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ABSTRACT
Mutations in the MeCP2 gene are responsible for the neuro-
developmental disorder Rett syndrome (RTT). MeCP2 is a DNA-
binding protein whose abundance and ability to complex with
histone deacetylase 3 is linked to the regulation of chromatin
structure. Consequently, loss-of-function mutations in MeCP2
are predicted to have broad effects on gene expression.
However, to date, studies in mouse models of RTT have
identified a limited number of gene or pathway-level disruptions,
and even fewer genes have been identified that could be
considered amenable to classic drug discovery approaches.
Here, we performed RNA sequencing (RNA-seq) on nine motor
cortex and six cerebellar autopsy samples fromRTT patients and
controls. This approach identified 1887 significantly affected
genes in themotor cortex and 2110 genes in the cerebellum, with
a global trend toward increased expression. Pathway-level

analysis identified enrichment in genes associated with
mitogen-activated protein kinase signaling, long-term potentia-
tion, and axon guidance. A survey of our RNA-seq results also
identified a significant decrease in expression of the CHRM4
gene, which encodes a receptor [muscarinic acetylcholine
receptor 4 (M4)] that is the subject of multiple large drug
discovery efforts for schizophrenia and Alzheimer’s disease.
We confirmed that CHRM4 expression was decreased in RTT
patients, and, excitingly, we demonstrated that M4 potentiation
normalizes social and cognitive phenotypes in Mecp21/2 mice.
This work provides an experimental paradigm in which transla-
tionally relevant targets can be identified using transcriptomics in
RTT autopsy samples, back-modeled in Mecp21/2 mice, and
assessed for preclinical efficacy using existing pharmacological
tool compounds.

Introduction
Rett syndrome (RTT) is a neurodevelopmental disorder that

affects 1 in 20,000 live births (Rett, 1966). RTT is clinically
diagnosed based on the presence of developmental regression,
acquired microcephaly, stereotyped hand movements, and
apneas, among other symptoms (Hagberg, 2002). Loss-of-
function mutations in the MeCP2 gene underlie 90% of RTT
cases (Amir et al., 1999). Specifically, pathogenic mutations
are believed to either disrupt MeCP2 binding to methylated
DNA and/or prevent association with transcriptional repres-
sion complexes (Lyst et al., 2013). Promise for the discovery of
a treatment for RTT was bolstered when it was shown that
re-expression of Mecp2 protein in symptomatic RTT model
mice corrected phenotypic deficits (Luikenhuis et al., 2004;
Giacometti et al., 2007; Guy et al., 2007), indicating that
interventions given after the disease has developed may still
be efficacious. However, existing data sets have only charac-
terized a limited number of candidate genes that show
dramatic changes in expression induced by loss of MeCP2
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function, and even fewer have been identified that can be
considered amenable to classic drug discovery approaches.
MeCP2 acts as a transcriptional repressor when associated

with the nuclear receptor corepressor/silencing mediator for
retinoid and thyroid receptors/histone deacetylase 3 complex,
and disruption of this complexwould be predicted to result in a
loss of heterochromatin and an increase in global transcrip-
tion. Beyond its role as a repressor, MeCP2 has additional
functions as a transcriptional activator, splicing factor, and
regulator of chromatin looping (Lyst and Bird, 2015). These
diverse cellular functions complicate RTT transcriptional
profiling efforts, which can produce variable and often discor-
dant results depending on the brain region, cell type, species,
and point in disease progression being assessed. For example,
7.6-foldmore genes showed increased expression as opposed to
decreased expression in peripheral blood lymphomonocytes
fromRTT patients (Pecorelli et al., 2013). Conversely, induced
pluripotent stem cell–derived neurons carrying pathogenic
RTT mutations exhibited a 10-fold decrease in gene expres-
sion (Li et al., 2013). Several studies have also surveyed gene
expression in the brains of RTT model mice; however, these
efforts have yet to identify disrupted genes or pathways with
therapeutic utility (Tudor et al., 2002; Nuber et al., 2005;
Chahrour et al., 2008; Ben-Shachar et al., 2009; Zhao et al.,
2013).
To date, very few expression profiling efforts have been

performed in the most relevant species and tissue type: brain
samples from RTT patients. Several transcriptomics-based
approaches have quantified a global decrease in gene expres-
sion in pooled cortical samples from RTT patients (Colantuoni
et al., 2001; Lin et al., 2016). Additionally, a number of more
targeted approaches have been employed to measure tran-
script levels of preclinical target genes such as brain-derived
neurotrophic factor (BDNF) (Abuhatzira et al., 2007) and
potassium-chloride transporter member 5 (KCC2) (Duarte
et al., 2013; Tang et al., 2016). These studies have yielded
mixed results that are presently not validated in the brains of
RTT patients at the protein level.
Recently, we obtained a set of RTT samples from the motor

cortex of RTT patients in sufficient quantity to conduct RNA
and protein analysis. These samples were previously used to
profile the translational relevance of the preclinical target
genes GRM5 (mGlu5) (Gogliotti et al., 2016) and GRM7
(mGlu7) (Gogliotti et al., 2017). Building on these data sets,
we next asked the question of whether novel genes or
pathways could be identified using transcriptomics. We
performed RNA sequencing (RNA-seq) analysis on motor
cortex and cerebellar RTT autopsy samples and characterized
a significant disruption in genes that were previously associ-
ated with RTT, as well as several novel targets with inherent
therapeutic potential. Among these was the CHRM4 gene,
which has been linked to RTT-related diseases like fragile X
syndrome and idiopathic autism (Yonan et al., 2003;
Veeraragavan et al., 2012). CHRM4 encodes a receptor
[muscarinic acetylcholine receptor 4 (M4)] actively being
targeted in drug discovery efforts for Alzheimer’s disease
and schizophrenia (Foster et al., 2012), and the loss of Chrm4
(Chrm42/2) results in RTT-like phenotypes in mice (Tzavara
et al., 2003; Koshimizu et al., 2012). In addition to patients,
our experiments also demonstrated that Chrm4 expression is
decreased in Mecp21/2 mice, and excitingly, we show that an
M4 positive allosteric modulator (PAM) normalizes social and

cognitive phenotypes in this model. These data constitute an
investigative paradigm by which changes in expression of a
druggable target were first identified in human samples and
then back-modeled to mice for further preclinical efficacy
studies.

