evidence of the importance of hippocampal function in PTHS
comes from recent studies of neuronal progenitor cells which show de-
fects in adult neurogenesis in the hippocampus [38–40]. Our data shows
that Tcf4þ/� animals have reduced dendrite length, spine counts and
Fig. 5. AAV9 delivery of MeCP2 reverses disease phenotypes in Tcf4þ/¡

mice.
Tcf4þ/� pups were injected at p1 with scAAV9.P546.MeCP2. Fifteen mice per
treatment group were aged to p60 prior to motor and behavioral analysis. (A)
After 30 min, Tcf4þ/� mice showed hyperactivity in the open field and treat-
ment with scAAV9.P546.MeCP2 significantly normalized the distance travelled
compared to Tcf4þ/þ littermates. Anxiety levels were quantified by number of
rearing events in the open field (B) and the number of times a mouse entered the
closed arm of the elevated plus maze within a 5 min period (C). Treatment with
scAAV9.P546.MeCP2 significantly reduced rearing and time spent in the closed
arm in Tcf4þ/� treated mice. (D) Time spent self-grooming was significantly
elevated in Tcf4þ/� mice and rescued by scAAV9.P546.MeCP2 injection when
compared to untreated controls. (E) Three chamber social interaction. Relative
to littermate controls, Tcf4þ/� mice spend significantly more time with the
empty cylinder, and this deficit is partially rescued by the scAAV9.P546.MeCP2
construct. (F) Nesting activities were quantified by transferring mice into a test
cage containing 3 g of a Nestlet and the next morning nests were scored on a
scale of 1–5 (5 being normal) as described in Materials and Methods.
scAAV9.P546.MeCP2-injection significantly improved nesting capabilities when
compared to uninjected controls. (G) Novel Object Recognition. Tcf4þ/� mice do
not distinguish between familiar and novel objects, and the recognition/pref-
erence for the novel object was restored by scAAV9.P546.MeCP2-injection. (H)
The number of total slips of Tcf4þ/� and WT littermates was evaluated using a
Beam Walk test. The number of foot faults was counted in treated and untreated
animals and compared to WT (Tcf4þ/þ) mice. scAAV9.P546.MeCP2 treatment
significantly reduced the number of foot falls when compared to untreated an-
imals. Statistical analysis was performed using one way ANOVA followed by
Sidak's (A, B, C, E, H), Dunnett's (D) or Dunn's (G, F) post hoc test. *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001.
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overall spine density. Treatment with the MeCP2-vector caused a sig-
nificant improvement in the morphological characteristics of CA1 pyra-
midal cells in Tcf4þ/� mice. These MeCP2-induced increases in spine
density were attributed to changes in basal and apical dendrites of CA1
pyramidal cells. Given that CA1 pyramidal neurons are key cell types in
the hippocampal memory system, deficits in the morphology of these cell
types suggest aberrancies in learning and memory pathways that may be
reversed by increasing MeCP2 levels.

Taken together, our study involving three independent laboratories,
patient cell lines and two Tcf4þ/� mouse colonies indicate an important
role of MeCP2, the protein whose loss causes RTT, in PTHS pathology.
Our study highlights potential mechanistic overlap between these neu-
rodevelopmental disorders that warrant exploring common therapeutic
strategies moving forward.
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