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Rett syndrome linked to defects in forming the
MeCP2/Rbfox/LASR complex in mouse models
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Rett syndrome (RTT) is a severe neurological disorder and a leading cause of intellectual
disability in young females. RTT is mainly caused by mutations found in the X-linked gene
encoding methyl-CpG binding protein 2 (MeCP2). Despite extensive studies, the molecular
mechanism underlying RTT pathogenesis is still poorly understood. Here, we report MeCP2
as a key subunit of a higher-order multiunit protein complex Rbfox/LASR. Defective MeCP2
in RTT mouse models disrupts the assembly of the MeCP2/Rbfox/LASR complex, leading to
reduced binding of Rbfox proteins to target pre-mRNAs and aberrant splicing of Nrxns and
Nlign1 critical for synaptic plasticity. We further show that MeCP2 disease mutants display
defective condensate properties and fail to promote phase-separated condensates with Rbfox
proteins in vitro and in cultured cells. These data link an impaired function of MeCP2 with
disease mutation in splicing control to its defective properties in mediating the higher-order
assembly of the MeCP2/Rbfox/LASR complex.
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ett syndrome (RTT, OMIM #312750) is a postnatal neu-
rological disorder and a leading cause of intellectual dis-
ability in girls. Individuals with RTT often display severe
motor and cognitive impairments, respiratory and bone
abnormalities, and autistic features’>. Most cases with RTT are
caused by mutations within the gene encoding for MeCP2 gene?,
which is a member of the methyl-CpG-binding domain (MBD)-
containing protein family that binds 5-methyl cytosine and
5-hydroxylmethyl cytosine residues across the entire genome*-©.

The MeCP2 protein contains an N-terminal domain (NTD), an
MBD, an intervening domain (ID), a transcriptional repression
domain (TRD), two AT-hook motifs, and a C-terminal domain
(CTD). Common MeCP2 mutations seen in RTT are clustered
within its MBD and TRD, and individuals with mutations in the
MBD or large truncations often exhibit more severe symptoms than
those with mutations outside MBD or small C-terminal
truncations!. While ubiquitously expressed in a variety of tissues,
MeCP2 is highly abundant in the brain at the level nearly com-
parable to that of histones®. Mouse models with the loss or muta-
tions of MeCP2 either in the whole body or specifically in the brain
recapitulate the cellular and behavioral phenotypes of RTT patients,
which have been providing valuable animal models for studying
RTT78. However, despite significant progresses over the past 2-3
decades, the molecular mechanism underlying the pathogenesis of
RTT caused by MeCP2 dysfunction is still poorly understood.

MeCP2 appears to act in a multifaceted manner in regulating
gene expression. As a protein binding to methylated DNA, MeCP2
has been implicated in transcriptional repression or activation
through binding to transcription co-repressor complexes or tran-
scription activator®~12. Additionally, MeCP2 has also been sug-
gested to play a role in alternative pre-mRNA splicing, another
fundamental process during gene expression!>!4. The initial link
between MeCP2 and splicing regulation was identified by showing
that MeCP2 interacts with the splicing regulator YB-1 in an RNA-
dependent manner and modulates the splicing of a minigene
reporter for an YB-1 target!”. Later, Li et al. identified hundreds of
altered splicing events in MeCP2 knockout (KO) mice by RNA
sequencing (RNA-seq) and proposed that MeCP2 regulates the
splicing of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor (AMPAR) genes through recruiting LEDGF!®. However,
the mechanism underlying MeCP2-mediated splicing regulation in
RTT has remained largely elusive.

In the brain, the RNA-binding fox-1 (Rbfox) family, consisting
of Rbfoxl (A2BP1), Rbfox2 (RBM9), and Rbfox3 (NeuN), has
been well established to play critical roles in splicing regulation.
Consequently, conditional KO of RbfoxI in mouse central ner-
vous system (CNS) causes susceptibility to seizures and neuronal
hyperexcitation!”, and Rbfox1 in interneuron is required for the
establishment of connectivity within related classes of
interneurons!8. CNS- or neural crest cell-specific Rbfox2 KO mice
displayed defects in cerebellar development and craniofacial bone
development, respectively!®20. Rbfox1/2/3 triple KO in an
in vitro neuronal maturation system exhibited immature elec-
trophysiological activity and defects in the assembly of axon
initial segment?!. The Rbfox proteins contain a single typical
RNA recognition motif domain that recognizes the (U)GCAUG
motif with high affinity?>23. Mechanistically, they tend to bind
intron regions downstream of alternative exons to activate spli-
cing and bind alternative exons or their upstream regions to
inhibit splicing?2°. Recently, the Rbfox proteins have been
shown to form a multi-subunit protein complex in cultured cells
and mouse brain, termed large assembly of splicing regulators
(LASR). Besides Rbfox proteins, the LASR complex harbors
multiple other RNA binding proteins, including hnRNP M,
hnRNP H, hnRNP C, hnRNP U, Matrin3, NF45/110, and
DDX52%. Rbfox proteins mainly associate with LASR in the

nucleus and can regulate splicing through interaction networks
within LASR complex2°. Interestingly, the CTD of Rbfox proteins
has been shown to mediate the higher-order assembly of this
complex, which proves to be essential for its splicing regulatory
activity?’. Despite their broad contribution to neurological dis-
orders in the brain, Rbfox proteins have not yet been functionally
connected to RTT.

In this work, we identify MeCP2 as a key subunit of the Rbfox/
LASR complex. Depletion of MeCP2 disrupts the formation of
the Rbfox/LASR complex in cultured cells and results in
decreased binding of RBFOX2 to the Rbfox/LASR pre-mRNA
targets. In MeCP2 mutant mice, defects in forming the Rbfox/
LASR complex lead to aberrant splicing of genes critical for
synaptic transmission. These functions are further correlated to
the ability of MeCP2 to form nuclear condensates with Rbfox
proteins, a biochemical property abrogated by RTT-causing
mutations in MeCP2. Taken together, these results reveal a
mechanism that may underlie RTT pathogenesis where MeCP2
functions in splicing control through driving the assembly of the
Rbfox/LASR complex.

Results

MeCP2 is a new subunit of the Rbfox/LASR complex. To
understand the molecular function of MeCP2 in gene expression,
we first searched for MeCP2 interacting partners using immu-
noprecipitation coupled with mass spectrometry (IP-MS) analy-
sis. Given that MeCP2 is a chromatin-bound nuclear protein and
that insoluble chromatin pellet is difficult for IP, we adopted a
protocol similar to a previously described method?® to prepare
subnuclear extract containing high-molecular-weight (HMW)
material, which was purified under low salt condition to preserve
complexes formed by protein-protein interactions upon release
from chromatin pellet by nuclease treatment (Supplementary
Fig. 1a). Both FLAG-tagged MeCP2 expressed in HEK293T cells
and endogenous MeCP2 extracted from mouse brain were enri-
ched in the HMW extract (Supplementary Fig. 1b, c).

We immunopurified FLAG-MeCP2 interacting proteins from
the HMW extract of HEK293T cells and determined the identity
of specific co-purifying proteins on Coomassie blue-stained gel by
MS (Fig. la). Remarkably, MeCP2 co-precipitated with hnRNP
U/UL2, Matrin3, NF110, hnRNP M, DDX5/17, hnRNP H1/2, and
hnRNP C, as well as RBFOX2, which are major components of
the higher-order Rbfox/LASR complex recently elucidated and
characterized?®. RBFOX2 is the only member of Rbfox protein
family expressed in HEK293T cells. The protein-protein inter-
actions between MeCP2 and components of the RBFOX2/LASR
complex after nucleic acid digestion were confirmed by western
blot analysis (Fig. 1b). As a negative control, MeCP2 showed no
interactions with NF90, hnRNP Al, and hnRNP K, which are
absent in LASR complex, indicating that the interactions between
MeCP2 and components of RBFOX2/LASR are specific. To
investigate whether MeCP2 associates with RBFOX2/LASR as a
whole complex, the HMW extracts were fractionated on 10-50%
glycerol gradients (Fig. 1c), revealing that both MeCP2 and
RBFOX2/LASR constituent proteins co-sediment on a peak at
fraction #8. We also noticed that portions of MeCP2 sedimented
as smaller complexes to the lower-molecular-weight fractions
#2-5. These results indicate that MeCP2 is a subunit of the
previously identified RBFOX2/LASR complex.

