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RETT SYNDROME

Multiplex epigenome editing of MECP2 to rescue Rett
syndrome neurons

Junming Qian't, Xiaonan Guan't, Bing Xie?#, Chuanyun Xu?§, Jacqueline Niu’, Xin Tang®3||,
Charles H. Li**, Henry M. Colecraft!, Rudolf Jaenisch?%*, X. Shawn Liu'->¢*

Rett syndrome (RTT) is an X-linked neurodevelopmental disorder caused by loss-of-function heterozygous mu-
tations of methyl CpG-binding protein 2 (MECP2) on the X chromosome in young females. Reactivation of the
silent wild-type MECP2 allele from the inactive X chromosome (Xi) represents a promising therapeutic oppor-
tunity for female patients with RTT. Here, we applied a multiplex epigenome editing approach to reactivate
MECP2 from Xi in RTT human embryonic stem cells (hESCs) and derived neurons. Demethylation of the
MECP2 promoter by dCas9-Tet1 with target single-guide RNA reactivated MECP2 from Xi in RTT hESCs
without detectable off-target effects at the transcriptional level. Neurons derived from methylation-edited
RTT hESCs maintained MECP2 reactivation and reversed the smaller soma size and electrophysiological abnor-
malities, two hallmarks of RTT. In RTT neurons, insulation of the methylation-edited MECP2 locus by dCpf1-CTCF
(a catalytically dead Cpf1 fused with CCCTC-binding factor) with target CRISPR RNA enhanced MECP2 reactiva-
tion and rescued RTT-related neuronal defects, providing a proof-of-concept study for epigenome editing to
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treat RTT and potentially other dominant X-linked diseases.

INTRODUCTION

Rett syndrome (RTT) is an X-linked postnatal progressive neurode-
velopmental disorder associated with severe mental disability and
autism-like syndromes that manifests in girls during early child-
hood (1, 2). RTT is caused by loss-of-function mutations of the
methyl CpG-binding protein 2 (MECP2) gene on the X chromo-
some (3). Most female patients with RTT carry a heterozygous mu-
tation of MECP2 in which a wild-type (WT) allele and a loss-of-
function allele are randomly inactivated during development, re-
sulting in ~50% of neurons in the patient without functional
MeCP2 protein (I, 4, 5). Mice carrying null alleles of Mecp2
closely mimic symptoms seen in patients, including microcephaly,
hindlimb clasping corresponding to repetitive hand movements
seen in patients, irregular breathing with apneas, and shortened
life span, and are faithful models of the disease (6—10). The devel-
opment of RTT-like symptoms in mice can be halted or even re-
versed in the adult after genetic or viral restoration of MeCP2
protein expression (11-15). Thus, reactivation of the silenced WT
allele of MECP2 from the inactive X chromosome (Xi) represents a
research direction with promising therapeutic opportunity for RTT
(16, 17), because it attacks the root cause of this potentially
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reversible disease by restoring MeCP2 expression. However, at-
tempts to restore MeCP2 with a single nontargeted approach such
as treatment with DNA methylation inhibitors or antisense oligo
(ASO) targeting the long noncoding RNA XIST (X-inactive specific
transcript) required for X chromosome inactivation only resulted in
limited MECP2 reactivation with potential off-target toxicity (16).

Given that X chromosome inactivation is a classic biological
process mediated by a cascade of epigenetic events, including dec-
oration by long noncoding RNA XIST, DNA methylation, histone
modifications, and reorganization of the three-dimensional (3D)
chromosomal structure by architectural proteins such as CTCF
(18), we hypothesized that precise manipulation of the epigenetic
status of the silenced MECP2 allele on Xi could reactivate its expres-
sion. We and other laboratories developed a series of epigenome
editing tools that allows for precisely manipulating the epigenetic
status of targeted genomic loci (17, 19, 20). These editing tools
consist of a DNA targeting module such as a catalytically dead
CRISPR-Cas protein (21, 22) and an epigenetic modifier module
such as DNA methylation/demethylation enzymes Dnmt or Tet
(23). Such fusion proteins can be targeted to the specific loci by
single-guide RNA (sgRNA) to mediate epigenetic modifications
(17, 19). For instance, we applied dCas9-Tet1 to specifically deme-
thylate the hypermethylated CGG repeat expansion mutation in the
5' untranslated region of FMRI gene that causes fragile X syndrome
(FXS), demonstrating that this targeted demethylation reactivated
fragile X messenger ribonucleoprotein 1 (FMR1) and rescued the
neuronal defects of FXS neurons (24). Here, we applied a DNA
methylation editing tool (dCas9-Tetl) and developed a DNA insu-
lating tool (a catalytically dead Cpfl fused with CTCF, termed
dCpf1-CTCF) to reactivate the MECP2 allele from Xi and rescue
the pathological phenotype of RTT neurons.
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RESULTS