Materials and Methods
Study Design. The selection of mouse model (Mecp21/tm1.1 bird),

sex, and sample size was based on the standards established by the
National Institute of Mental Health and RTT research community
(Katz et al., 2012). For phenotypic assays, mice were assigned
randomly to dosing groups and quantitation was performed by a
researcher that was blinded to genotype and treatment group or by
automated software. Statistics were carried out using Prism 6.0
(GraphPad) and Excel (Microsoft). All data shown represent mean 6
S.E.M. Statistical significance between groups was determined using
two-tailed unpaired or paired Student’s t tests and one- or two-way
analysis of variance, with Bonferroni’s or individual Student’s t test
post-hoc analysis. Sample size, number of replicates, and statistical
test are specified in Figures 1-4.

Ethics. Human samples were obtained from the National Insti-
tutes of Health NeuroBioBank (neurobank.nih.gov) under Public
Health Service contract HHSN-271-2013-00030. The tissues were
post mortem and fully de-identified, and as such are classified as
exempt from human subject research regulations. Animal work was
conducted under the oversight of the Vanderbilt Institutional Animal
Care and Use Committee under protocol M/14/263. Mice sacrificed for
gene expressionwere euthanized usingCO2 inhalation at a flow rate of
2 l/min, as recommended by the American Veterinary Medical
Association (Schaumburg, IL, USA).

RNA-cDNA Preparation. Autopsy samples were obtained from
the National Institutes of Health NeuroBioBank. For N 5 9, the RTT
samples were of an age of 16.06 2.3 years and a post-mortem interval
(PMI) of 10.5 6 2.5 hours; N 5 8 controls were of an age of 18.8 6 2.5
years and a PMI of 17.0 6 2.8 hours. All samples were derived from
female patients. Patient mutations assessed were as follows: R168X
(one), R255X (four), R270X (two), andMeCP2-mutation negative (two).
Approximately 1 g of motor cortex and cerebellum were impact
dissociated under dry ice and then pulverized using mortar and pestle
under liquid nitrogen. A homogenous mixture of pulverized sample
was then allocated for downstream applications. Total RNA was
prepared from 100 to 200 mg of tissue using standard Trizol-
chloroform methodology. Total RNA was purified and DNase treated
using the RNeasy kit (Qiagen, Hilden, Germany). RNA quality was
confirmed using BioCube and BioAnalyzer instrumentation by the
Vanderbilt Technologies for Advanced Genomics core (at Vanderbilt
University Medical Center). cDNA was synthesized from 2 mg total
RNA with the SuperScript VILO kit (Thermo Fisher, Waltham, MA).
Cortex, cerebellum, and hippocampal samples from 20 week old
Mecp21/2 mice were prepared using identical methodology.

RNA Sequencing. RNA-seq was conducted by Vanderbilt Tech-
nologies for Advanced Genomics on total RNA samples that passed
BioCube and BioAnalysis quality control. A cDNA library was pre-
pared using the Illumina Access kit (San Diego, CA) and RNA-seq was
performed on aHiSEq. 2500Next Generation Sequencing instrument.
Sequencing used 75 base pair, paired-end reads to assist with
downstream alignment, and an average of 44.8 6 1.7 million reads
were obtained per sample. Sequencing analysis was done using RNA-
seq for Eukaryotes Analysis Kit 3.0 by Maverix Biomics (San Mateo,
CA). Raw sequencing reads produced by the Illumina sequencer were
quality checked for potential sequencing issues and contaminants
using FastQC (Babraham Institute, Babraham, UK). Adapter se-
quences and primers were trimmed from the sequencing reads using
Trimmomatic (Bolger et al., 2014), then followed by removing polyA
tail, polyN, and read portions with quality score below 28 using
PRINSEQ (Schmieder and Edwards, 2011). Reads with a remaining
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length of fewer than 20 base pairs after trimming were discarded. A
second round of quality check with FastQCwas made to compare read
quality before and after trimming. Trimmed readsweremapped to the
human genome (GRCh37/hg19) using TopHat2 (Kim et al., 2013) with
NCBI RefSeq (O’Leary et al., 2016) annotated genes as transcriptome
index data. Read alignment coverage and summary statistics for
visualization were computed using SAMtools (Li et al., 2009), BED-
tools (Quinlan and Hall, 2010), and University of California Santa
Cruz Genome Browser utilities (Meyer et al., 2013). Cufflinks 2.2.0
workflow (Trapnell et al., 2012) was adopted for abundance estimation
and differential expression analysis. In brief, the sequencing reads
aligned to RefSeq (O’Leary et al., 2016) annotated genes were
quantified using Cuffquant. Cuffnorm was then used to normalize
the gene expression levels across the studied samples with fragments
per kilobase of transcript per million computed for sample correlation
assessment. Differential expression analysis between samples was
performed using Cuffdiff with the computed results from Cuffquant.
Significant differentially expressed genes were determined by a false
discovery rate of 0.05.