MeCP2 directly interacts with RBFOX2 via its MBD and ID.
To understand how MeCP2 associates with the RBFOX2/LASR
complex, we first examined the interaction by co-IP between
MeCP2 and a key member of the Rbfox/LASR complex, RBFOX2.
Compared to full-length (FL) MeCP2, deletion of the NTD, CTD,
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Fig. 1 MeCP2 is a new subunit of Rbfox/LASR complex. a Coomassie blue staining image of SDS-PAGE gel showing proteins IPed by anti-FLAG antibody
from the HMW extract of HEK293T cells expressing FLAG-MeCP2. Proteins determined by mass spectrometry are indicated on the right. b IP assays

performed with anti-FLAG antibody and analyzed by western blotting with the indicated antibodies. ¢ Sedimentation profiles of MeCP2, RBFOX2, and LASR
components in the HMW extract from HEK293T cells on 10-50% glycerol gradients. Fractions #1-12 were collected from top to bottom. Source data are

provided as a Source data file.

or TRD showed little impact on their interactions with RBFOX2,
and in contrast, mutant MeCP2 missing the MBD or ID sig-
nificantly decreased the interactions (Fig. 2a, b). Similar to the
interaction between Rbfox proteins and LASR components as
reported earlier?’, the interaction with MeCP2 also requires the
CTD of RBFOX2 (Fig. 2¢). Moreover, we performed a glutathione
S-transferase (GST) pull-down assay and found that the recom-
binant GST-MeCP2 fusion protein was able to directly interact
with His-tagged RBFOX2 in vitro, and the MBD and ID of
MeCP2 were necessary and sufficient for such interaction
(Fig. 2d, e).

Next, to determine which region of MeCP2 is important for
forming a higher-order assembly with RBFOX2/LASR, we
prepared HMW extracts from cells expressing FLAG-tagged FL
or mutant MeCP2 proteins. Comparing to FL MeCP2, a similar
sedimentation profile with the RBFOX2/LASR was observed with
MeCP2 lacking the NTD, reduced with MeCP2 missing the CTD
or TRD, and most importantly, MeCP2 without the MBD or ID

failed to co-sediment with RBFOX2/LASR (Fig. 2f, g). Collec-
tively, these data show that the association between MeCP2 and
RBFOX2/LASR largely depends on MBD and ID with certain
contribution from CTD and TRD.

Loss of MeCP2 disrupts RBFOX2/LASR assembly. To deter-
mine whether the loss of MeCP2 has any effects on the integrity
of the RBFOX2/LASR complex, we depleted MeCP2 in
HEK293T cells using CRISPR/Cas9 gene editing technology. The
expression levels of RBFOX2 and LASR components did not
show significant changes upon MeCP2 depletion (Supplementary
Fig. 2). However, on glycerol gradients, RBFOX2 and repre-
sentative LASR components hnRNP M and hnRNP H1 all sedi-
mented to fractions with lower molecular weight in MeCP2 KO
cells compared to wild-type (WT) cells (Fig. 3a). Consistently,
RBFOX2 showed reduced interaction with LASR components in
MeCP2 KO cells relative to WT cells (Fig. 3b). These data
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demonstrate that MeCP2 is essential for the assembly of the LASR is required for the higher-order formation of Rbfox/
RBFOX2/LASR complex in HEK293T cells. LASR?7, we wondered whether the association of MeCP2 with
Rbfox/LASR is disrupted in the absence of Rbfox CTD. We thus
generated a stable cell line expressing RBFOX2 without CTD
Dissociated RBFOX2/LASR leads to splicing changes in (RBFOX2 ACTD KI) using CRISPR/Cas9 knock-in (KI) tech-
MeCP2 KO cells. Since Rbfox CTD-mediated interaction with nology (Supplementary Fig. 2). These cells express a truncated
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Fig. 2 MeCP2 interacts with RBFOX2 directly, and its MBD and ID are required for its association with RBFOX2/LASR complex. a Schematic
representation of FL and deletion mutants of MeCP2. b Co-IP assays performed by anti-FLAG antibody in HEK293T cells expressing FLAG-tagged FL or
deletion mutants of MeCP2 in the presence of nuclease and analyzed by western blotting with anti-GFP antibody. The average percentages of IP efficiency
with standard deviations relative to the FL MeCP2 IP efficiency are shown below the gel (n =3 biologically independent experiments). ¢ IP assays
performed by anti-FLAG antibody in HEK293T cells expressing RBFOX2 FL or its ACTD mutant in the presence of nuclease and analyzed by western
blotting with anti-RBFOX2 antibody. d Representative results for GST pull-down analysis of the interactions between GST-tagged FL, AMBD, and AID of
MeCP2 proteins and His-tagged RBFOX2. e Representative results for GST pull-down analysis of the interactions between GST-tagged MBD, ID, and
MBD + ID of MeCP2 proteins and His-tagged RBFOX2. The average percentages of pulled down RBFOX2 relative to the input with standard deviations are
shown below the gel in d, e (n = 3 biologically independent experiments). f Representative results for sedimentation profiles of the FL and mutant MeCP2
proteins in the HMW extract from HEK293T cells expressing FLAG-tagged MeCP2 proteins on 10-50% glycerol gradients. The FL and mutant MeCP2
proteins were detected by western blot analysis with anti-FLAG antibody. g Quantitation of the relative amount of MeCP2 proteins associated with Rbfox/
LASR. The average percentages of MeCP2 proteins in fraction #8 to the sum of those in total fractions are normalized to that of FL MeCP2. Error bars
represent standard deviation (n = 3 biologically independent experiments, *p < 0.05, ***p < 0.001, two-sided Student's t test). Source data are provided as

a Source data file.

RBFOX2 protein with an SV40 nuclear localization signal (NLS)
introduced at its C-terminus. In RBFOX2 ACTD KI cells, LASR
components and MeCP2 failed to co-sediment in the corre-
sponding fraction #8 on glycerol gradients (Fig. 3c), indicating
that the KI cell line mimicked the destruction of RBFOX2/LASR
complex.

Next, we performed RNA-seq analysis with total RNA isolated
from WT, MeCP2 KO, and RBFOX2 KI cells. In total, we
detected 1810 significantly changed splicing events for WT vs
MeCP2 KO cells and 1693 splicing events for WT vs RBFOX2 KI
cells. Among these, 591 splicing events were commonly induced
by MeCP2 KO and RBFOX2 ACTD KI (Fig. 3d and Supplemen-
tary Data 1), displaying a positive correlation (Fig. 3e). In contrast
to LASR components that also exist as smaller subcomplexes, the
majority of nuclear Rbfox proteins associate with LASR complex
and interact with introns?®. We therefore monitored changes in
RBFOX2 binding to RNA between WT and MeCP2 KO cells by
performing RBFOX2 individual nucleotide resolution ultraviolet
(UV) cross-linking and immunoprecipitation sequencing (iCLIP-
seq; Supplementary Data 2). Compared to WT cells, loss of
MeCP2 clearly led to a decrease in RBFOX2 binding to intronic
regions downstream of the alternatively spliced exons co-
activated by MeCP2 and RBFOX2/LASR (Fig. 3f). These data
indicate that disrupting the integrity of the RBFOX2/LASR
complex is responsible for a significant fraction of splicing
changes induced by the loss of MeCP2 and decreased binding of
RBFOX2 to its pre-mRNA targets.