Reactivation of a MECP2 reporter on Xi by DNA
methylation editing

To distinguish the MECP2 alleles on active X chromosome (Xa) and
Xi during reactivation experiments, we used a MECP2 dual-color
reporter human embryonic stem cell (hESC) line (29-R) that was
genetically engineered from a WT female hESC line [National In-
stitutes of Health (NIH) registration number: WIBR-2, #29] (25).
This 29-R hESC line has green fluorescent protein (GFP) inserted
in-frame after exon 3 at the MECP2 locus on the Xi and tdTomato
similarly inserted at the MECP2 locus on the Xa and thus only ex-
presses tdTomato but not GFP (Fig. 1A). We also included a 29-G
hESC line (25) with the GFP reporter on Xa and tdTomato on Xi as
a positive control to evaluate the reactivation efficacy of the MECP2
GFP reporter in edited 29-R cells. Because the polyadenylic acid tail
(polyA) signal sequence was engineered after GFP and tdTomato,
both 29-R and 29-G cells do not express MeCP2 proteins, and
thus, reactivation of the MECP2 reporter from Xi would not influ-
ence the downstream target genes of MeCP2. To identify the target
region at the MECP2 locus for DNA methylation editing, we com-
pared the DNA methylation status of female (Xa;Xi) and male (Xa)
hESC cells in a published database (26). We identified a 1.7-kb dif-
ferentially methylated region (DMR) in the MECP2 promoter
region that is methylated in female cells (about 50% on average
due to one methylated allele on Xi and one unmethylated allele
on Xa) but not in male cells (due to only one unmethylated allele
on Xa; Fig. 1B). We reasoned that targeted demethylation of this
region would activate the MECP2 allele from Xi (Fig. 1A). Thus,
on the basis of the effective range for methylation editing (20), we
designed 10 sgRNAs to target dCas9-Tet1 to this DMR and four py-
rosequencing (Pyro-seq) assays to examine the methylation of four
areas (a, b, ¢, and d) within this region. We delivered dCas9-Tet1-
P2A-BFP (dC-T) and 10 target sgRNAs with mCherry reporter via
lentiviral transduction into 29-R hESCs and fluorescence-activated
cell sorting (FACS)-isolated infection-positive cells (BFP™;
mCherry") for downstream analysis. The DNA methylation per-
centages of MECP2 promoter in #29 (the parental line for 29-R
and 29-G), mock 29-R, and mock 29-G cells were around 30 to
50% and reduced to ~7% in 29-R cells expressing dC-T and target
sgRNAs for all the four Pyro-seq areas within the targeted DMR
(Fig. 1C), suggesting that efficient demethylation was achieved in
the targeted cells. In contrast, the DNA methylation percentage of
this DMR in 29-R cells expressing dCas9 fused with a catalytically
dead Tetl (dC-dT) with the same group of target sgRNAs did not
change, confirming that the decreased DNA methylation was due to
the targeted dC-T enzymatic activity. As a consequence of targeted
demethylation of the MECP2 promoter, the edited 29-R cells
(labeled as 29-R_dC-T+10), but not the control 29-R cells
(labeled as 29-R_dC-dT+10), turned on the GFP reporter for
MECP?2 on Xi (Fig. 1D), suggesting that demethylation of its pro-
moter can reactivate MECP2 from Xi in hESCs. To examine the re-
activation efficacy for each individual sgRNA, we generated a
doxycycline (Dox)—inducible dCas9-Tetl expression 29-R cell line
(labeled as 29-R_138-dC-T) validated by quantitative polymerase
chain reaction (QPCR) analysis (Fig. 1E). We infected this cell line
with each lentiviral sgRNA (labeled as 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10
individually) or a mixture of 10 sgRNAs (labeled as 1-10), and
similar expression quantities of sgRNA-mCherry and dCas9-Tetl
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upon Dox treatment among these samples were validated by
qPCR (fig. S1). Pyro-seq of these cells showed that sgRNA-3 result-
ed in the most robust demethylation (18% as the average DNA
methylation percentage of each CpG within the targeted MECP2
promoter) compared with the average of 44% in unedited 29-R
cells (Fig. 1F). Reporter expression analysis of these cells by qPCR
showed that sgRNA-3 resulted in a similar amount of GFP reactiva-
tion compared to the effect by the mixture of 10 sgRNAs (Fig. 1G),
suggesting that sgRNA-3 is sufficient to completely reactivate the
MECP2 reporter from Xi at the hESC stage. For the following exper-
iments, we used sgRNA-3 for off-target effect analysis and DNA
methylation editing.

