
RESEARCH COMMUNICATION

Identification and
characterization of conserved
noncoding cis-regulatory
elements that impact Mecp2
expression and neurological
functions
Yingyao Shao,1,2,3 Sameer S. Bajikar,1,3

Harini P. Tirumala,1,3 Manuel Cantu Gutierrez,2,4,5

Joshua D. Wythe,2,4,5 and Huda Y. Zoghbi1,2,3,6,7

1Jan and Dan Duncan Neurological Research Institute at Texas
Children’s Hospital, Baylor College of Medicine, Houston, Texas
77030, USA; 2Program in Developmental Biology, Baylor College
of Medicine, Houston, Texas 77030, USA; 3Department of
Molecular and Human Genetics, Baylor College of Medicine,
Houston, Texas 77030, USA; 4Department of Molecular
Physiology and Biophysics, Baylor College of Medicine, Houston,
Texas 77030, USA; 5Cardiovascular Research Institute, Baylor
College of Medicine, Houston, Texas 77030, USA; 6Howard
Hughes Medical Institute, Baylor College of Medicine, Houston,
Texas 77030, USA; 7Department of Pediatrics, Baylor College of
Medicine, Houston, Texas 77030, USA

While changes in MeCP2 dosage cause Rett syndrome
(RTT) and MECP2 duplication syndrome (MDS), its tran-
scriptional regulation is poorly understood. Here, we iden-
tified six putative noncoding regulatory elements of
Mecp2, two of which are conserved in humans. Upon
deletion in mice and human iPSC-derived neurons, these
elements alteredRNAand protein levels in opposite direc-
tions and resulted in a subset of RTT- and MDS-like
behavioral deficits inmice. Our discovery provides insight
into transcriptional regulation of Mecp2/MECP2 and
highlights genomic sites that could serve as diagnostic
and therapeutic targets in RTT or MDS.
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Coding variants in hundreds of genes are known to alter
protein levels and lead to intellectual disability (ID)
(Schanze et al. 2018). However, only a handful of dis-
ease-causing mutations in noncoding cis-regulatory ele-
ments (CREs) (Soldner et al. 2016; Oz-Levi et al. 2019)
have been identified, and our understanding of how these
contribute to ID is limited. MECP2 is an exemplar ID-
causing, dosage-sensitive gene, with neurological dys-
function arising from both decreased (RTT) (Amir et al.
1999) and increased (MDS) (Van Esch et al. 2005) levels

of MeCP2. This dosage sensitivity underscores the con-
cept that precise control of MeCP2 levels is important
for normal brain function (Chao and Zoghbi 2012; Sztain-
berg et al. 2015). Regulation ofMECP2 occurs at the tran-
scriptional, post-transcriptional (Gennarino et al. 2015;
Rodrigues et al. 2016), and post-translational levels (Lom-
bardi et al. 2017; Yagasaki et al. 2018), with the latter two
being the most well studied. Currently, little is known
about the transcriptional regulation of MECP2 beyond
its core promoter region (Liu and Francke 2006; Nagarajan
et al. 2006; Swanberg et al. 2009).

Results and Discussion

To identify potential CREs ofMecp2 in the brain, we pro-
filed open chromatin in the developing and adult mouse
brain using the assay for transposase-accessible chroma-
tin with deep sequencing (ATAC-seq) (Buenrostro et al.
2013). We restricted our search to accessible regulatory
elements within the 100-kb genomic region of Mecp2,
flanked upstream by the Opn1mw gene and downstream
by the Irak1 gene. This genomic region, containing only
Mecp2, faithfully drives expression of humanMECP2 in a
transgenic mouse line, rescuing all neurological defects
in Mecp2-null mice (Collins et al. 2004). We identified
six putative regulatory elements (Fig. 1A): one at the pro-
moter (Peak-4), three in intron 2 that increase in accessi-
bility during development (Peak-1, Peak-2, and Peak-3),
one upstream ofMecp2 (Peak-5) that decreases in accessi-
bility in the adult brain compared with the postnatal day
6 brain, and one peak upstream of Mecp2 (Peak-6) that is
consistently accessible throughout development. Impor-
tantly, these same peaks are present in previously pub-
lished ATAC-seq data sets from multiple neuronal cell
types in the adult mouse brain (Supplemental Fig. S1;
Mo et al. 2015), confirming our findings.
To test whether these putative CREs regulate Mecp2