mRNA and Protein Analysis. Quantitative real-time polymer-
ase chain reaction (QRT-PCR) was performed on BioRad CFX96
instrumentation (Hercules, CA) using Taqman Fast Advanced Mas-
ter Mix (Thermo Fisher) and Thermo Fisher Assay on Demand
primer-probe kits. The assay identifications used were: BDNF
(total: Hs02718934_s1, BDNF-I HS00538277_m1, BDNF II
Hs00538278_m1, and BDNF III Hs04188535_m1), IGF1
(Hs01547656_m1), SLC12A5 (KCC2, Hs00221168_m1), SLC12A2
(NKCC1, Hs00169032_m1), HSPA6 (Hs04187232_g1), SNORD116
(Hs03309547_s1), CHRM4 (Hs00265219_s1), and Chrm4
(Mm00432514_s1). Human and mouse samples were normalized
to the internal control G6PD (Hs00166169_m1; Mm00656735_g1).
QRT-PCR data were analyzed using the DDCt method.

Human andmouse protein from 200mg of tissue was isolated using
radioimmunoprecipitation assay buffer. Western blots were run using
standard methodology (50 mg total protein per well). Primary
antibodies were used at the following concentrations: KCC2 (1:1000,
ab49917; Abcam), NKCC1 (1:1000, ab59791; Abcam, Cambridge, UK),
HSPA6 (1:1000, ab69408; Abcam), and Tubulin (1:2000, ab6046;
Abcam). The fluorescent secondary antibodies used were: goat anti-
mouse 680 (1:5000; LiCor, Lincoln, NE) and goat anti-rabbit 800 (1:
5000; LiCor). Images were acquired and fluorescence was quantified
on a LiCor Odyssey Infrared Imaging System. The enzyme-linked
immunosorbent assay kits used were: BDNF (ab99978; Abcam) and
IGF1 (ab100545; Abcam). Total protein (150 mg) was loaded per well
and samples were run in triplicate in accordance with the manufac-
turer’s instructions.

Contextual Fear Conditioning. Mecp21/2 and Mecp21/1 female
mice (18–20 weeks old) were used for these studies. Animals were fear
conditioned on day 1 of the task and the percentage of time spent
freezing was assessed 24 hours later. On training day of the task, mice
were injected 30 minutes prior to the task with either vehicle (10%
Tween 80) or 3.3 mg/kg of VU0467154 (10 ml/kg, i.p.). Mice were then
placed into an operant chamberwith a shock grid (MedAssociates Inc.,
Fairfax, VT) in the presence of a 10% vanilla odor cue. Following a
3-minute habituation period, mice were exposed to two 1 second,
0.7 mA foot shocks spaced 30 seconds apart. Mice remained in the
context for an additional 15 seconds after the second foot shock.
Twenty-four hours later, mice were placed back into the same shock
chamber with a 10% vanilla odor cue and the percentage of time spent
freezing during a 3-minute testing period was assessed by video
software (Video Freeze; Med Associates Inc.)

Three-Chamber Social Preference Assay. Thirty minutes
prior to testing, 18–20 week oldMecp21/2 andMecp21/1 female mice
were injected intraperitoneally with either vehicle (10% Tween 80) or
3.3 mg/kg of VU0467154 and returned to their home cage. Mice were
then placed in a standard three-chamber apparatus and allowed to
habituate for a period of 7 minutes. A novel juvenile mouse (stranger
1) that was restrained in a wire cage was then placed in one of the end

chambers, and a toy rubber duck was placed in the opposing end
chamber, with the center chamber empty. The test mouse was then
allowed to explore all three chambers for 7 minutes before being
returned to its home cage. After 3 hours, the test mouse was returned
to the three-chamber apparatus and the ability to distinguish between
stranger 1 and a novel stranger (stranger 2) was quantified for
7 minutes. Animal tracking was performed using AnyMaze software
(Stoelting Co., Wood Dale, IL).

Results
Motor Cortex and Cerebellum RNA Sequencing. We

recently obtained six cerebellum samples from RTT patient
autopsies to serve as a complement to our existing work in the
motor cortex, as well as eight age, sex, and PMI matched
controls [described further in Gogliotti et al. (2016, 2017) and
Supplemental Table 1]. As a baseline characterization of these
new samples, we quantified MeCP2, mGlu5, and mGlu7 pro-
tein expression and observed it to be significantly reduced in a
manner similar to what we previously reported in the motor
cortex (Supplemental Fig. 1) (Gogliotti et al., 2016, 2017).
We next sought to characterize gene disruption in an

unbiased manner by performing differential RNA-seq to
compare RTT motor cortex (N 5 9) and cerebellum (N 5 6)
autopsy samples relative to controls (N 5 8). A summary of
patient demographics andRNA-seq quality control is provided
in Supplemental Table 1. RNA-seq experiments were con-
ducted by theVanderbilt Technologies for AdvancedGenomics
staff and Maverix Biomics was contracted for bioinformatics
analysis. RNA extraction, mRNA enrichment, and cDNA
library preparation were performed on individual samples,
and sequencing of each sample was conducted with paired-end
75 base pair high throughput sequencing using the Illumina
HiSEq. 3000. Following trimming, an average Phred qual-
ity score of 41 was obtained in both brain regions, and
no individual sample score of under 28 was quantified,
indicating .99% accuracy in base assignment (Supplemental
Fig. 2). Over 41 million high-quality reads were obtained per
sample, of which 76.0% 6 1.2% were nonduplicate reads and
99.7% 6 0.02% were mapped to the University of California,
San Francisco (UCSF) human reference genome (Supplemen-
tal Table 1). Principal component analysis showed that the
RTT and control groups could be differentiated by genotype in
both brain regions (Supplemental Fig. 3), and a heat map
correlating expression of individual samples is provided in
Supplemental Fig. 4.
Differential sequencing usingCuffdiff revealed that 1887 to-