Methylation editing efficacy and off-target effects

Potential off-target effect is a critical parameter that needs to be
evaluated for epigenome editing approach. Toward this goal, we
performed a genome-wide analysis at the DNA methylation and
transcriptional levels for DNA methylation editing of the MECP2
promoter by dCas9-Tetl with sgRNA-3. Although we identified
27 genome-wide binding sites for dCas9-Tet1/sgRNA-3 by anti-
Cas9 chromatin immunoprecipitation sequencing (ChIP-seq)
using edited 29-R hESCs (Fig. 2A and data file S1), the targeted
MECP2 promoter showed the highest enrichment of dCas9-Tetl
binding, suggesting a high targeting specificity enabled by this
sgRNA. Then, we performed anti-Cas9 ChIP-bisulfite-seq to
compare the DNA methylation percentages of these 27 binding
sites between 29-R cells expressing dCas9-Tetl/sgRNA-3 (methyla-
tion-edited sample) and dCas9-dTet1/sgRNA-3 (control sample).
As shown in Fig. 2B and data file S2, the targeted MECP2 promoter
showed the largest change of DNA methylation (51% reduction in
edited 29-R cells), demonstrating a high efficacy of targeted meth-
ylation editing. Among the remaining 26 sites, 21 binding sites
labeled by empty circles showed a change of DNA methylation of
<16%, and 5 other binding sites labeled by red color circles
showed a change of DNA methylation between 16 and 51%. The
RNA sequencing (RNA-seq) result in Fig. 2C and data files S3 to
S5 showed robust reactivation of the GFP reporter for MECP2 on
Xi (17-fold) in methylation-edited 29-R cells but no significant
changes (adjusted P value < 0.01 and fold change > 2) in the expres-
sion of genes associated with the other 26 binding sites by dCas9-
Tet1/sgRNA-3, suggesting no detectable off-target effect at the tran-
scriptional level. To further evaluate a potential off-target effect of
dCas9-Tetl on genome-wide methylation, we performed whole-
genome bisulfite sequencing. Our protocol included three biologi-
cal replicates for each of the experimental groups in which 29-R cells
express dCas9-Tetl (dC-T) or dCas9-dead Tetl (dC-dT) with
sgRNA-3 and covered 20,391,442 CpG sites (at least 5x reads cov-
erage per CpG), representing 72% of the total 28,299,634 CpG sites
in the human genome. The average CpG methylation in the dC-T
group and dC-dT group was the same (76%; fig. S2A), suggesting no
alteration in the overall DNA methylation by dC-T. Among these
sequenced 20,391,442 CpG sites (fig. S2B), 99.96% of CpGs
showed no significant change in DNA methylation (adjusted P
value < 0.01 and change in methylation > 20%), and only 0.04%
of these CpGs (7740 cytosines) including the MECP2 locus
showed changes in DNA methylation larger than 20%, termed dif-
ferentially methylated CpGs (fig. S2C). Among these 7740 differen-
tially methylated CpGs, 2307 cytosines that showed higher
methylation percentages in dC-T compared with dC-dT samples
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were not considered off-target effects by dC-T but instead were
likely caused by differential epigenetic drift during cell passaging
of hESCs (27). We mapped the remaining 5433 CpGs that showed
less methylation in dC-T compared with dC-dT samples onto 239
genes that contain at least three differentially methylated CpGs with
the distance between each differentially methylated CpG less than
250 bp. Among these 239 genes (data file S6), 220 of them did
not show changes in gene expression, whereas 19 of them showed
significant changes in expression (adjusted P value < 0.01 and fold
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change > 2). However, none of these 19 genes was bound by dCas9-
Tetl as examined by ChIP-seq (Fig. 2C), suggesting that the expres-
sion changes in these 19 genes were unlikely to be caused by dCas9-
Tetl. In summary, analyses of whole-genome bisulfite sequencing,
ChIP-seq, and RNA-seq results did not detect off-target effects by
dCas9-Tet at the transcriptional level.

Erosion of X chromosome inactivation was observed in high-
passage female hESCs and induced pluripotent stem cells (iPSCs),
with derepression of X-linked genes on Xi including HPRT, RPGR,
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Fig. 2. DNA methylation editing efficacy and off-target
effects. (A) A Manhattan plot showing 27 genome-wide
binding sites of dCas9-Tet1 with the MECP2 target sgRNA-3
in 29-R cells identified by anti-Cas9 ChIP-seq. (B) DNA
methylation of these 27 binding sites measured by anti-
Cas9 ChlP-bisulfite-seq of 29-R cells expressing dCas9-Tet1
with sgRNA-3 or dCas9-dTet1 with sgRNA-3. MECP2 is
labeled in black; five binding sites with a change of meth-
ylation larger than 16% are labeled in red. The diameter of a
circle is in proportion to the number of matched base pairs
to the sgRNA-3 target sites. The dashed lines mark the 16%
methylation difference between samples. (C) Transcrip-
tomes of cells in (B) by RNA-seq. Red dots highlight the
genes associated with the 26 dCas9-Tet1 binding sites
identified in (A). MECP2-GFP reporter on Xi is labeled with a
black dot. Red dashed lines mark the twofold difference
between the samples. (D to F) Mock 29-R, mock 29-G, or
methylation-edited 29-R hESCs were differentiated into
neuronal precursor cells (NPCs) and neurons for gene ex-
pression analysis by qPCR. Shown is the mean + SD of three
biological replicates. (G) lllustration showing the location of
genes on the X chromosome prone to erosion of X chro-
mosome inactivation in high passage of female hESC/iPSC.
(H to N) Gene expression analysis of cells in (D) by qPCR:
HPRT in (H), PRPST in (I), COL4A5 in (J), CASK in (K), RPGR in
(L), PDHAT in (M), and HCCS in (N). Shown is the mean + SD
of two biological replicates. *P < 0.05, one-way ANOVA with
Bonferroni correction. The differences between 29-R and
29-R_dC-T + sgRNA in (H) to (N) were not significant