Since MeCP2 is a methylated DNA-binding protein, we further
investigated whether MeCP2 binding and DNA methylation are
involved in the regulation of splicing targets for MeCP2/Rbfox/
LASR. MeCP2 chromatin immunoprecipitation-sequencing
(ChIP-seq) analysis revealed that the genomic regions for
MeCP2/RBFOX2/LASR regulated exons and their flanking
sequences bound more MeCP2 than those regions from randomly
selected events (Fig. 3g). Using a public dataset of
5-methylcytosine (m5C) methylome in HEK293 cells determined
by whole-genome bisulfite sequencing (WGBS)?8, we found that
the m5C methylation level is higher over the regulated alternative
exons and their flanking regions than the regions associated with
randomly selected splicing events (Fig. 3h), suggesting that
MeCP2 acts as a bridge between methylated DNA and RBFOX2/
LASR on their regulated pre-mRNA targets. This is illustrated on
a known target for Rbfox, the exon EIIIB of FN12° (Supplemen-
tary Fig. 3). Combining the results shown in Fig. 2, we
hypothesized that the MBD and ID of MeCP2 are important
for its “bridge” role. We performed pull-down assays and found
that the biotinylated DNA probe containing m5C was able to
interact with RBFOX2 through the MBD and ID of MeCP2
(Supplementary Fig. 4).

To gain further insights into the features of the MeCP2/Rbfox/
LASR complex, we treated HEK293T cells with a DNA
methyltransferase inhibitor 5-aza-2'-deoxycytidine (5-Aza) or a
transcription inhibitor 5,6-dichloro-1-B-D-ribofuranosylbenzimi-
dazole (DRB). Both treatments resulted in the dissociation of the
MeCP2/Rbfox/LASR complex, while it was restored after DRB
washout (Supplementary Fig. 5a, b). These data are consistent
with the possibility that the higher-order MeCP2/Rbfox/LASR
complex is co-transcriptionally assembled on chromatin, which
depends on both DNA methylation and nascent RNA synthesis.

Compromised Rbfox/LASR complex in RTT mice. Next, we
investigated the formation of the MeCP2/Rbfox/LASR complex in
mice through IP experiments using HMW extract prepared from
mouse cerebral cortex. We observed that MeCP2 efficiently co-
IPed with all three Rbfox proteins and all the key components of
LASR tested (Fig. 4a). Importantly, compared to WT mice, Rbfox
proteins and LASR components failed to co-sediment to the
corresponding fraction containing the MeCP2/Rbfox/LASR
complex prepared from cerebral cortex or cerebellum of
MeCP2~/Y and MeCP2T158M/y mice (Fig. 4b and Supplementary
Fig. 6), as similarly observed in MeCP2 KO HEK293T cells
(Fig. 3a). The T158M mutation is located in the MBD domain
and represents one of the most frequent mutations found in RTT
patients, which has been demonstrated to impair the DNA
binding and stability of MeCP230-31. Together, these data indicate
that MeCP2 acts as a scaffold for the assembly of the Rbfox/LASR
complex in both cultured cells and mouse brain.

Defective MeCP2/Rbfox/LASR causes aberrant splicing in RTT
mice. In an attempt to search for critical targets of MeCP2/Rbfox/
LASR, we performed RNA-seq on total RNA isolated from cer-
ebral cortex of MeCP21/Y, MeCP2~/Y, or MeCP2T138M/y mice.
No apparent changes in mRNA for Rbfox proteins and key LASR
components were detectable between MeCP2 mutant and WT
mice by RNA-seq, also confirmed at protein levels by western blot
analyses (Supplementary Fig. 7a, b). The RNA-seq analysis
identified 751 splicing changes between WT and MeCP2 KO mice
and 689 splicing changes between WT and MeCP2 T158M mice
(Supplementary Data 3 and 4). Forty-seven out of 384 cassette
exon type of splicing changes induced by MeCP2 KO and 38 out
of 380 events induced by MeCP2 T158M mutation were pre-
viously predicted as targets for Rbfox proteins based on inte-
grative modeling using a Bayesian Network??.

Since both MeCP2 KO and T158M mouse models showed
defects in forming the Rbfox/LASR complex, we hypothesized
that some of the overlapped splicing changes between the two
mouse models might be targets for Rbfox/LASR with critical
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Fig. 3 Loss of MeCP2 results in the dissociation of Rbfox/LASR complex and dysregulation of alternative splicing. a Sedimentation profiles of RBFOX2,
hnRNP M, and hnRNP H1 in HMW extract from MeCP2 KO HEK293T cells on 10-50% glycerol gradients. b FLAG-IP assays performed in WT or MeCP2
KO cells expressing FLAG-tagged RBFOX2 and analyzed by western blot with the indicated antibodies. The average percentages of RBFOX2 IP efficiency
with standard deviations in MeCP2 KO cells relative to WT cells are shown below the gel (n =3 biologically independent experiments). ¢ Sedimentation
profiles of RBFOX2 ACTD, MeCP2, hnRNP M, and hnRNP H1 in HMW extract from WT or RBFOX2 KI HEK293T cells on 10-50% glycerol gradients. d
Venn chart depicting overlapped splicing events between WT vs MeCP2 KO and WT vs RBFOX2 K. e Scatter plot showing splicing change APSI (percent
spliced in) values for overlapped splicing events between WT vs MeCP2 KO and WT vs RBFOX2 KI. f RNA map showing in vivo RBFOX2 binding to pre-
mRNAs with skipped exon (SE) splicing pattern regulated by both MeCP2 and RBFOX2/LASR in WT (red or green) or MeCP2 KO (blue or purple) cells
determined by iCLIP-seq. Gray boxes represent the alternative exons stimulated (upper) or repressed (lower) by both MeCP2 and RBFOX2/LASR. The red
box indicates the region bound by RBFOX2 with significant difference between WT and MeCP2 KO cells (Bonferroni adjusted p value < 0.01 and fold
change >2). g, h MeCP2 binding (g) and m5C levels (h) of genomic regions for MeCP2 and RBFOX2/LASR co-regulated splicing events determined by
MeCP2 ChlIP-seq or WGBS analyses. The red line represents the mean values calculated for the co-regulated events, and the blue line for randomly
selected events. The gray shadow represents a 99% confidence interval (Cl). Source data are provided as a Source data file.
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Fig. 4 Disruption of Rbfox/LASR complex in MeCP2 KO and T158M mice. a IP assays were performed using anti-MeCP2 antibody and analyzed by
western blotting using the HMW extract from the mouse cerebral cortex. b Sedimentation profiles of MeCP2, Rbfox proteins, and LASR components in the
HMW extract from the cerebral cortex of MeCP2 WT, KO, and T158M mice on 10-50% glycerol gradients. Source data are provided as a Source data file.

biological functions. Eighty-four overlapped splicing events in
both mouse models were detected, which are enriched in the
Gene Ontology (GO) terms associated with synaptic plasticity
(Supplementary Fig. 8a-d and Supplementary Data 5). The
relatively small number of overlapped splicing targets is probably
due to the different disease processes between the two RTT
models. Among these overlapped targets, we found Rbfox-
binding sites located closely to some regulated alternative exons,
and 20 out of 69 overlapped cassette exons are candidate targets
for Rbfox proteins as predicted?®. Among these are Neurexins
(Nrxnl, Nrxn2, and Nrxn3) and Neuroligin 1 (Nlgn1), both being
transmembrane cell adhesion proteins important for synaptic
function32. We found that the inclusion of exon SS4 in all three
Neurexin homologs and the inclusion of Nignl exon 4 are
downregulated in both mouse models (Fig. 5a and Supplementary
Fig. 8b-d).