expression in themouse brain, we deleted the genomic re-
gions corresponding to each individual peak using
CRISPR-Cas9 genome editing (Supplemental Table S1),
generating five unique mouse lines. We excluded Peak-4
fromour analysis because it corresponds to theMecp2 pro-
moter, whose deletion would likely ablate Mecp2 expres-
sion.WemeasuredMecp2mRNA expression in the brains
of our knockout (Peak KO) lines and found thatMecp2 ex-
pression was decreased by ∼20%–30% in Peak-2KO/y,
Peak-3KO/y, and Peak-5KO/y mice, while it was increased
by 50% in Peak-6KO/y mice and unchanged in Peak-1KO/y

mice (Fig. 1B). Measurement of MeCP2 protein levels by
Western blot showed 30% reduction (P<0.01) in Peak-
2KO/y mice and 70% increase (P<0.0001) in Peak-6KO/y

mice, while protein level changes in Peak-1KO/y,
Peak-3KO/y, and Peak-5KO/y mice were not significant (Fig.
1C). Interestingly, Peak-2 and Peak-6 are the only two
elements with strong sequence conservation at the nucle-
otide level between mice and humans, suggesting that
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evolutionary pressure maintained these two gene regula-
tory elements (Supplemental Fig. S2).

Given that the magnitude of change inMeCP2 levels in
both the Peak-2KO/y and Peak-6KO/y mice is less than that
of the Mecp2flox/y allele (Samaco et al. 2008) and MECP2
duplication mouse models (Collins et al. 2004), respec-
tively, we wanted to identify and characterize any neuro-
logical dysfunction that may arise from more subtle
changes in MeCP2 levels. Therefore, we performed a bat-
tery of behavioral tests on Peak-2KO/y and Peak-6KO/ymale
mice, after confirming peak knockout did not result in any
gross histological abnormalities as assessed by Cresyl vio-
let staining (Supplemental Fig. S3).

At 10wk, Peak-2KO/ymice,which have∼30% reduction
in Mecp2 expression, were hyperactive compared with
their wild-type littermates (Fig. 2A). At 24 wk, these
mice had anxiety-like phenotypes (Fig. 2B) and social def-
icits (Fig. 2C). At 40 wk, these mice showed social domi-
nance deficits (Fig. 2D). These behavioral deficits are
reminiscent of those observed in Mecp2flox/y mice and
some RTT (Moretti et al. 2005) and autismmouse models
(Spencer et al. 2005; Kazdoba et al. 2016). Unlike Mecp2-
flox/y mice that express 50% of the normal MeCP2 level
(Samaco et al. 2008), we did not observe any sensorimotor
gating deficits, motor abnormalities, or learning and
memory defects in the Peak-2KO/y mice (Supplemental
Fig. S4A–F). Last, we measured the expression of several
genes that are dysregulated in Mecp2-null mice (Boxer
et al. 2020). Strikingly, expression of these genes in the
cortex of Peak-2KO/y mice were altered in the same direc-

tion as reported inMecp2-null animals (Sup-
plemental Fig. S4G,H; Chahrour et al. 2008).
These data suggest that a mild reduction in
MeCP2 levels mimics a subset of behavioral
and molecular changes observed in Mecp2-
null mice.