tal genes were significantly altered in expression in the motor
cortex and 2110 genes were significantly affected in the
cerebellum (P , 0.05) (Supplemental Tables 2 and 3). Of
these, 1153 genes were increased in the RTT motor cortex, as
opposed to 734 decreased (Fig. 1A; Supplemental Table 2). The
cerebellum was similarly affected, with 1410 genes increased
and 700 decreased (Fig. 1B; Supplemental Table 3). A total of
675 genes showed parallel disruption in both brain regions, as
highlighted in Supplemental Table 4. A Kyoto Encyclopedia of
Genes andGenomes analysis of affected genes, independent of
magnitude or direction, is presented in Supplemental Tables
5 and 6 and Table 1. A Gene Ontology/Slim analysis (webges-
talt.org) of both brain regions showed enrichment (∼2-fold) of
genes encoding proteins that are located at themembrane and
involved in protein binding, as well as proteins whose cellular
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functions are associated with biologic regulation, metabolic
processes, and response to cellular stimuli (Fig. 1, C–H).
Given that transcriptional profiling has also been conducted

in the cortex and cerebellum of RTT mouse models, we next
compared the newly generated human data set to what was
observed in Mecp22/y mice. Our RNA-seq analysis identified
1887 genes with significantly disrupted expression in the

motor cortex, and a previously study by Pacheco et al. (2017)
quantified391genesdisrupted in total cortex fromMecp2tm1.1Jae/y

mice using a similar RNA-seq approach (Fig. 2A; Supplemen-
tal Table 7). An alignment of these gene lists indicated that
86 of the genes (21.9%) identified in the mouse were also
affected in human patients. Similarly, here we report
2110 genes with significantly disrupted expression in the

Fig. 1. RNA-seq analysis of control and RTT autopsy samples from motor cortex and cerebellum. BA4 (motor cortex) N = 8 control, N = 9 RTT;
cerebellum N = 8 control, N = 6 RTT. (A) Significantly increased expression was exhibited in 1153 genes in the motor cortex and 1410 genes in the
cerebellum (Cuffdiff, P , 0.05) relative to age, sex, and PMI matched controls. Of these, 533 genes were increased in both brain regions. (B) Relative to
controls, 734 genes in the motor cortex and 700 genes in the cerebellum were significantly decreased (Cuffdiff, P , 0.05). Of these, 142 genes were
decreased in both brain regions. (C–H) Gene Ontology-Slim analysis of disrupted genes binned by molecular function, cellular localization, and biologic
process: (C–E) motor cortex; (F–H) cerebellum.
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cerebellum, and a previous study by Ben-Shachar et al. (2009)
reported 1008 affected genes in the Mecp2tm1.1bird/y cerebel-
lum. An alignment of each gene list revealed that 121 genes, or
12.0% of the genes identified in themouse, were also disrupted
in human RTT patients (Fig. 2B; Supplemental Table 7). A
Kyoto Encyclopedia of Genes and Genomes analysis of over-
lapping genes from each brain region failed to identify any
significant pathway enrichments. While these results must be
interpreted in the context of age and sex-related differences,
they do highlight the potential challenges associated with
translating expression profiling data sets from rodent models
to clinical populations.
Disruption of RTT-Relevant Genes. It is standard

practice to validate a subset of differentially expressed genes
using at least one orthogonal technique to assess the accuracy
of transcriptomic approaches. To validate our RNA-seq re-
sults, we selected several genes that have previously been
associated with RTT and/or idiopathic autism and quantified
gene expression using QRT-PCR and western blot or enzyme-
linked immunosorbent assay. The genes chosen for validation
include two targets currently under clinical development for
RTT, KCC2 (Duarte et al., 2013; Tang et al., 2016) and IGF1
(Tropea et al., 2009; Castro et al., 2014); a noncoding RNA
within the Prader-Willi syndrome locus known to be epige-
netically regulated by MeCP2, SNORD116-18 (Makedonski
et al., 2005); and a gene implicated in the pathophysiology of
idiopathic autism, HSPA6 (Garbett et al., 2008).
Consistent with our RNA-seq data, KCC2 mRNA and

protein expression was significantly decreased in both brain
regions, while expression of its co-receptor, NKCC1, was
unchanged (Fig. 3). Likewise, IGF1 mRNA was significantly
decreased in the motor cortex, but not in the cerebellum, as
predicted by RNA-seq (Fig. 3). Interestingly, IGF1 protein was
unchanged in both brain regions, suggesting the observed
reduction in mRNA did not alter total protein levels for this
gene. Consistent with the RNA-seq data, SNORD116-18 and
HSPA6 levels were quantified as significantly increased (Fig.
3). HSPA6 is an especially intriguing example of the utility of

transcriptional profiling in human patients because there is
nomurineHspa6 homolog (Parsian et al., 2000); consequently,
HSPA6 may not have been associated with RTT without
directly profiling human samples.
As a final validation measure, we quantified mRNA and