To further characterize these targets, we constructed a Nrxn3
minigene and mutated a potential Rbfox-binding site downstream
of exon SS4. Reverse transcriptase polymerase chain reaction
(RT-PCR) analyses of in vivo splicing assay showed that RBFOX2
promoted the inclusion of Nrxn3 exon SS4 in WT but not in
mutant minigene through this binding site (Fig. 5b). Depletion of
MeCP2 resulted in reduced inclusion of Nrxn3 exon SS4, and
RBFOX2 was able to enhance exon SS4 splicing in WT but not in
MeCP2 KO cells (Fig. 5¢), indicating that exon SS4 inclusion
stimulated by RBFOX2 is dependent on MeCP2. Moreover, we
found that Nlgnl exon 4 inclusion repressed in two MeCP2
mutant mouse models (Supplementary Fig. 8b-d) was also
regulated by RBFOX2 through an Rbfox-binding motif down-
stream of exon 4 (Supplementary Fig. 9a).

Corroborating with these findings in transfected cells, we
detected no obvious changes at the total mRNA levels of Nrxns
and Nignl between WT and MeCP2 mutant mice (Supplemen-
tary Fig. 10a, b). However, CLIP-RT-qPCR analysis showed that
Rbfox proteins exhibited decreased binding to Nrxn3 or Nignl
pre-mRNAs in MeCP2 KO or T158M mice than in WT mice

(Fig. 5d, e and Supplementary Fig. 9b, c). Moreover, ChIP-qPCR
results showed that MeCP2 bound Nrxn3 or Nignl genomic locus
(Fig. 5f and Supplementary Fig. 9d) and that the association of
Rbfox proteins with Nrxn3 or Nignl genomic DNA locus reduced
in MeCP2 KO or T158M mice compared to that in WT mice
(Fig. 5g, h and Supplementary Fig. 9e, f). Meanwhile, LASR
component, hnRNP M, also bound less to the pre-mRNA and
genomic locus of Nrxn3 or Nignl in MeCP2 mutant mice (Fig. 5d,
e, g, h and Supplementary Fig. 9b, ¢, e, f). Taken together, these
data strongly suggest that the MeCP2/Rbfox/LASR complex helps
to hold its components at a specific micro-compartment with a
relatively high local concentration. Defects in this process led to
the reduced binding of Rbfox proteins and hnRNP M to their
target gene loci and pre-mRNAs, in turn changing splicing of
those genes important for neurotransmission, which may
contribute to RTT.

MeCP2 forms liquid-like condensates both in vitro and in vivo.
We next explored the puzzle why MeCP2 is essential for the
formation of MeCP2/Rbfox/LASR complex. Recent studies sug-
gest that proteins with intrinsically disordered regions (IDRs) or
low-complexity regions (LCRs) form biomolecular condensates
through liquid-liquid phase separation (LLPS)33. Given that 60%
of MeCP2 is composed of IDRs distributed throughout the entire
protein®, we hypothesized that MeCP2 may possess LLPS
property to fulfill its scaffolding function. To test this hypothesis,
we first purified recombinant FL MeCP2 fused to enhanced green
fluorescence protein (eGFP) from bacteria. By confocal micro-
scopy, spherical droplets of MeCP2 became larger with increasing
concentration (Supplementary Fig. 11a), which could fuse into
larger droplets (Supplementary Fig. 11b). Fluorescence recovery
after photobleaching (FRAP) showed recovery of MeCP2 droplets
after photobleaching (Supplementary Fig. 11c, d). In contrast to
WT protein, MeCP2 mutants R106W and T158M formed less
and smaller droplets (Supplementary Fig. 11e). MeCP2 R106W is
another common mutation found in the MBD domain, which has
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Fig. 5 Regulation of Nrxn3 exon SS4 splicing by Rbfox/LASR in MeCP2 KO and T158M mice. a Alternative splicing of Nrxn3 in the cerebral cortex of
MeCP2 WT, KO, and T158M detected by RT-PCR. The average percentages of exon inclusion with standard deviations are shown below the gel images
(n = 4 biological replicates; **p < 0.01, two-sided Student's t test). b Schematic representation of Nrxn3 minigenes and RT-PCR analysis of in vivo splicing of
Nrxn3 minigenes (wt and mut) in HEK293T cells transfected with a vector or a FLAG-RBFOX2 expression construct. The average percentages of exon
inclusion with standard deviations are shown below (n =3 biologically independent experiments). € RT-PCR analysis of in vivo splicing of Nrxn3 wt
minigene in WT or MeCP2 KO HEK293T cells transfected with a vector or a FLAG-RBFOX2 expression construct. The average percentages of exon
inclusion with standard deviations are shown below (n =3 biologically independent experiments). d, e CLIP-RT-gPCR analyses of Rbfox proteins and
hnRNP M binding to Nrxn3 pre-mRNAs in MeCP2 KO (d) or T158M (e) mice compared to WT mice. f ChIP-gPCR analysis of MeCP2 binding to Nrxn3
genomic locus in WT mice. g, h ChIP-gPCR analyses of Rbfox proteins and hnRNP M associating with Nrxn3 genomic locus in MeCP2 KO (g) or T158M (h)
mice compared to WT mice. Error bars in d-h represent standard deviations (n = 3 biologically independent experiments; *p < 0.05, **p < 0.01,
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a more severe phenotype than T158M3°. To investigate whether
MeCP2 undergoes phase separation in vivo, we used CRISPR/
Cas9 technology to generate an HEK293T KI cell line expressing
eGFP-tagged MeCP2 protein driven by its endogenous promoter.
MeCP2-eGFP fusion proteins formed nuclear puncta, which were
able to undergo fusion or fission rapidly (Supplementary
Fig. 11f-h). Collectively, our data demonstrate that MeCP2 has a
physical property of LLPS both in vitro and in vivo.

MeCP2, but not its disease mutant, forms condensates with
Rbfox proteins. Rbfox proteins have been previously shown to
self-aggregate through an LCR within the CTD?’. To test whether
MeCP2 and RBFOX2 undergo co-aggregation, we performed
in vitro droplet formation assays using purified MeCP2 and
RBFOX2. Under the physiological salt condition, WT MeCP2
formed smaller spherical droplets, while the droplets formed by
RBFOX2 were almost invisible (Fig. 6a). Strikingly, upon mixing,
MeCP2 co-phase separated with RBFOX2, forming many larger
droplets, while MeCP2 AMBD, AID, and ATRD mutants failed to
do so, although the ATRD and RBFOX2 formed somewhat
smaller droplets (Fig. 6a). Notably, MeCP2 disease mutants
R106W and T158M, which showed impaired phase separation,
also failed to co-phase separate with RBFOX2 (Fig. 6a). As a non-
interacting control for MeCP2, MeCP2 did not co-phase separate
with hnRNP A1 (Supplementary Fig. 12). These data indicate that

p < 0.001, two-sided Student's t test). Source data are provided as a Source data file.

WT MeCP2, but not MeCP2 with disease mutations, co-phase
separated with RBFOX2 in vitro.

To investigate whether MeCP2 and RBFOX2 form condensates
in cells, we further determined the cellular localization of MeCP2
and RBFOX2 and observed that endogenously eGFP-tagged MeCP2
and mCherry-tagged RBFOX2 were partially co-localized in
HEK293T live cells (Fig. 6b). The nuclear condensates containing
both MeCP2-eGFP and RBFOX2-mCherry proteins formed quickly
and displayed dynamic internal rearrangement and rapid exchange
kinetics in the FRAP assay (Fig. 6c, d). Next, we overexpressed
MeCP2 and RBFOX2 proteins in HEK293T cells and monitored the
dynamic localization/association of MeCP2 mutants and RBFOX2
in live cells. Similar to endogenous proteins, a significant fraction of
WT MeCP2 and RBFOX2 co-localized within the punctate
structure, while MeCP2 R106W and T158M mutant proteins were
unevenly distributed in the nuclei and formed large clusters that
were not co-localized with RBFOX2 (Fig. 6e). Results from FRAP
assays showed that MeCP2 and RBFOX2 formed condensates with
liquid-like property in HEK293T live cells (Supplementary Fig. 13a,
b). In MeCP2 KO live cells, the puncta formed by RBFOX2
exhibited much less liquid-like property, and co-expression of WT
MeCP2, but not R106W or T158M, rescued the dynamic exchange
of RBFOX2 (Supplementary Fig. 13c, d). In addition, treatment of
HEK293T cells with 5-Aza resulted in fewer puncta containing
MeCP2 and RBFOX2 (Supplementary Fig. 14a). DRB treatment
showed a similar effect, while the puncta containing both proteins
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were re-formed after DRB washout (Supplementary Fig. 14b).
These data indicate that MeCP2 and RBFOX2 form liquid-like
condensates in cultured cells, which depends on DNA methylation
and nascent RNA synthesis.