In contrast, Peak-6KO/y mice, which dis-
play an ∼70% increase in MeCP2, show
hypoactivity (Fig. 3A) and anxiety-like phe-
notypes (Fig. 3B,C) at 10 wk. At 24 wk, these
mice showed hippocampal-dependent con-
textual learning deficits in the contextual
fear assay (Fig. 3D). These phenotypes re-
semble the behavioral profile of MECP2-
Tg1 mice (which have a 100% increase of
MeCP2 protein). However, unlike the
MECP2-Tg1 mice, Peak-6KO/y mice showed
no deficits in sensorimotor gating, motor
function, or social behavior (Supplemental
Fig. S5A–E). When we measured the expres-
sion of several genes known to be dysregu-
lated in the MECP2-Tg1 mouse model
(Chahrour et al. 2008; Samaco et al. 2012),
we found these MeCP2 targets were altered
in the same direction as reported in
MECP2-Tg1 mice in the cortex of Peak-
6KO/y mice (Supplemental Fig. 5F,G). These
data suggest that a moderate increase in
MeCP2 protein level recapitulates a subset
of MDS-like behavioral and molecular
phenotypes.

We next subjected the genomic sequences
of these peaks to transcription factor motif
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Figure 2. Peak-2KO/y mice show age-related behavioral deficits and
abnormal RTT-like gene expression. (A) Peak-2KO/ymice traveled fur-
ther and displayed more activity counts in the open field assay than
their wild-type littermates in open field assay at 10 wk of age (n =
12). (B) Peak-2KO/y mice show anxiety-like phenotypes as measured
by decreased entries, less time spent, and decreased distance in the
open arms in the elevated plus maze at 24 wk of age (n = 12). (C )
Peak-2KO/y mice show social deficits as measured by decreased time
investigating a novel mouse in the three-chamber sociability assay
at 24 wk of age (n = 12). (D) Peak-2KO/y mice show social dominance
deficits as measured by decreased winning percentage in the tube
test at 40 wk of age (n = 12). Data are presented as mean ±SEM. All
data were analyzed by two-tailed t-test. (∗) P < 0.05, (∗∗) P < 0.01, (∗∗∗)
P < 0.001, (ns) not significant.
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Figure 1. Identification of putative cis-regulatory elements of Mecp2. (A) ATAC-seq
reads mapped to the Mus musculus genome (mm9) are shown from nuclei isolated
from embryonic, postnatal, and adult mouse brains (specifically E12.5, P6, and 8 wk of
age). Exons are denoted by solid blue rectangles, while introns are between exons. The
3′ UTR is represented by a thinner but longer blue block relative to the coding exons.
Note that locus is transcribed in the opposite direction relative to the image shown
(i.e., the promoter is at the right, and the 3′ UTR is at the left). Peaks 1, 2, 3, 5, and 6
were pursued for functional analysis of cis-regulatory elements, whereas Peak-4 (which
spanned the proximal promoter) was not studied further. (B) RT-qPCR shows Mecp2
mRNA expression in different knockout lines (n = 5). (C ) Western blot analysis of mouse
brain tissue showsMeCP2 protein expression levels in each different knockout line. Rep-
resentativeWestern blot image ofMeCP2 protein levels is shownwithGapdh as a loading
control, and solid vertical lines indicate areas of the image that have been spliced to re-
move unneeded lanes (n = 4). All data were analyzed by one-way ANOVA followed by
Dunnett post hoc test. Data are presented as mean ±SEM. (∗) P < 0.05, (∗∗) P < 0.01, (∗∗∗∗)
P < 0.0001.
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analysis using HOMER to identify putative factors that
bind within these peaks, and this analysis identified a po-
tential CTCF binding site on Peak-6 (Supplemental Fig.
S6A; Heinz et al. 2010). To validate this prediction, we
conducted CTCF chromatin immunoprecipitation
(ChIP) followed by qRT-PCR in the wild-type mouse fron-
tal cortex and found CTCF enrichment on Peak-6 (Supple-
mental Fig S6B). Disruption of the structural protein
CTCF can result in dysregulation of genes near its binding
site (Dixon et al. 2012). We measured the expression of
genes upstream of Peak-6 and downstream from Mecp2
to see whether their expression is altered. We found the
expression of Irak1 (2 kb downstream) and Bgn (480 kb
downstream) are increased but not Zfp185, which is 980
kb downstream from Mecp2. Similarly, the expression of
Emd (140 kb upstream) and Taz (175 kb upstream) are el-
evated but not Ikbkg (310 kb upstream), indicating that
disruption of this regulatory element can cause dysregula-
tion of some neighboring genes (Supplemental Fig. S6C,
D). However, the expression of these genes is not affected
in Peak-2 KOmice (Supplemental Fig. S6E). Mouse genet-
ic studies have demonstrated that increasing MeCP2 lev-
els alone is sufficient to cause the neurological
phenotypes seen in MDS (Ramocki et al. 2010). These
data together with our discovery that the phenotypes
seen in Peak-6KO/y mice are a subset of those seen upon
doubling MeCP2 support the conclusion that the 70% in-
crease in MeCP2 is the main driver of the disease pheno-
type in Peak-6KO/y mice.
Given that these two CREs regulate Mecp2 expression