(ns; P > 0.05).
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PRPS, PDHA1, COL4A5, HCCS, and CASK (28). To test whether the
erosion of X chromosome inactivation occurred in the methylation-
edited 29-R hESCs, potentially confounding our conclusion on
MECP2 reactivation by methylation editing, we examined the ex-
pression of the GFP and tdTomato reporters on Xi and Xa for
MECP?2 and these seven X-linked genes in methylation-edited 29-
R hESCs, neuronal precursor cells (NPCs), and cortical neurons
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hESC

NPC

hESC

Neuron Neuron NPC Neuron

derived from edited 29-R hESCs using a well-established neuronal
differentiation protocol (29). The GFP reporter for MECP2 on Xi
remained active in NPCs and neurons (Fig. 2D), suggesting that
MECP2 reactivation can be maintained during neuronal differenti-
ation. The tdTomato reporter for the Xa MECP2 allele was ex-
pressed to a similar extent as in edited 29-R cells compared to
mock 29-R cells during neuronal differentiation (Fig. 2E),
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suggesting that methylation editing did not affect the expression of
the active MECP?2 allele on Xa. The gradual increase of neuronal
mark MAP2 from hESCs to NPCs and neurons confirmed robust
neuronal cellular differentiation (Fig. 2F). All seven X-linked
genes (Fig. 2G) prone to the erosion of X chromosome inactivation
showed no difference in expression between mock 29-R, mock 29-
G, and methylation-edited 29-R hESCs or in NPCs and neurons
derived from these hESCs (Fig. 2, H to N). These results demon-
strate that reactivation of the GFP reporter for MECP2 on Xi is
not the consequence of X chromosome inactivation erosion in
methylation-edited 29-R cells.

Functional rescue of RTT neurons derived from edited RTT-
like hESCs

To evaluate the functional consequences of MECP2 reactivation by
DNA methylation editing, we used an RTT-like hESC (#860) line
(25) that is genetically engineered from a WT female hESC line
(NIH registration code: WIBR-3). This RTT-like hESC line has a
WT allele of MECP2 silenced on Xi and a knockout allele of
MECP2 by a GFP-polyA stop cassette after exon 3 on Xa and
thus does not express MeCP2 protein (Fig. 3A). We delivered
dCas9-Tet1-P2A-BFP and sgRNA-mCherry via lentiviral transduc-
tion of this RTT hESC line and isolated infection-positive (BFP™;
mCherry") cells by FACS. Gene expression analysis by qPCR target-
ing protein-coding exon 4 showed a complete reactivation of the
WT allele of MECP2 from Xi compared with the WIBR-3 sample
(labeled as WT) by either the target sgRNA-3 alone or the
mixture of 10 sgRNAs (Fig. 3B), consistent with our result using
the MECP2 dual-color reporter 29-R hESCs. When the methyla-
tion-edited RTT hESCs were differentiated into neurons, Western
blot experiments showed the restoration of MeCP2 protein in the
neurons with dC-T and sgRNA-3 to 82% of the MECP2 protein
abundance in neurons derived from the parental line of WIBR-3
hESCs with WT MECP?2 alleles on Xa and Xi (Fig. 3C).

Then, we examined whether the restoration of MeCP2 protein in
RTT neurons rescued neuronal defects including smaller soma size
and abnormal electrophysiological properties. To quantify neuronal
soma size, we differentiated WT control WIBR-3 hESCs, mock RTT
hESCs, and methylation-edited RTT hESCs by dC-T and sgRNA-3
into cortical neurons using a well-established differentiation proto-
col (30). We cultured these neurons on mouse astrocytes for 8 weeks
to promote neuronal maturation (31) and then performed immu-
nofluorescence (IF) staining with antibodies against MeCP2 and a
neuronal marker MAP2 to outline the soma and neuronal process-
es. MeCP2 protein was detected in the neurons derived from WT
and edited RTT hESCs but not mock RTT hESCs (Fig. 3D). Quan-
tification of soma sizes by Image] with more than 100 neurons from
each group showed that the smaller soma size defected in RTT
neurons (73% of WT) was rescued in neurons derived from
edited RTT hESCs (99% of WT) (Fig. 3E). To examine spontaneous
electrophysiological activity during neuronal maturation, we per-
formed a multi-electrode array (MEA) time course assay to
measure the firing rates of these neurons. RTT neurons displayed
lower firing rates than WT neurons along the neuronal maturation
process, but neurons from edited RTT hESCs showed indistinguish-
able firing rates compared to WT neurons (Fig. 3F), suggesting res-
toration of spontaneous electrophysiological activity in these RTT
neurons by methylation editing. Quantification of the firing rates on
the day of neuronal maturation (peak of firing rate on day 58 after
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differentiation) confirmed the successful rescue of the neurons from
edited RTT hESCs (Fig. 3G). To evaluate the rescue effect on RTT
electrophysiological defects at single-neuron resolution, we cul-
tured these neurons on mouse astrocytes for 8 weeks to ensure func-
tional maturation and then performed patch-clamp recording to
examine electrophysiological properties including the frequency
and amplitude of mini excitatory postsynaptic current (mEPSC)
and membrane capacitance. Representative recording trace images
(Fig. 3, H to J) and quantified results (Fig. 3, K to M) show that
neurons differentiated from edited RTT hESCs displayed a similar
mEPSC frequency (0.54 Hz) and amplitude (11.28 pA) compared to
the 0.52 Hz and 11.66 pA in WT neurons, indicating the rescue of
the number and strength of excitatory synapses in these neurons.
The membrane capacitance in the neurons from edited RTT
hESCs (49.63 pF) was also restored in comparison with the 48.72
pF in WT and 38.82 in RTT neurons (Fig. 3M), consistent with
our soma size measurements. In summary, we conclude that func-
tional rescue of RTT-associated neuronal defects occurred in
neurons derived from DNA methylation—edited RTT-like hESCs.