protein levels of theBDNF gene, whose expressionwould have
been predicted to be affected based on extensive mouse and
in vitro data (Chang et al., 2006;Wang et al., 2006; Ogier et al.,
2007; Schmid et al., 2012), but was not identified in our RNA-
seq data set. BDNF expression was measured by QRT-PCR
and enzyme-linked immunosorbent assay analysis in both
brain regions and no significant changes were observed, which
is in agreement with our RNA-seq data (Fig. 3). Individual
BDNF isoforms were also binned by shared promoter usage as
previously described (Abuhatzira et al., 2007) and quantified
by QRT-PCR. In these experiments, only transcripts driven by
the BDNF II and III promoters exhibited decreased expres-
sion relative to controls, and only in the motor cortex
(Supplemental Fig. 5). Since this finding represents a de-
parture from what has been reported in the mouse, we also
correlated BDNF protein expression with individual MeCP2
protein levels [presented in Gogliotti et al. (2016) and
Supplemental Fig. 1] to determine whether this result could
be attributed to preferential X inactivation of the mutant
MeCP2 allele. We observed no significant correlation in the
motor cortex, but did quantify an R2 value of 0.84 (**P5 0.01)
in the cerebellum (Supplemental Fig. 5). It should be noted,
however, that total MeCP2 protein was still significantly
decreased in the cerebellum (Supplemental Fig. 1), suggesting
that favorable X inactivation is likely not linked to BDNF
expression in this sample set.
M4 as a Novel Target for RTT. The overarching goal of

performing RNA-seq experiments in autopsy samples was to
identify novel genes that are disrupted in RTT patients that
could be exploited therapeutically. In this regard, one salient
finding of our experiments was that four of the five muscarinic
acetylcholine receptors (mAChRs) exhibited significantly dis-
rupted expression in at least one brain region (CHRM1,

TABLE 1
Kyoto Encyclopedia of Genes and Genomes analysis of RTT RNA-seq gene lists

Pathway Number of Genes FDR

Motor cortex
Synaptic vesicle cycle 26 4.30 � 1027

ECM-receptor interaction 29 1.70 � 1026

Calcium signaling 47 4.58 � 1026

Regulation of actin cytoskeleton 50 5.14 � 1025

MAPK signaling 55 1.25 � 1024

Long-term potentiation 23 1.42 � 1024

Focal adhesion 46 1.54 � 1024

Advanced glycation endproducts signaling pathway 28 2.16 � 1024

Oxytocin signaling pathway 38 2.29 � 1024

Aldosterone synthesis and secretion 24 2.92 � 1024

Cerebellum
ECM-receptor interaction 28 2.99 � 1024

Malaria infection immune response 18 3.49 � 1023

MAPK signaling pathway 57 3.49 � 1023

Focal adhesion 47 5.13 � 1023

Axon guidance 42 5.51 � 1023

Gastric acid secretion 22 8.20 � 1023

Staphylococcus aureus infection immune response 18 8.20 � 1023

Cell adhesion molecules 35 8.20 � 1023

Mineral absorption 17 8.20 � 1023

Aldosterone synthesis and secretion 23 8.69 � 1023

ECM, extracellular matrix; FDR, false discovery rate; MAPK, mitogen-activated protein kinase.
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CHRM2, CHRM3, and CHRM4). Previously, cholinergic dys-
function was associated with altered brainstem activity in
Mecp22/y mice (Oginsky et al., 2014), and more recently has
been linked to cognitive and social phenotypes in choline
acetyltransferase-Mecp2 knockout mice (Zhang et al., 2016).
Importantly, administration of the nonselective mAChR
agonist xanomeline improved these same symptom domains
in clinical trials for both Alzheimer’s disease and schizophrenia
(Bodick et al., 1997; Shekhar et al., 2008). Of the four mAChR
genes identified, we considered the CHRM4 (M4) gene to be
the most important finding because 1) Chrm42/2 mice have
phenotypic overlap in cognitive and social domains with both
global and choline acetyltransferase-Mecp2 knockout mice
(Tzavara et al., 2003; Koshimizu et al., 2012; Lyst and Bird,
2015; Zhang et al., 2016); 2) changes in Chrm4/CHRM4
expression have been reported in related autism-associated
diseases such as fragile X syndrome, Pitt-Hopkins syndrome,
and idiopathic autism (Yonan et al., 2003; Veeraragavan et al.,

2012; Kennedy et al., 2016); and, 3) there are multiple clinical
development campaigns forM4modulators already underway,
which could be expanded to include RTT as an indication
(Chan et al., 2008; Bubser et al., 2014; Byun et al., 2014).
To determine whether M4 might be a viable target for RTT,

we first confirmed thatCHRM4 expression was affected in our
RTT samples as quantified during transcriptional profiling.
Using QRT-PCR, we confirmed that CHRM4 expression is
decreased in themotor cortex (66% of controls, *P, 0.05) (Fig.
4A) and in the cerebellum (63% of controls, *P , 0.05). Note
that the decrease cerebellarCHRM4 expression failed to reach
significance with RNA-seq analysis due to high variability.
However, a significant disruption was quantified using the
more targeted QRT-PCR methodology; we were unable to
validate any commercially available M4 antibody as selective
and thus only transcripts were quantified. To determine
whether these findings could be recapitulated in a mouse
model of RTT, we harvested cortex, hippocampus, and cere-
bellum from 20-week-old Mecp21/2 mice and again assessed
Chrm4 expression using QRT-PCR. In accordance with the
recommendations of the National Institute of Mental Health
and the RTT community (Katz et al., 2012), we profiled female
Mecp21/2 mice at 20 weeks because this represents a
symptomatic time point in a model that replicates the
molecular etiology of the disease. We observed a significant
decrease in Chrm4 mRNA in the hippocampus (71% of
controls, *P , 0.05), but not in the cortex or cerebellum.
Hippocampal tissue was not available from patient autopsies;
however, these results demonstrate that decreased CHRM4
expression is a conserved finding between RTT patients and
mouse models, but not in all brain regions (Fig. 4B).
Given that we quantified decreased Chrm4 expression in