and their sequences are highly conserved in humans, we
first mined ATAC-seq data generated from human pre-
frontal cortex to examine whether these peaks are present
(Markenscoff-Papadimitriou et al. 2020). Our analyses
revealed that both Peak-2 and Peak-6 are present, suggest-
ing both peaks are conserved (Supplemental Fig. S7A). We

next testedwhether deletion of these conservedCREs also
regulates MECP2 expression in cultured human neurons.
First, we deleted the two CREs in two male, human in-
duced pluripotent stem cell (iPSC) lines using CRISPR/
Cas9 (Supplemental Table S2). Next, we generated
Vglut1-positive glutamatergic neurons (iNeurons) from
these stem cells using directed differentiation via overex-
pression of NEUROGENIN2 (NGN2) (Supplemental Fig.
S8; Zhang et al. 2013). Consistent with ourmousemodels,
MECP2 mRNA expression is reduced in Peak-2KO/y

iNeurons by ∼50%, while it is increased in Peak-6KO/y

iNeurons by ∼30% (Fig. 4A). Protein levels of MeCP2
also showed a concomitant change (Fig. 4B,C; Supplemen-
tal Fig. S9). These data strongly suggest that Peak-2 and
Peak-6 regulate MECP2 expression. Furthermore, motif
analysis also identified a potential CTCF binding site on
the human sequence of Peak-6 (Supplemental Fig. S7B;
Heinz et al. 2010), and we validated that CTCF
binds within this region using ChIP-qPCR (Supplemental
Fig. S7C).
To date, several mouse models with varying levels