Direct reactivation of MECP2 in RTT neurons
We sought to directly reactivate the MECP2 allele from Xi in RTT
neurons by DNA methylation editing, which, if successful, would
expand the potential therapeutic window for the treatment of
RTT. We delivered dCas9-Tetl1-P2A-BFP and target sgRNA-3 via
lentiviral transduction into neurons derived from 29-R MECP?2 re-
porter hESCs and performed qPCR analysis of infected 29-R
neurons to quantify the reactivation of GFP reporter for MECP2
on Xi in a time course experiment. We detected 50% reactivation
of GFP reporter for MECP2 on Xi after 10 days after infection,
and then the reactivation decreased to ~30% after 15 days and main-
tained at around 30% on day 20 (Fig. 4A), suggesting that DNA
methylation editing of the MECP2 promoter by dCas9-Tetl can
partially reactivate the MECP2 allele from Xi in RTT neurons.

To examine whether this partial reactivation of MECP?2 results in
a functional rescue of RTT-associated neuronal defects, we per-
formed a series of characterization experiments using neurons
derived from RTT-like hESCs as control. First, we did an MEA to
trace spontaneous electrophysiological activities during neuronal
maturation. Whereas neurons derived from edited RTT hESCs
(labeled as RTT_ESC + dC-T) again displayed similar neuronal
firing rates compared to WT neurons, RTT neurons transduced
with lentiviral dCas9-Tetl and target sgRNA-3 (labeled as
RTT_neuron + dC-T) displayed a slower rescue of the lower
firing rates observed in mock RTT neurons (Fig. 4B). Consistent
with this result, gene expression analysis of these neurons at differ-
ent time points along the neuronal maturation by qPCR showed
53% of reactivation of MECP2 mRNA on day 10 after infection
and maintained as ~30% reactivation of MECP2 from day 20 to
day 60 (Fig. 4C). The lower reactivation efficacy of MECP2 from
Xi is likely due to the moderate demethylation achieved by
dCas9-Tetl in these neurons (33% as the average methylation per-
centage of CpGs within the targeted MECP2 promoter region) com-
pared with 5% in neurons derived from edited RTT hESCs as
measured by Pyro-seq (Fig. 4D). To quantify the restoration of
MeCP2 protein and soma size, we cultured these neurons on
mouse astrocytes to promote neuronal maturation and then IF-
stained with MeCP2 and neuronal marker Tujl antibodies. As
shown by the representative images in Fig. 4E and quantification
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in Fig. 4F, IF staining of these neurons detected moderate expres- control. Quantification using Image] showed that 17.7% of
sion of MeCP2 protein in ~11% of RTT neurons after infection ~MeCP2 protein was restored in the MeCP2-positive RTT neurons
with lentiviral dC-T and sgRNA-3 but not in the mock RTT  (Fig. 4G) and 90.7% rescue of soma size in these neurons (Fig. 4H).
neurons or RTT neurons infected with lentiviral dC-dT and These results suggest that DNA methylation editing of RT'T neurons
sgRNA-3. To quantify MeCP2 protein in these neurons, we used by dCas9-Tetl can partially reactivate MECP2, resulting in a func-
mouse astrocytes (Tujl-negative cells) that express low amounts  tional rescue of electrophysiological defects and the small soma size
of MeCP2 protein within each group of samples as an internal of edited RTT neurons.
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Fig. 4. Direct editing and reactivation of MECP2 in RTT neurons. (A) Neurons derived from 29-R hESCs were infected with lentiviral dCas9-Tet1 (dC-T) and sgRNA-3 and
then subjected to qPCR analysis on day 5 (D5), D10, D15, and D20 after infection. GFP expression was normalized to 29-G neurons with GFP reporter for MECP2 on Xa.
Shown is the mean + SD of biological triplicates for each time point. (B) Neurons derived from WT WIBR-3 hESCs (labeled as WT), mock RTT-like hESCs (labeled as RTT), and
RTT-like hESCs edited by dCas9-Tet1/sgRNA-3 (labeled as RTT_ESC + d-T), or RTT neurons infected by lentiviral dCas9-Tet1 and sgRNA-3 (labeled as RTT_neuron + dC-T)
were grown on the MEA plate for measurement of firing rates along the neuronal maturation process. Shown is the mean + SD of biological triplicates for each condition.
(C) MECP2 mRNA expression of the neurons in (B) measured by qPCR. (D) DNA methylation of the MECP2 promoter in neurons in (B) was measured by Pyro-seq on D60.
Shown is the average DNA methylation of CpGs within the targeted MECP2 promoter region + SD of three biological replicates. (E) Neurons derived from RTT-like hESCs
were infected with lentiviral dCas9-Tet1 and sgRNA-3 (labeled dC-T) or dCas9-deadTet1 and sgRNA-3 (labeled as dC-dT) and were grown on mouse astrocytes to promote
neuronal maturation and then IF-stained with anti-MeCP2 and anti-Tuj1 antibodies on D60. Scale bar, 30 um. (F) Percentages of neurons (Tuj1*) expressing MeCP2 protein
within each group of samples described in (E). (G) Quantification of MeCP2 protein abundance in the MeCP2-positive neurons in (E). (H) Quantification of soma sizes of the
neurons in (E). Quantifications were done using ImageJ and are shown as the mean of relative percentages as compared with WT neurons + SD of at least two biological
replicates. *P < 0.05 and **P < 0.01, one-way ANOVA with Bonferroni correction.
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Reactivation of MECP2 and rescue of RTT neurons by
multiplex epigenome editing