the hippocampus, we next sought to determine whether
hippocampal-dependent phenotypes in RTTmodelmice would
be responsive to M4 potentiation. During the course of
optimization of M4 tool compounds, we have characterized
several highly selective PAMs with properties suitable for
in vivo studies (Chan et al., 2008; Bubser et al., 2014; Byun
et al., 2014). One such compound, VU0467154 (VU154), has
previously shown procognitive efficacy in a genetic model of
Huntington’s disease and in pharmacological models of
schizophrenia (Bubser et al., 2014; Pancani et al., 2015). To
assess VU154’s efficacy on cognitive phenotypes in RTTmodel
mice, we performed contextual fear conditioning in 20-week-
oldMecp21/2 andMecp21/1 female mice. The contextual fear
assay is an assessment of learning and memory that consists
of placing a mouse in an activity chamber and applying a
series of foot shocks. The mouse is then returned to its home
cage and placed back in the activity chamber 24 hours later to
assess fear expression. The time spent freezing is then used to
quantify associative learning with regard to the aversive
environment. Either 3.3 mg/kg VU154 or vehicle (10% Tween
80) was administered via intraperitoneal injection 30 minutes
prior to training. As demonstrated in Fig. 4C, vehicle-treated
Mecp21/2 mice show significantly less freezing in this assay
compared with Mecp21/1 controls. In support of our hypoth-
esis, treatment with VU154 significantly increased freezing in
Mecp21/2 mice such that they were indistinguishable from
controls (Fig. 4C).
Both Chrm42/2 and cholinergic-Mecp2 knockout mice

exhibit social deficits (Koshimizu et al., 2012; Zhang et al.,
2016). To determine whether social behavior would be

Fig. 2. Comparison of transcriptional profiling in RTT patients relative to
RTT mouse models reveals minimal overlap. (A) A separate RNA-seq
analysis of total cortex in Mecp2Jae/y mice found 391 genes that were
significantly disrupted (Pacheco et al., 2017), irrespective of direction,
while our analysis of the motor cortex identified 1883 genes. An alignment
of these two gene lists identified 86 genes that were similarly affected in
both species, with no significant pathway enrichment (.5 genes) as
assessed by Kyoto Encyclopedia of Genes and Genomes/Gene Ontology
(KEGG-GO) analysis. (B) A microarray analysis of cerebellum in
Mecp2Bird/y mice found 1008 genes that were significantly disrupted
(Ben-Shachar et al., 2009), irrespective of direction, while our analysis of
the cerebellum identified 2110 genes. An alignment of these two gene lists
identified 121 genes that were similarly affected in both species, with no
significant enrichment (.5 genes) as assessed by KEGG-GO analysis.
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responsive to M4 potentiation, we performed a three-chamber
social preference assay. In this assay, VU154- or vehicle-
treatedmice are first exposed to a stranger mouse (stranger 1)
and an inanimate object. The mouse is then returned to its
home cage for 3 hours, and placed back into the chamber and
allowed to distinguish between the stranger 1 mouse and a
novel stranger (stranger 2) as a measure of social recognition
and/or preference. In phase 1 of the assay, both vehicle- and
VU154-treated mice preferred interactions with the mouse
over the toy (Fig. 4D). In phase 2 of the assay, vehicle-treated
Mecp21/1 mice showed preference for the novel stranger
2 mouse, while vehicle-treated Mecp21/2 mice failed to
distinguish (Fig. 4E). Similar to contextual fear conditioning,
VU154 administration normalized social recognition and/or
preference for the novel stranger in Mecp21/2 mice to wild-
type levels (Fig. 4F). It is of note that VU154 treatment
disrupted social behavior in wild-type mice, which may
suggest that precise M4 signaling is required for normal
sociability (Koshimizu et al., 2012).

Discussion
Modest expression changes in a broad swath of genes have

been reported in the brains of RTT patients and mouse
models, some of which are tolerable, while others additively

contribute to manifest the RTT phenotype (Colantuoni et al.,
2001; Tudor et al., 2002;Nuber et al., 2005; Chahrour et al., 2008;
Ben-Shachar et al., 2009; Pecorelli et al., 2013; Zhao et al., 2013;
Lin et al., 2016). As such, identifying the proteins and pathways
that mediate specific RTT symptoms is a key step toward
identifying druggable access points that might be exploited
therapeutically. Here, we performed an unbiased assessment of
gene expression in motor cortex and cerebellar samples from
RTT autopsy samples. The goal of these studies was to identify
previously uncharacterized points of intervention in RTT pa-
tients that would allow subsequent preclinical discovery efforts
to begin from a place of translational relevance. These studies
identified over 2000 genes whose expression was significantly
affected in the brains of RTT patients by mutations in MeCP2.
As proof of concept, this list was then counter-screened for
receptor classes believed to be amenable to classic drug discovery
approaches and for those where clinical efficacy in neurologic
diseases has already been observed. This secondary analysis led
us to focus on theM4 receptor,whichwequantified as significantly
decreased in themotor cortex and cerebellumof RTTpatients.We
then validated M4 disruption in Mecp21/2 mice, and established
that M4 positive modulation has efficacy in preclinical assays of
cognition and sociability.
The two main mechanisms by which mutations in MeCP2