Next, we examined whether MeCP2 and Rbfox proteins form
condensates in mouse cerebral cortex by performing immuno-
fluorescence staining assays (Supplementary Fig. 15a—c). In WT

mice, MeCP2 had strong staining at pericentromeric hetero-
chromatin  overlapped with  4,6-diamidino-2-phenylindole
(DAPI)-dense regions, as documented earlier®. Apart from
heterochromatin, the rest of MeCP2 was partially co-localized
with Rbfox1/2/3 proteins (Fig. 7a and Supplementary Figs. 15 and
16a, b). A portion of MeCP2 T158M was redistributed to
nucleolus as previously reported>, and the rest of T158M showed
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Fig. 6 WT MeCP2, but not its disease mutants, forms liquid-like condensates with RBFOX2. a Representative fluorescence images of droplets formed by
MeCP2 WT, AMBD, AID, ATRD, R106W, or T158M alone or together with RBFOX2 at 150 mM salt condition. Scale bar, 5 um. b Representative live cell
images of eGFP-tagged MeCP2 and mCherry-tagged RBFOX2 in HEK293T knock-in cells. The nucleus is outlined by dotted lines. The average Pearson's R
value with a standard deviation is 0.48 £ 0.13 (n =15 cells). Scale bar, 2 um. ¢ The dynamics of condensate formation by MeCP2-eGFP and RBFOX2-
mCherry in HEK293T knock-in live cells. Scale bar, Tum. d Quantitation of FRAP analysis of puncta with both MeCP2-eGFP and RBFOX2-mCherry in
HEK293 knock-in cells. Error bars represent standard deviations (n =20 cells). e Representative confocal fluorescence microscopic images of RBFOX2,
WT, and mutant MeCP2 proteins in HEK293T live cells. Pearson’s R value analyses are shown on the right. Error bars represent standard deviations
(n=30 cells; ***p < 0.001, two-sided Student's t test). Scale bar, 2 um. Source data are provided as a Source data file.

much less co-localization with Rbfox1/2/3 proteins than MeCP2
WT (Fig. 7a and Supplementary Fig. 16a, b). Notably, the
numbers of puncta formed by Rbfox proteins >0.04 um? per cell
in WT mice were higher than those in MeCP2 KO or T158M
mice (Fig. 7b). We also examined the localization of the LASR
component hnRNP M in mouse brains. In WT mice, Rbfox
proteins were partially co-localized with hnRNP M, while a clear
decrease in their co-localization was observed in MeCP2 KO or
T158M mice (Fig. 7c and Supplementary Fig. 17a—c). These data
further confirmed the defects in forming the MeCP2/Rbfox/LASR
complex in MeCP2 KO and T158M mice.

Discussion

In this study, we discovered that MeCP2 forms a higher-order
assembly with the splicing complex Rbfox/LASR (Figs. 1, 2, and 4
and Supplementary Fig. 6). In cultured human cells and mouse
brains, depletion or mutation of MeCP2 led to the dissociation of
MeCP2/Rbfox/LASR (Figs. 3a, b and 4b and Supplementary
Fig. 6), resulting in decreased binding of Rbfox proteins to their
pre-mRNA targets and mis-regulation of alternative splicing (AS;
Figs. 3 and 5 and Supplementary Figs. 8 and 9). The scaffold role
of MeCP2 in the assembly of Rbfox/LASR correlates with its
ability to drive phase condensation. MeCP2 with disease muta-
tions reduced the ability to form condensates both in vitro and
in vivo (Figs. 6a, e and 7a and Supplementary Fig. 11e). MeCP2
interacts directly with the multivalent protein RBFOX2 through
its MBD and ID (Fig. 2) and forms nuclear condensates with
Rbfox proteins in cultured cells and mouse brains (Figs. 6 and 7
and Supplementary Figs. 13 and 16). In MeCP2 KO and T158M
mice, Rbfox proteins formed smaller condensates that exhibited
less co-localization with LASR component, hnRNP M (Fig. 7b
and Supplementary Figs. 16 and 17). Taken together, these data
link an impaired function of MeCP2 mutation in splicing control
to its defective properties to mediate the higher-order assembly of
the MeCP2/Rbfox/LASR complex.

Our data provide an impactful link between Rbfox proteins and
RTT. Besides their roles in normal neuronal function, Rbfox
proteins have been associated with a range of neurological dis-
orders. Deletion, mutation, and translocation in the RbfoxI gene
were found in individuals with mental retardation, epilepsy,
autism, and development delay>®-38. Consistently, CNS-specific
Rbfox]1 KO displayed seizure and neuronal hyperexcitation
phenotypel”. Deletion in the Rbfox3 gene was also found in
patients with epilepsy®®. All three Rbfox proteins are under-
expressed in individuals with autism spectrum disorder?%40, As
epilepsy and autistic features are common in RTT, it suggests that
defects in the expression/function of Rbfox proteins may con-
tribute to the pathogenesis of RTT and manipulating Rbfox
proteins may provide a potential therapeutic strategy for the
treatment of RTT. In addition, both Neurexins and Neuroligins
are synaptic cell adhesion molecules that connect pre- and post-
synaptic neurons at synapses and play critical roles in synaptic
formation and trans-synaptic signaling. Mutations or alterations
in the expression of Neurexins or Neuroligins have been impli-
cated with epilepsy, intellectual disability, and autism spectrum

disorders32. The functions of AS of exon SS4 in Neurexin genes
have been extensively studied and shown to control neuronal
synapse specification and memory preservation*!42. It will be
interesting to further explore the roles of these newly identified
splicing targets for Rbfox/LASR in the pathogenesis of RTT.

The assembly of individual biomolecules into a multiunit
functional complex at the same time and place is fundamental to
nearly all biological processes. Emerging evidence indicates that
many membraneless compartments range in size from tens of nm
to tens of pm in cells are formed by LLPS, which have been shown
to play important roles in a wide variety of cellular processes
including autophagy, DNA damage, signal transduction, synaptic
development, heterochromatin formation, transcriptional activa-
tion, and ribosome biogenesis*3-4>. The number of proteins
proved to display liquid-like physical property is growing fast.
However, the regulation of the condensate formation and the
function of the cellular condensate in gene expression regulation
are not well understood. Recently, three studies reported that
MeCP2 has the ability to form liquid-like condensate and MeCP2
disease mutations display abolished condensate property40-48,
Wang et al. showed that MeCP2-mediated condensate formation
participates in chromatin compartmentalization by competing
with histone H140. Li et al. reported that MeCP2 is a dynamic
component of heterochromatin condensates and suggested a link
between disruptive condensate properties of RTT mutations and
changes in chromatin architecture and transcriptional regulation
of RTT*8, In addition, all three studies found that methylated
DNA enhances phase separation of MeCP2 in vitro%0-48, Here we
focus on the nuclear condensates formed by MeCP2, which are
not localized in the DAPI-bright heterochromatin but localized in
the DAPI-weak euchromatin. Both MeCP2 and Rbfoxs are
multivalent proteins and carry IDR or LCR. We show that
MeCP2 is able to co-phase separate with Rbfox proteins in vitro
and forms condensates with Rbfox proteins in both cultured
human cells and mouse brains. Results from 5-Aza and DRB
treatment (Supplementary Figs. 5 and 14) further suggest that
these nuclear condensates are formed co-transcriptionally and
primed by DNA methylation or MeCP2 binding to chromatin.
Importantly, loss of or disruption of condensate properties by
MeCP2 KO or disease-causing mutations displayed defects in
forming MeCP2 condensates with these splicing regulators.
Together, these findings link RTT to an impaired function of
MeCP2 in splicing control through its role in nucleating Rbfox/
LASR macromolecule assembly.