Next, we aimed to improve the reactivation efficacy of MECP2 from
Xiin RTT neurons. Considering X chromosome inactivation is me-
diated by multiple epigenetic events, including decoration by long
noncoding RNA XIST, DNA methylation, histone modifications,
and compaction of 3D chromatin structure (18), we hypothesized
that an additional epigenetic modality can be combined with
DNA methylation editing by dCas9-Tetl to achieve a high
amount of stable MECP2 reactivation from Xi in RTT neurons.
We reasoned that such epigenetic changes required for MECP2 re-
activation in RTT neurons could be identified by comparing mock
RTT neurons with functionally rescued RTT neurons derived from
methylation-edited RTT hESCs. Toward this goal, we performed
ChIP-seq with an antibody against the chromatin structural
protein CTCF and a circular chromosome conformation capture se-
quencing assay (4C-seq) with a viewpoint at the MECP2 promoter
regions in these cell types. We identified two CTCF anchor sites
flanking the MECP2 locus at which the enrichment of CTCF
binding was doubled in the functionally rescued RTT neurons
derived from methylation-edited RTT hESCs compared with
mock RTT neurons (Fig. 5A), suggesting MECP2 reactivation—spe-
cific CTCF recruitment at these two anchor sites. This is consistent
with previous studies showing the depletion of CTCF proteins from
the entire Xi except for the maintenance of CTCF binding at the
transcriptionally active escapee gene loci on Xi (32, 33). These
two anchor sites also showed an increased enrichment of CTCF oc-
cupancy in the naive stage of RTT hESCs, with two Xa compared
with that in the primed stage of RTT hESCs with one Xa and one
Xi (Fig. 5A), confirming an X chromosome activation—specific sig-
nature on CTCF recruitment. Furthermore, 4C-seq demonstrated
that the genomic interaction frequency of the MECP2 promoter
decayed beyond these two CTCF anchor sites, indicating an insula-
tion function mediated by CTCF. Considering all these observations
together, the increased enrichment of CTCF binding at these two
anchor sites likely contributes to the stable reactivation of MECP2
on Xi in the functionally rescued RTT neurons.

To artificially recruit CTCF to these identified anchor sites, we
generated a new epigenome manipulation tool by fusing a catalyti-
cally dead CRISPR/LbCpf1 (dCpfl) (34, 35) with CTCF to guide
CTCF at specific genomic loci with target CRISPR RNA (crRNA).
This all-in-one construct expresses dCpf1-CTCF driven by a Dox-
inducible promoter and target crRNA array driven by a U6 promot-
er (Fig. 5B, top). Because Cpfl recognizes TTTN as its protospacer
adjacent motif (PAM) sequence and Cas9 recognizes NGG as PAM
(19, 34), dCpf1-CTCF can be combined with dCas9-Tet1 to mediate
multiplex epigenome editing in the same target cell without inter-
fering with each other. Using anti-Cpfl ChIP-seq, we successfully
targeted dCpf1-CTCF with crRNA-1 and crRNA-2 to the two iden-
tified CTCF anchor sites (Fig. 5B, bottom). Before applying this tool
to RTT neurons, we examined its specificity and off-target effect.
We first generated a control construct that expresses dCpf1-CTCF
and a scrambled crRNA lacking a target sequence in the human
genome. We performed anti-CTCF and anti-Cpfl ChIP-seq using
mock cells and cells expressing dCpf1-CTCF with either the MECP2
target crRNAs or scrambled crRNA. We identified 28 binding sites
for dCpf1-CTCF with MECP2 target crRNAs by comparing the
ChIP-seq peaks detected in these cells. Among these 28 binding
sites, targeted MECP2 sites showed the highest enrichment
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(Fig. 5C and data file S7), suggesting an effective and specific target-
ing of dCpf1-CTCF. Next, we used RNA-seq to examine the expres-
sion of genes that were associated with these dCpf1-CTCF binding
sites. None of these genes showed a significant change of expression
(adjusted P value < 0.01 and fold change > 2; Fig. 5D and data files
S8 and S9), suggesting that the off-target binding of dCpf1-CTCF
did not result in transcriptional changes. Last, we compared the
transcriptomes of cells expressing dCpfl-CTCF with MECP2
target crRNAs or scrambled crRNA. Among 57,906 detected tran-
scripts, three differentially expressed genes (adjusted P value < 0.01
and fold change > 2) were identified between these two groups (data
file S10). Because dCpf1-CTCF did not bind to these three genes
(Fig. 5C), the expression changes of these three genes are not con-
sidered off-target effects by dCpf1-CTCF but likely resulted from
the transcriptional variation during cell culturing and passaging
(36). In summary, the result from these ChIP-seq and RNA-seq ex-
periments supports a specific targeting of dCpfl-CTCF to the
MECP?2 sites without detectable off-target effects at the transcrip-
tional level.