of MeCP2 have been well characterized; notably,
Mecp2flox/y mice (50% MeCP2) and transgenic MECP2-
Tg1 (200% MeCP2) show progressive behavioral deficits
(Collins et al. 2004; Samaco et al. 2008). Our two
CRE KO mouse models (Peak-2 and Peak-6) perturb
MeCP2 levels in similar directions (albeit milder) than
the Mecp2flox/y mice and the MECP2-Tg1 mice, respec-
tively. Our in vivo studies show that even these subtle al-
terations are sufficient to produce some behavioral
phenotypes observed in Mecp2flox/y and MECP2-Tg1
mice (Fig. 5). OurCREKO lines provide a unique allelic se-
ries demonstrating that disease severity directly corre-
sponds with precise MeCP2 levels in the brain. We
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Figure 4. Deletion in conserved cis-regulatory elements of MECP2
affect the mRNA and protein levels in human iPSC-derived neurons.
(A) MECP2mRNA expression is reduced in Peak-2 KO and increased
in Peak-6 KO iNeurons as measured by RT-qPCR (n = 5). (B) MeCP2
protein expression is reduced in Peak-2 KO and increased in Peak-6
KO iNeurons. Representative Western blot of MeCP2 levels in CRE
deletion iNeurons with GAPDH displayed as loading control. Solid
vertical line indicates a spliced region of the single gel image to re-
move unneeded lanes (n = 7). (C ) Quantification ofMeCP2 protein ex-
pression by Western blot normalized to GAPDH loading control (n =
7). All data were analyzed by two-tailed t-test. Data are presented as
mean±SEM. (∗) P < 0.05, (∗∗) P < 0.01, (∗∗∗) P < 0.001.
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Figure 3. Peak-6KO/y mice show abnormal MDS-like gene expres-
sion and behavioral deficits. (A) Peak-6KO/y mice show hypoactivity,
with fewer activity counts in open field assay at 9 wk of age (n = 13–
15). (B) Peak-6KO/y mice show anxiety-like phenotypes as evidenced
by decreased entries and time spent at the center in open field assay
at 9 wk of age (n = 13–15). (C ) Peak-6KO/y mice show anxiety-like phe-
notypes as measured by reduced entries to the open arms in the ele-
vated plus maze at 10 wk of age (n = 13–15). (D) Peak-6KO/y mice
show learning and memory deficits using a fear conditioning test
at 36 wk of age (n = 13–15). Data are presented as mean±SEM. All
data were analyzed by two-tailed t-test. (∗) P < 0.05, (∗∗) P < 0.01.
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demonstrate, in agreement with previous work, that nor-
mal MeCP2 dosage (100%) is required for normal brain
function in mice, and either a 20%–30% decrease or a
50%–70% increase inMeCP2may lead to some neuropsy-
chiatric phenotypes (altered activity, anxiety, and social
and learning deficits), while 50% decrease or 100% in-
crease of MeCP2 leads to severe neurodevelopmental dis-
orders like RTT or MDS, respectively.

MeCP2 expression has a unique spatial and temporal
pattern, where it is the lowest in the liver and highest in
the brain (Supplemental Fig. S10A) and increases signifi-
cantly postnatally (Supplemental Fig. S10B). Accurate
postnatal MeCP2 level is critical for normal brain func-
tion. Generating ATAC-seq profiles during developmen-
tal stages that coincide with the timing of MeCP2
increase identified regions with accessible chromatin
structure at the MECP2 gene locus. These accessible re-
gions may contain specific chromatin remodelers or tran-
scription factors that regulateMECP2 expression. Further
studies will be needed to identify the putative transcrip-
tion factor or factors that bind to Peak-2 or Peak-6 to reg-
ulate MECP2 expression.

Understanding the phenotypic range that results from
varying MeCP2 levels is critical for a number of reasons:
first, assessing the type and severity of clinical manifesta-
tions ofMECP2 dosage-related disorders; second, classify-
ing and treating non-RTT patients with neuropsychiatric
disorders due to mild MECP2 mutations or noncoding
mutations that affect MeCP2 levels (e.g., in CREs); and
third, predicting the clinical benefits of therapeutic inter-
ventions based on the degree ofmodulation ofMeCP2 lev-
els. Studies on existing mouse models across a range of
MeCP2 levels have shown that phenotypic severity and
symptom onset vary in correlation with the deviation
from normal (Chao and Zoghbi 2012). Importantly, our
CREKOmodels provide information about the previously
unexplored intermediary range between 50% and 100%
(Peak-2 KO) and between 150% and 200% (Peak-6 KO).
Our study suggests that reducing theMeCP2 protein level
from 200% in MDS patients by even a small degree to
150%–170% could improve many phenotypes, such as
motor and sensorimotor deficits. Similarly, in patients
with a <50% MeCP2 protein level, boosting MeCP2 level
to just 70% could potentially improve some RTT pheno-
types. This provides hope that even treatments that
slightly correct MeCP2 protein level in MDS or RTT pa-
tients could achieve clinically relevant phenotypic
improvement.