become pathogenic are by either preventing binding to

Fig. 3. Expression analysis of genes previously associated with RTT validates RNA-seq results. As orthogonal validation of our RNA-seq results, we
selected several genes that had previously been associated with RTT in patients and model mice and quantified their expression using QRT-PCR,
fluorescent western blotting, and enzyme-linked immunosorbent assay (ELISA). N = 8 control, N = 9 RTT in motor cortex and N = 6 RTT in cerebellum.
(A and B) In the motor cortex, KCC2 expression was significantly reduced at the mRNA (100.0% 6 8.3% control vs. 61.0%6 17.4% RTT, *P , 0.05) and
protein levels (100.0%6 10.6% control vs. 68.4%6 9.8% RTT, *P, 0.05) relative to controls, while its co-receptor NKCC1 was unaffected. IGF1 mRNA
expression was decreased in RTT samples (100.0 6 9.3 control vs. 56.0% 6 8.4% RTT, *P , 0.05); however, this failed to translate to the protein level.
SNORD116 and HSPA6 expression were significantly increased (SNORD116: 100.0% 6 15.3% control vs. 216.4% 6 42.3% RTT, *P , 0.05; HSPA6:
100.0%6 40.3% control vs. 781.8%6 40.3% RTT, *P, 0.05; HSPA6: 100.0%6 8.3% control vs. 164.7%6 25.9% RTT, *P, 0.05), as observed using RNA-
seq, while the negative control BDNF was unaffected. Two-tailed Student’s t test comparing control vs. RTT for each gene/protein. (C and D) In the
cerebellum, KCC2 expression was significantly reduced at the mRNA (100.0% 6 13.6% control vs. 70.2% 6 13.3% RTT, *P , 0.05) and protein levels
(100.0%6 8.5% control vs. 29.0%6 12.7% RTT, ***P, 0.001) relative to controls, while its co-receptor NKCC1 was unaffected. Similar to motor cortex,
SNORD116 and HSPA6 expression was also significantly increased in the cerebellum (SNORD116: 100.0% 6 8.8% control vs. 204.2% 6 57.9%, *P ,
0.05;HSPA6: 100.0%6 16.7% control vs. 1138.4%6 464.3% RTT, *P, 0.05; HSPA6: 100.0%6 20.0% control vs. 378.0%6 93.0% RTT, *P, 0.05), while
the negative control BDNFwas still unaffected. Paired Student’s t test comparing control vs. RTT for each gene/protein. (E) Representative western blots
for KCC2, NKCC1, and HSPA6 expression in human control and RTT patients. Note that IGF1 and BDNF were quantified by ELISA and SNORD116 is
a noncoding RNA with no protein correlate.
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methylated DNA or by preventing MeCP2 association with
transcriptional repression complexes (Lyst et al., 2013). Based
on these data, a loosening of chromatin structure and an
overall increase in gene expression would be predicted in RTT.
In general, a diminished ability to cluster heterochromatin is
observed in vitro; however, gene expression changes in vivo
are not always consistent with thismodel. Similar to what was
reported in peripheral blood lymphomonocytes from RTT
patients (Pecorelli et al., 2013), we quantified a global increase
in gene expression within the motor cortex and cerebellum.
However, other studies in induced pluripotent stem cells and
in the frontal and temporal cortex of RTT autopsies have
reported a global decrease in expression (Li et al., 2013; Lin
et al., 2016). While brain region-specific effects and diverse
MeCP2 functions seem likely contributors to this discrepancy,
other factors like age, sex, PMI, ethnicity, and mutation type
may also play a role. Another variable that is difficult to
control for is sample size, which is often suboptimal due to the
paucity of available autopsy samples. We believe that the
current use of nine samples represents the largest transcrip-
tional profiling effort conducted in brain samples from RTT
patients to date, and the control cohort was matched for age,
sex, and PMI. We focused on patients with three known
MeCP2 mutations (R168X, R255X, and R270X), and two
patients with MeCP2 mutation-negative RTT; however, the
low sample size for each mutation enables the possibility that
mutation type also represents a potential source of variability
in our study. Such disparity across RTT expression profiling
experiments advocates that they be analyzed with the caveat

that the aforementioned variables significantly contribute to
gene expression patterns, which if not taken into account will
preclude comparison across multiple data sets.
Another important finding from our studies was that both

targeted quantification of BDNF and the transcriptional
profiling efforts of others in mice had limited overlap with
the human patient samples examined here (Ben-Shachar
et al., 2009; Pacheco et al., 2017). The latter discrepancy
may simply be due to the use of male Mecp22/y mice as
opposed to our female RTT patient samples (Ben-Shachar
et al., 2009); however, the BDNF data are more difficult to
reconcile. The activity-dependent BDNF promoter has been
reported to be preferentially affected by loss of Mecp2 in mice
(Abuhatzira et al., 2007), and we also observed this in the
motor cortex of our human samples. However, total BDNF
protein levels have been reported to be decreased in multiple
mouse models of RTT (Chang et al., 2006; Wang et al., 2006;
Ogier et al., 2007; Schmid et al., 2012), which was not observed
in either of the brain regions tested here. In RTT-model mice,
decreased BDNF expression is only observed at post-
symptomatic ages (Wang et al., 2006). Given that our samples
represent two brain regions from advanced symptomatic/
terminal patients, they offer a valuable comparator to the
preclinical mouse work. When analyzed in concert, these data
either suggest that only select BDNF isoforms are affected in
clinical RTT populations, which exist in quantities too small to
alter total-BDNF quantitation, and/or that a fundamental
difference exists between mice and humans with regard to
how loss of Mecp2 disrupts BDNF expression.