Next, we delivered dCas9-Tet1/sgRNA-3 alone (labeled as dC-
T), dCpf1-CTCF/crRNA alone (labeled as dC-C), or both dC-T
and dC-C into RTT neurons via lentiviral transduction as validated
by qPCR analysis (fig. S3). We then performed an MEA to examine
the spontaneous electrophysiological activities of these infected
neurons along the neuronal maturation process. RTT neurons ex-
pressing dC-T again showed slower rescue of the neuronal firing
rate; neurons expressing dC-C behaved similarly to mock RTT
neurons; however, neurons expressing both dC-T and dC-C dis-
played spontaneous neuronal activity indistinguishable from that
of WT neurons (Fig. 5E), suggesting a complete rescue of neuronal
activity in the multiplex-edited RTT neurons. This greater degree of
rescue on neuronal activity is due to more efficient reactivation of
MECP2 from Xi (59% of WT MECP2 mRNA) as measured by gPCR
(Fig. 5F) and more robust demethylation of the MECP2 promoter
(25% as the average methylation percentage of CpGs within the tar-
geted MECP2 promoter region) as measured by Pyro-seq (Fig. 5G).
To evaluate the rescue effect on RTT-associated neuronal defects at
a single-neuron resolution, we cultured these neurons on mouse as-
trocytes to promote neuronal maturation and then performed a
series of characterization experiments. Using the same quantifica-
tion method as in Fig. 4 (E to G) (mouse astrocytes within each
group as an internal control for MeCP2 protein abundance), we
found that whereas 18.7% of MeCP2 protein was restored in
11.2% of RTT neurons after infection with dC-T alone, 36.6% of
MeCP2 protein was detected in 23.8% of RTT neurons after infec-
tion with both dC-T and dC-C (Fig. 5, H to J), suggesting a higher
restoration of MeCP2 at the protein level in multiplex-edited RTT
neurons. Consistent with this result, the smaller soma size was
completely rescued in these multiplex-edited RTT neurons, but
not by either dC-T or dC-C alone (Fig. 5K). We also performed
patch-clamp recording experiments using these neurons. The
mEPSC frequency was increased from 0.23 Hz in mock RTT
neurons to 0.58 Hz in multiplex-edited RTT neurons, similar to
the 0.55 Hz in WT neurons (Fig. 5L), and the mEPSC amplitude
increased from 9.42 pA in mock RTT neurons to 11.43 pA in mul-
tiplex-edited RTT neurons, similar to the 11.40 in WT neurons
(Fig. 5M), suggesting an efficient restoration of excitatory synapses
in these neurons. Last, the membrane capacitance was completely
rescued in multiplex-edited RTT neurons (Fig. 5N), consistent
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*P < 0.05 and **P < 0.01, one-way ANOVA with Bonferroni correction.

with the result of soma size analysis. These results demonstrate that
a higher reactivation efficacy of MECP2 from Xi in RTT neurons
can be achieved by multiplex epigenome editing that combines
DNA methylation editing of the MECP2 promoter by dCas9-Tetl
and insulation of the edited MECP2 locus by targeted CTCF, result-
ing in better functional rescue of RTT-associated neuronal defects
compared with DNA methylation editing alone in RTT neurons.
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DISCUSSION