In metazoan, the majority of splicing events occur co-
transcriptionally*®, Our data provide evidence that MeCP2
functions in co-transcriptional regulation of AS by concentrating
local splicing regulators on the chromatin via condensate for-
mation. Previous studies on co-transcriptional regulation of
splicing by MeCP2 show that it binds to methylated DNA and
affects the elongation rate of Pol II to modulate exon inclusion or
intron retention®%>1. Here, our results suggest that MeCP2 acts as
a hub for nucleating a group of RNA-binding proteins (RBPs)
with a high local concentration, while loss of or mutation of
MeCP2 has defects in promoting higher-order assemblies, leading
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to the reduced binding of splicing regulators to their targets or the
remodeling of local interaction networks between splicing reg-
ulators and their bound RNAs. Recently, multivalent assemblies
of RBPs into higher-order protein complexes have been shown to
expand the regulatory capacity of global splicing control27-2,
Considering that MeCP2 is a multivalent protein and its broad
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binding to chromatin, further research is warranted to investigate
whether MeCP2 recruits any other chromatin remodeling factors
or post-transcriptional regulators via forming the higher-order
assemblies on chromatin and whether these condensates mediate
the molecular functions of MeCP2 underlying the pathogenesis
of RTT.
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Fig. 7 MeCP2 KO and T158M mice show defects in forming nuclear condensates with Rbfox proteins. a Representative immunofluorescence
microscopic images of endogenous MeCP2 and Rbfox1 in the brains of WT and MeCP2 T158M mice. Scale bar, 2 um. Line scan graphs are shown on the
right. The average Pearson's R values for MeCP2 and Rbfox1in WT and T158M mice with standard deviations are 0.58 + 0.12 and —0.31 £ 0.11, respectively
(n =30 cells, DAPI-bright regions were excluded during quantitation). b The numbers of puncta >0.04 pm? formed by Rbfox1, Rbfox2, and Rbfox3 were
counted per cell. Error bars represent standard deviations (n =100 cells; ***p < 0.001, two-sided Student's t test). ¢ Representative immunofluorescence
microscopic images of endogenous Rbfox1 and hnRNP M in the brains of WT, MeCP2 KO, and T158M mice. Scale bar, 2 um. Line scan graphs are shown on
the right. The average Pearson’s R values with standard deviations for hnRNP M and Rbfox1 in WT, MeCP2 KO, and T158M mice are 0.43 +0.11,
—0.06+0.10, and —0.07 £ 0.10, respectively (n =30 cells). Source data are provided as a Source data file.

Methods

Mice. Female Mecp2™l mice bearing loxP sites flanking exon 3 of the Mecp2 gene
(B6.12954-Mecp2t™lae/Mmucd)’ from MMRRC and male NesCre8 mice were
crossed to produce neuronal-specific Mecp2 KO mice. MeCP2-GFP-T158M? mice
(B6.129P2(Cg)-Mecp2tm4-1 Birdjy) were purchased from the Jackson Laboratory
(#026762). All animals were housed in a pathogen-free facility at an ambient
temperature ~22 °C with a humidity of 50% and a 12-h light/12-h dark cycle. Brain
tissues were obtained from 6-week-old male mice in this study. All mouse
experiments were approved by the Institutional Animal Care and Use Committee
(IACUC) at the Shanghai Institute of Biochemistry and Cell Biology, Chinese
Academy of Sciences and conducted in accordance with the guidelines of IACUC.

Plasmid construction. To generate the plasmid for eukaryotic expression of
FLAG-MeCP2, PCR fragments encoding FL MeCP2 and its mutation derivatives
amplified from HKE293T cell cDNA were inserted into p3XFLAG-CMV-10
(Sigma) between EcoRI and Xbal sites. To construct expression plasmid for
RBFOX2-FLAG, PCR fragments encoding FL RBFOX2 amplified from HEK293T
cell cDNA were inserted into pcDNA3 (Invitrogen) between HindIII and

Xhol sites.

To construct plasmids for protein purification from bacteria, PCR fragments
encoding WT, R106W, T158M, AMBD, AID, or ATRD MeCP2 along with EGFP-
twin-strep were inserted into pGEX-6P-1 (Pharmacia), PCR fragments encoding
Rbfox2 or hnRNPALI along with mCherry were inserted into pET28a (Novagen)
between BamHI and Xhol sites, PCR fragments encoding MBD, ID, or MBD + ID
were inserted into pGEX-5X-2 (Cytiva) between BamHI and EcoRI sites, and PCR
fragment encoding RBFOX2 was inserted into pET28a between BamHI and
Xhol sites.

The splicing minigene constructs contain the alternative exon together with its
flanking constitutive exons and introns. For Nrxn3 W'T minigene, intron sequences
were shortened from 250 nt downstream of the 5 splicing site (5’SS) to 350 nt
upstream of the 3’SS. For Nignl WT minigene, intron sequences were deleted from
250 nt downstream of the 5’SS to 250 nt upstream of the 3’SS. In Nrxn3 and Nignl
mutant constructs, RBFOX2-binding sites downstream of the alternative exon were
mutated. PCR fragments containing mouse Nrxn3 and Nignl sequences generated
by PCR mutagenesis method were inserted into pcDNA3 between HindIII and
Xhol sites. The sequences of all the oligonucleotides used in this study are listed in
Supplementary Table 1.

Western blotting. Protein samples were separated by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE) followed by gel transfer to
nitrocellulose membrane (Cytiva). The membranes were sequentially incubated
with primary antibodies and horseradish peroxidase (HRP)-conjugated secondary
antibodies followed by detection with enhanced chemiluminescence system (Mil-
lipore) using Amersham Imager 680 (Cytiva). The primary antibodies used in this
study were anti-FLAG (Sigma-Aldrich, F3165, 1:8000 diluted), anti-GAPDH (ImB,
MMO001, 1:3000 diluted), anti-MeCP2 (Diagenode, pAb-052-050), anti-Rbfox1(-
Millipore, MABE159), anti-Rbfox2 (Bethyl, A300-864A), anti-Rbfox3 (Millipore,
MAB377), anti-Matrin3 (Bethyl, A300-591A), anti-hnRNP M (Santa Cruz, sc-
20001), anti-hnRNP A1 (Santa Cruz, sc-32301), anti-hnRNP C (Abclonal, A0057),
anti-hnRNP H1 (Abclonal, A5924), anti-hnRNP U (Abclonal, A9907), anti-hnRNP
F (Abclonal, A5505), anti-NF110 (Abclonal, A2496), anti-hnRNP K (Abclonal,
A1701), anti-histone H3 (Abcam, ab1791), anti-DDX5 (Abcam, ab21696), and
anti-GFP (Proteintech, 66002-1-Ig). Dilutions of all primary antibodies were
1:1000 if not specifically mentioned. HRP-conjugated secondary antibodies (1:2500
diluted) were anti-mouse IgG (Promega, W4021), anti-rabbit IgG (Promega,
'W4011), and conformation-specific anti-rabbit IgG (Cell Signaling, 3678).