Fig. 4. M4 receptor (CHRM4) expression is decreased in
RTT patients andM4 potentiation rescues RTT phenotypes
in mice. (A) Relative to controls (100%), CHRM4 mRNA
expression is significantly decreased in the motor cortex
(100.0%6 12.4% control vs. 66.9%6 5.3% RTT, *P, 0.05)
and cerebellum (100.0%6 11.1% control vs. 66.2%6 11.8%
RTT, *P , 0.05) of RTT autopsy samples. Student’s t test
(B) Chrm4 expression is significantly decreased in the
hippocampus of Mecp2+/2 mice (20w) (100.0% 6 8.7%
Mecp2+/+ vs. 71.3% 6 4.7% Mecp2+/2, *P , 0.05), but not
the cerebellum (100.0%6 7.5%Mecp2+/+ vs. 86.3%6 6.4%
RTT, *P, 0.05) or the cortex (100.0%6 4.0%Mecp2+/+ vs.
112.4% 6 6.5% Mecp2+/2). N = 7–10 mice/brain region/
genotype. (C) Contextual fear freezing response is atten-
uated in Mecp2+/2 mice (Mecp2+/+ 55.6% 6 5.8% vs.
Mecp2+/2 38.9% 6 4.2%, *P , 0.05). Administration of the
M4 positive allosteric modulator VU0467154 (VU154,
3.3 mg/kg, i.p.) significantly normalizes conditioned fear
responses in Mecp2+/2 mice (73.8 6 4.8, ###P , 0.001)
relative to vehicle-treated Mecp2+/2 mice. N = 10/treatment/
genotype. Two-way analysis of variance (ANOVA) with
Bonferroni post-hoc analysis. (D) Three-chamber social prefer-
ence assay. Sociability was unaffected in phase 1 of the social
preference assay, regardless of treatment or genotype. (E and
F) Phase 2, three-chamber social preference assay. Unlike
Mecp2+/+mice, preference for the novel stranger (Stranger 2) is
not observed in vehicle-treated Mecp2+/2 mice (Mecp2+/+:
Stranger 1: 148.7613.1s vs. Stranger 2: 208.56 14.5s, **P,
0.01; Mecp2+/2: Stranger 1: 164.6 6 14.7s vs. Stranger 2:
169.8 6 14.0s). 3.3 mg/kg VU154 treatment restored social
preference in Mecp2+/2 mice (Stranger 1: 91.0 6 30.6s
vs. Stranger 2: 217.3 6 27.5s, *P , 0.05), but disrupted
social preference in Mecp2+/+ mice (Stranger 1: 207.6 6
40.5s vs. Stranger 2: 89.6 6 23.4s, *P , 0.05), indicative
of genotype-specific effects. N = 10/treatment/genotype.
Two-way ANOVA with Bonferroni post-hoc analysis. Data
are expressed as mean 6 S.E.M.
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The main goal of our RNA-seq studies was to identify novel,
translationally relevant intervention strategies for RTT. In
this regard, we believe that our experiments demonstrating
that CHRM4 expression is decreased in RTT patients and
model mice represent a significant finding. mAChRs are a
family of five G-protein-coupled receptors that can be sub-
divided into those that are Gq-coupled (M1, M3, and M5), and
those that are Gi/o-coupled (M2 and M4). mAChRs garnered
intense therapeutic interest following the encouraging results
of two clinical trials, where the nonselective agonist xanome-
line demonstrated procognitive efficacy in patients with
Alzheimer’s disease and schizophrenia (Bodick et al., 1997;
Shekhar et al., 2008). Unfortunately, peripherally mediated
adverse effects, which are believed to be due to M2 and M3

activation in the gastrointestinal tract, derailedmany of these
efforts (Ehlert, 2003). However, hope has recently been
renewed since it has now been shown that the selective
targeting of M4 receptors with PAMs provides a mechanism
to conserve efficacy and avoid adverse effects (Chan et al.,
2008; Bubser et al., 2014; Byun et al., 2014; Foster et al., 2014;
Pancani et al., 2015). This renewed interest has resulted in the
development of highly selective tool compounds with proper-
ties suitable for in vivo studies (Chan et al., 2008; Bubser et al.,
2014; Melancon et al., 2017;Wood et al., 2017). Using one such
tool compound, VU0467154, we established that both condi-
tioned fear and social preference phenotypes can be rescued by
M4 potentiation in Mecp21/2 mice. These data align closely
with experiments demonstrating that cell-specific deletion of
Mecp2 from cholinergic neurons results in conditioned fear
and social preference deficits (Zhang et al., 2016). Excitingly,
this may indicate that M4 receptor modulation is a viable
therapeutic approach for RTT that originated from direct
expression profiling in patients, and for which much of the
early stage drug discovery burden has already been com-
pleted. A formalized assessment of M4 PAM efficacy and
adverse effect liability will now be required inmultiple models
of RTT, across a range of concentrations, and in chronic dosing
paradigms to further validate this approach. Taken together,
we believe that the data presented here justify exploration of
M4 potentiation in the context of RTT. Furthermore, Anavex
(New York, NY) has recently reported that the sigma 1/M1

agonist ANAVEX 2–73, which is currently undergoing phase
2 clinical trials for Alzheimer’s disease and received orphan
drug status for RTT, also has a benefit in RTT model mice.
These results may point to the global repression of muscarinic
acetylcholine signaling in RTT, and more broadly a respon-
siveness of RTTmodelmice to positivemodulation of this form
of neurotransmission.
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