Our study demonstrates that DNA methylation editing of the
MECP2 promoter can efficiently reactivate the MECP2 allele from
Xi in RTT hESCs, and the cellular and electrophysiological defects
of neurons derived from methylation-edited RTT hESCs are func-
tionally rescued. Previous screening studies identified several small
chemical inhibitors targeting Aurora kinase A/B, activin A receptor
type 1, Janus kinase 2, phosphoinositide-dependent protein kinase
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1, Polo-like kinase 2, RAD21 cohesin complex component, and ri-
bonucleotide reductase that can slightly reactivate MECP2 from Xi
with less than 1% of the active allele on Xa (37—41). Combination of
ASO against XIST RNA with DNA methylation inhibitors such as
5-azacytidine or decitabine resulted in a higher MECP2 reactiva-
tion, with 2 to 5% of the active allele on Xa (16). However, this non-
targeted approach will likely cause the reactivation of other Xi genes
in the treated cells. In contrast, the targeted reactivation approach
by precise DNA methylation editing leads to a highly efficient reac-
tivation (82% of the active allele at the protein level) in neurons
derived from edited RTT hESCs and moderate reactivation
(17.7% of the active allele at the protein level) in directly edited
RTT neurons without affecting the expression of other genes on
Xi or MECP?2 allele on Xa. It is worth noting that even low levels
of MeCP2 reexpression (e.g., 15 to 20% of wild type) can restore a
nearly normal lifespan to Mecp2-null male mice, whereas levels as
low as 1 to 5% have a measurable effect on neurologic symptoms
and lifespan (16).

DNA methylation editing alone by dCas9-Tet1 in RTT neurons
resulted in a moderate reactivation of MECP2 from Xi. This less ef-
ficient reactivation in neurons compared with hESCs is likely due to
the lower demethylation efficacy achieved in directly edited neurons
(33% methylation remained at the targeted MECP2 promoter) com-
pared with 5% methylation in edited hESCs. We observed a similar
trend when demethylation editing was performed in FXS iPSCs and
iPSC-derived neurons (24). One reason for the different demethy-
lation efficacies in RTT hESCs versus neurons is that both active (a
DNA repair-based restoration into unmethylated cytosines) and
passive demethylation (a DNA replication-dependent dilution of
hemimethylated cytosines) mechanisms can operate in dividing
cells, whereas only active demethylation can be operated in postmi-
totic neurons (42). In addition, other X chromosome inactivation
epigenetic mechanisms such as XIST decoration might counteract
DNA methylation editing to suppress MECP2 reactivation. These
epigenetic suppressions are particularly effective in terminally dif-
ferentiated and postmitotic neurons to ensure X chromosome inac-
tivation. Consistent with this hypothesis, combination of DNA
methylation editing by dCas9-Tetl with targeted CTCF insulation
at the boundary of edited MECP2 locus increased MECP?2 reactiva-
tion from ~30 to ~59% of the active allele at the transcriptional level,
resulting in a better functional rescue of the RTT-associated neuro-
nal defects.

In summary, our study provides a proof of concept to apply an
epigenome editing approach to rescue RTT neurons by reactivating
the MECP?2 allele from Xi, suggesting a therapeutic strategy to treat
RTT and potentially other X-linked human diseases. Limitations for
this MECP2 reactivation strategy include that current editors
(dCas9-Tetl and dCpfl1-CTCF) are too large to fit into a single
adeno-associated virus vector for in vivo delivery and that the
current strategy is only applicable to female patients with RTT car-
rying heterozygous loss-of-function mutants of MECP2 but not
male patients with RTT lacking a WT allele of MECP2. In addition,
future study will be needed to test this epigenome editing strategy in
animal models of RTT for rescue effect at behavioral levels.

Qian et al., Sci. Transl. Med. 15, eadd4666 (2023) 18 January 2023

MATERIALS AND METHODS

Study design

The purpose of this study was to apply epigenome editing tools to
specifically reactivate the WT allele of MECP2 from the inactive X
chromosome and to examine whether the RTT-associated neuronal
defects can be rescued in edited neurons. On the basis of our pre-
vious publications and power analysis results from pilot experi-
ments, at least two biological replicates were used for each DNA
methylation, transcription analysis, and an MEA assay using cul-
tured hESCs or neurons. A sample size of more than 20 neurons
was used for mEPSC measurements. Electrophysiological data
were analyzed blind to genotype and treatment conditions. Mor-
phological analyses were carried out with about 30 to 100 randomly
selected neurons per treatment group. Image acquisition and anal-
ysis were carried out by different researchers in a double-blind
manner, and automated analysis software pipelines were used to
reduce human bias. This study was approved by Columbia Univer-
sity’'s Human Embryonic and Human Pluripotent Stem Cell Re-
search Committee.

Statistical analysis
For all experiments described in the article, the experimentation,
quantification, and analysis of data were performed with subjective
unbiased methods, and the researchers conducting the experiments
were blinded to genotype and treatment conditions. Data were
tested for assumptions before use of parametric tests. For compar-
ison of two groups, Student's ¢ tests were performed using Microsoft
Excel software. For comparison of multiple groups, one-way analy-
sis of variance (ANOVA) with Bonferroni post hoc correction was
performed using GraphPad Prism software. Permutation tests were
used to compare mEPSC frequency results. Kolmogorov-Smirnov
test was used to compare the cumulative distribution between two
mEPSC amplitude datasets. The linear mixed modeling statistic test
method was used to compare the neuronal morphological metrics.
Statistical parameters, including the exact value of #, the defini-
tion of center, dispersion and precision measures (mean + SD), and
statistical significance are reported in the figure legends. Data were
judged to be statistically significant when P < 0.05 or P < 0.01. P
value was adjusted for false discovery rate in ChIP-seq, RNA-seq,
and whole-genome bisulfite sequencing analyses.
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