Preparation of HMW extract. Cultured cell pellets resuspended in ten volumes of
cold hypotonic buffer (10 mM HEPES-KOH pH 7.5, 1.5 mM MgCl,, 10 mM NacCl,
1.25x cOmplete™ protease inhibitors (Roche), 0.5 mM dithiothreitol (DTT),
0.15% NP-40) or mouse tissues homogenized in cold brain lysis buffer (10 mM
HEPES-KOH pH 7.5, 5mM CaCl,, 3 mM MgCl,, 0.1% NP-40, 0.1 mM EDTA,
0.32 M Sucrose, 1 mM DTT) by pushing through 26 G needles were centrifuged at
956 x g for 8 min at 4 °C followed by incubation with ten volumes of HMW lysis
buffer (20 mM HEPES-KOH pH 7.5, 150 mM NacCl, 1.5 mM MgCl,, 0.5 mM DTT,
1.25x cOmplete™ protease inhibitors, 0.6% Triton X-100) for 5 min. Soluble

fractions and pellets were separated by centrifugation at 20,000 x g for 5 min at
4°C. The pellets were lysed with an equal volume of HMW lysis buffer containing
5 U/ul of Benzonase (Sigma, E1014-25KU) at 25 °C on a rotator for 20 min, and the
HMW extracts were cleared by centrifugation at 20,000 x g for 10 min at 4 °C.

Immunoprecipitation. HMW extracts isolated from cultured cells or mouse tissues
were incubated at 4 °C for 3 h with FLAG M2 Agarose beads (Sigma, A2220) or the
appropriate antibodies previously immobilized on Protein G Agarose Beads
(Roche, 11243233001). The beads were subsequently washed three times with wash
buffer (50 mM Tris-Cl pH 7.4, 300 mM NaCl, 0.1% NP-40, 1 mM DTT, 1 mM
phenylmethanesulfonylfluoride (PMSF)). Proteins were separated by SDS-PAGE
followed by western blotting.

Glycerol gradients. HMW extracts were loaded and resolved on 10-50% glycerol
gradients containing 20 mM HEPES-KOH pH 7.5, 150 mM NaCl, 0.5 mM DTT,
1.25x cOmplete™ protease inhibitors in 11 x 34 mm centrifuge tubes (Beckman
Coulter). The gradients were then spun in an S55S rotor (Hitachi) at 130,000 x g
for 15h at 4°C.

GST pull-down. GST or GST-tagged proteins immobilized on 10 pl of glutathione-
Sepharose 4B (Cytiva, 17-0756-01) were incubated with His-Rbfox2 for 3 h at 4°C
in N150 buffer (50 mM Tris-Cl pH 7.4, 150 mM NaCl, 0.1% NP-40, 1 mM DTT)
followed by washing four times with 1 ml N150 buffer. The bound proteins were
fractionated by 10% SDS-PAGE and visualized by Coomassie blue staining.

Affinity pull-down by biotinylated double-stranded DNA (dsDNA) oligonu-
cleotides. Single-stranded biotinylated DNA oligonucleotides (sequences in Sup-
plementary Table 1) were annealed into dsDNA in PCR buffer (50 mM KCI,

10 mM Tris-Cl pH 8.3, 1.5 mM MgCl,). In all, 1 pg annealed dsDNA was immo-
bilized on 10 pl Dynabeads™ M-280 Streptavidin (Invitrogen, 11206D) in BW
Buffer (10 mM Tris-Cl pH 7.4, 1 mM EDTA, and 1 M NaCl) at room temperature
for 15 min. After washing with BW Buffer, beads were incubated with 5 pug GST or
GST-MBD-ID proteins with or without His-Rbfox2 for 3 h at 4 °C in N150 buffer
followed by washing with N150 buffer. The bound proteins were fractionated by
10% SDS-PAGE and visualized by Coomassie blue staining.

Generation of HEK293T KO or KI cell lines by CRISPR/Cas9. To generate
HEK293T MeCP2 KO cell lines, CRISPR guide RNA (gRNA) sequences were
designed by http://crispr.mit.edu. Oligonucleotides carrying two pairs of gRNA
sequence were annealed and cloned into px330-mCherry vector (Addgene),
respectively. HEK293T cells were transfected with sgRNA expression plasmids.
Forty-eight hours post-transfection, mCherry-positive cells were sorted into 96-
well plates using FACSAria SORP (BD Biosciences). Single colonies were validated
by genotyping, Sanger sequencing, and western blot analysis.

To generate RBFOX2 ACTD KI HEK293T cell lines, CRISPR guide sequences
targeting the flanking regions of exon 10 and exon 14 of RBFOX2 were designed to
delete RBFOX2 CTD encoding sequence. To construct the donor plasmid for KI,
the left homology and right homology arms containing ~1500 bp sequences
flanking intron 9 and exon 14, respectively, were inserted into pGEM®-T Easy
vector (Promega, PR-A1360). HEK293T cells were transfected with two sgRNA
CRISPR vectors together with the donor plasmid at a ratio of 1:1:2. Positive
colonies were sorted and validated as described above. The resulting KI cells
express a truncated RBFOX2 protein (the first 326 aa of RBFOX2) with an SV40
NLS introduced upstream of the stop codon.

To generate MeCP2-eGFP with/without RBFOX2-mCherry KI HEK293T cell
lines, donor plasmids containing the corresponding left and right homology arms
as well as the coding sequence of eGFP or mCherry were generated. HEK293T cells
were transfected with MeCP2-eGFP sgRNA CRISPR vector and donor plasmid at a
ratio of 2:1. eGFP-positive colonies were sorted into 96-well plates and further
validated by fluorescence microscope observation and Sanger sequencing.
Validated MeCP2-eGFP-KI cell lines were further transfected with RBFOX2-
mCherry sgRNA CRISPR vector and its corresponding donor plasmid at a ratio of
2:1. eGFP and mCherry double positive colonies were sorted and sequencing
validated.
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RNA-seq and data analysis. Total RNAs were isolated from cultured cells or
cerebral cortex tissues from MeCP2 mutant mice and their WT littermates at age
6 weeks using TRIzol™ Reagent (Invitrogen, 15596026) and processed for paired-
end (2 x 150 nt) RNA-seq on an Illumina X Ten platform according to the man-
ufacturer’s instruction. The paired-end raw reads were first cleaned by
Trimimomatic®3. After trimming the adapter sequence, removing low-quality
bases, and filtering short reads, cleaned reads pairs were retained for further
analysis. The genome sequence and gene annotation of human (GRCh38) and
mouse (GRCm38) were downloaded from GENCODES%“. Cleaned reads were
mapped to the genome sequence by HISAT?? with default parameters. Numbers of
reads that were mapped to each gene were calculated with the htseq-count script in
HTSeq*®. AS events in RNA-seq data were detected by rMATS” and
PAIRADISE®® with junction reads coverage >15. The PSI (percent spliced in)
difference of a given AS event between two conditions was considered to be sig-
nificant if the false discovery rate calculated by rMATS was <0.05 and the APSI was
>10.

iCLIP-seq and data analysis. iCLIP-seq was performed as previously described>®
with several modifications. Briefly, HEK293T WT or MeCP2 KO cells were irra-
diated once with 125 mJ/cm? at 254 nm. The iCLIP lysis buffer (50 mM Tris-Cl pH
7.4, 100 mM NaCl, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate, 1x cOm-
plete™ protease inhibitors) was added to resuspend cell pellets. Cell lysates were
sonicated in a Bioruptor (Diagenode), and then RNAs were partially fragmented
with either high or low concentration of RNase A (Qiagen, 19101). The
RNA-protein complexes were immunoprecipitated with anti-RBFOX2 antibody
immobilized on protein G dynabeads (Invitrogen, 10004D), and washed with High
salt wash buffer (50 mM Tris-Cl pH 7.4, 1 M NaCl, 1 mM EDTA, 1% NP-40, 0.1%
SDS, 0.5% Sodium Deoxycholate) and PNK buffer (20 mM Tris-Cl pH 7.4, 10 mM
MgCl,, 0.2% Tween-20). 3’ End of RNAs were dephosphorylated and ligated to a
L3-linker. RNAs were then radioactively labeled by T4 polynucleotide kinase
(Thermo, EK0031), and transferred from the NuPAGE™ 4-129% Bis-Tris protein
gels (Invitrogen) to a Protran BA 85 nitrocellulose membrane (Whatman). The
RNA-protein complexes from a low concentration of RNase A treatment were
recovered from the membrane and reverse transcribed with RTclip2.0 primer.
cDNA was purified and ligated at 5° end with Lclip2.0 linker containing a certain
barcode. For iCLIP ¢DNA library amplification, cDNA was first amplified with
P5Solexa_s and P3Solexa_s, and PCR products were size selected with ProNex”
chemistry. Products from the first amplification were then re-amplified with
P5Solexa and P3Solexa and size selected. The cDNA library was processed on an
Mlumina X Ten sequencer.