Noncoding regions account for >98% of the human ge-
nome, yet we have limited understanding of their contri-
bution to disease. Here, we demonstrate that disruption

of CREs alters MeCP2 levels in cultured
human iPSC-derived neurons. Human
mutations in these cis-regulatory regions
could contribute to atypical RTT pa-
tients without mutations inMECP2 cod-
ing regions or patientswith ID, autism, or
neuropsychiatric disorders. Many genes
that cause neurodevelopmental disorders
and autism (Satterstrom et al. 2020) are
dosage sensitive (Han et al. 2013; Rocha
et al. 2016; Rice and McLysaght 2017;
Raveau et al. 2018; Schnabel et al.
2018). It is possible that unidentified mu-
tations in regulatory elements of these
genes may also affect their abundance

and lead to disease phenotype. Our research highlights
the importance of whole-genome sequencing (WGS) to
achieve diagnoses in cases in which exome sequencing
fails. Furthermore, the catalog of mutations by WGS on
the X chromosome is underrepresented due to the reduced
effective population size of sequenced X chromosomes, as
males only carry one copy (Telenti et al. 2016). Our study
also demonstrates that representation of the noncoding re-
gions on the X-linked geneMECP2 inWGS needs to be re-
examined to detect any potential variants in these critical
regions.

In conclusion, we identified and functionally character-
ized two novel, evolutionarily conserved regulatory ele-
ments required for normal expression of Mecp2/MECP2.
Deletion of either regulatory element in mice caused
mild neurological dysfunction, highlighting how small
changes inMeCP2 levels in either direction disrupt neuro-
logical function. More broadly, this study underscores the
potential contribution of mutations in regulatory regions
to various neuropsychiatric phenotypes and calls for sim-
ilar studies of regulatory regions in other dosage sensitive
genes involved in autism and ID.

Materials and methods

Animals

Mice were housed in an AAALAS-certified level 3 facility on a 14-h light
cycle. All CRE knockout mice were generated in the Genetically Engi-
neered Mouse Core at Baylor College of Medicine, backcrossed with
wild-type C57BL6/J mice for five generations. Only male offspring were
used for analysis. All procedures to maintain and use these mice were ap-
proved by the Institutional Animal Care and Use Committee for Baylor
College of Medicine and Affiliates.

Generation of the knockout mice of regulatory elements

All CRE deletion mice were generated via CRISPR/Cas9-mediated gene
editing. Briefly, two sgRNAs targeting the 5′ and 3′ (left [L] and right [R])
ends of the putative CREs were designed in Benchling and synthesized
by IDT. sgRNAs were in vitro transcribed with the MEGAshortscript T7
transcription kit (Invitrogen). Details about injection are available in the
Supplemental Material.

Behavioral assays

All data acquisition and analyses were performed by an individual blinded
to the genotype. All behavioral studies were performed during the light pe-
riod. At least 1 d was given between assays for the mice to recover. All the
tests were performed as previously described (Chao et al. 2010) with few
modifications. A detailed description is in the Supplemental Material.

Figure 5. Summary of Peak KO phenotypes and comparison with MeCP2 50% loss
(Mecp2flox/y) or MDS mouse model (MECP2-Tg1).
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ATAC-seq

Nuclear isolation was performed according to Mo et al. (2015) with two
biological replicates. Nuclei were collected from fresh brain tissues for
ATAC-seq. Detailed descriptions are available in the Supplemental
Material.

Statistical analysis

Statistical significance was determined using GraphPad Prism software.
The number of animals (n) and the specific statistical tests for each exper-
iment are indicated in the figure legends. Sample size for behavioral stud-
ies was determined based on previous experience using mice with the
same background.

Data and materials

All data needed to evaluate the conclusions in this study are present here
and/or the Supplemental Material. ATAC-seq data from different mouse
neuronal cells were obtained from Mo et al. (2015) and GEO GSE63137.
ATAC-seqdata fromhumanbrainswereobtained fromGSE149268.Theac-
cession number for the raw and processed data files reported here is GEO
GSE152719. Additional data related to this study are available on request.
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