The iCLIP data were processed from raw reads to RBP-binding sites by the
pipeline as previously described®. Briefly, the barcoded regions in the reads were
filtered by FASTX-Toolkit. The demultiplexing and adapter trimming were
performed by Flexbar®!. Only trimmed reads with a length at least 15 nt were kept
for further analysis. The individual FASTQ files for each sample were mapped to
the human reference genome (GRCh38) by STAR®2. The technical duplicates were
removed using UMI-tools®3. After deduplication, the crosslink events were
transformed from the mapped reads by extracting the position upstream of the 5
end of the reads with BEDtools®*. The crosslink sites with significantly enriched
crosslink events were identified by PureCLIP®5 and post-processed by the steps as
previously described®’.

RNA map. The crosslink events located within one annotated gene were nor-
malized by the total count of the respective gene and the gene length®. The total
number of normalized crosslink events relative to the 3°SS and 5’SS of the enhanced
and silenced skipped exon (SE) events were shown in the RNA map. We used a 30
nt sliding window with 1 nt step to detect the regions in which crosslink events
were significantly different between WT and KO samples. In each step, we per-
formed ¢ test with the number of crosslink events of two samples and calculated the
fold change. The windows with Bonferroni adjusted p value < 0.01 and fold change
>2 were merged and shown as a red box in the RNA map (Fig. 3f).

RNA immunoprecipitation. The freshly dissected cerebral cortex was partially
triturated in ice-cold dissection buffer (161 mM NaCl, 5mM KCl, 1 mM MgSO,,
3.7mM CaCl,, 5mM HEPES, 5.5 mM glucose) and transferred to a 10-cm cell
culture plate followed by 3 pulses of UV irradiation at 160 mJ/cm? and homo-
genizing in iCLIP lysis buffer. Homogenized samples were sonicated with Bior-
uptor (Diagenode), and then RNAs were partially fragmented with RNase A. After
centrifugation at 20,000 x g for 20 min, an aliquot (10%) of supernatant was saved
as input sample. The remaining supernatant was immunoprecipitated with Rabbit
IgG (ImB, IL003), anti-Rbfox1, anti-Rbfox2, anti-Rbfox3, or anti-hnRNP M
(Abclonal) antibodies immobilized on protein G dynabeads. Beads bound with
RNA-protein complexes were washed with High salt wash buffer and PNK buffer,
respectively. Immunoprecipitated RNAs were isolated using TRIzol™ Reagent.
and then reverse-transcribed into the first-strand cDNAs using Random primer
and Superscript III reverse transcriptase (Invitrogen, 18080093). The cDNAs were
further analyzed by real-time qPCR using iTaq™ Universal SYBR Green® Supermix
(Bio-Rad, 1725121) on a LightCycler® 96 Instrument (Roche, 05815916001).

Chromatin immunoprecipitation. The freshly dissected cerebral cortex was par-
tially triturated in phosphate-buffered saline (PBS) and crosslinked with 1% for-
maldehyde at room temperature for 20 min. Crosslinking was then quenched with
0.125 M glycine for 10 min at room temperature. Crosslinked tissue was then
homogenized in Nuclei lysis Buffer (50 mM Tris-Cl pH8.0, 10 mM EDTA, 1% SDS,
and 1x cOmplete™ protease inhibitors). Soluble chromatin was prepared by
sonication and the final average size of DNA fragment was 150-300 bp. After
centrifugation at 20,000 x g for 20 min, an aliquot (5%) of supernatant was saved as
input sample. The remaining supernatant was pre-cleared and diluted with 2x
ChIP dilution buffer (0.02% SDS, 2.2% Triton X-100, 2.4 mM EDTA, 33.4 mM
Tris-Cl pH 8.0, 334 mM NaCl). Diluted chromatin was immunoprecipitated with
Rabbit IgG, anti-Rbfox1, anti-Rbfox2, anti-Rbfox3, anti-hnRNP M, or anti-MeCP2
antibodies immobilized on pre-blocked protein G dynabeads. Beads bound with
chromatin-protein complexes were washed three times with TSE I buffer (20 mM
Tris-Cl pH 8.0, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% SDS), three
times with TSE II buffer (20 mM Tris-Cl pH 8.0, 500 mM NaCl, 2 mM EDTA, 1%
Triton X-100, 0.1% SDS), once with Wash buffer III (10 mM Tris-Cl pH 8.0,

250 mM LiCl, 1 mM EDTA, 1% NP-40, 1% sodium deoxycholate) and once with
TE buffer. The immunoprecipitated sample was eluted from beads with Elution
buffer (10 mM Tris-Cl pH 8.0, 1 mM EDTA, 1% SDS). After decrosslinking, RNase
A digestion, and proteinase K treatment, recovered DNA was further analyzed
by qPCR.

ChIP-seq/WGBS and data analysis. HEK293T cells were crosslinked with 1%
formaldehyde at room temperature for 15 min and then quenched with 0.125 M
glycine for 10 min at room temperature. Crosslinked cells were then homogenized
in cell lysis buffer (10 mM Tris-Cl pH8.0, 10 mM NaCl, 1.5 mM MgCl,, 0.1%
Triton X-100). After centrifugation at 956 x g for 10 min, pellets were further
homogenized in nuclei lysis buffer. Sonicated chromatin with an average size of
150-300 bp was cleared by centrifugation, an aliquot (5%) of supernatant was saved
as input sample. Diluted chromatin was immunoprecipitated with MeCP2 anti-
body immobilized on pre-blocked protein G dynabeads. Beads bound with
chromatin-protein complexes were washed three times with TSE I buffer, three
times with TSE II buffer, once with Wash buffer III and once with TE buffer. The
immunoprecipitated sample was eluted from beads with Elution buffer. After
decrosslinking, RNase A digestion, and proteinase K treatment, recovered Input
and ChIPed DNA were then processed for paired-end (2 x 150 nt) RNA-seq on an
Ilumina X Ten platform according to the manufacturer’s instruction of NEBNext
Ultra II DNA Library Prep Kit for Illumina (NEB, E7645). The paired-end ChIP-
Seq reads were mapped to the human reference genome (GRChg38) by Bowtie26”
with default parameters. The aligned reads with low mapping quality (MAPQ < 30)
or multiple positions on the genome were removed by SAMtools®8. Enriched peaks
were identified by MACS® with default parameters. The genomic positions of the
peaks were annotated by annotatePeak function in ChIPseeker package’’. Read
coverages along the genome were calculated and normalized to reads per million
(RPM) by BEDtools®*. The WGBS data of HEK293 are from GEO database
(GSE94055). We randomly chose the background splicing events that were located
on the same genes of the regulated events, then calculated the average normalized
MeCP2-binding intensities (RPM) and CpG methylation levels along the flanking
150 nt regions of the SEs for the regulated and random events, respectively. We
also calculated the 99% confidence interval of the random events for ChIP-seq and
CpG methylation data, respectively. The confidence interval was calculated by CI
function from Rmisc package in R.

In vivo splicing and RT-PCR. Minigene plasmids were co-transfected with either
empty pcDNA3 vector or pcDNA3-RBFOX2-FLAG expression plasmid into
HEK293T cells. Total RNAs were isolated with TRIzol'™ Reagent 40 h after
transfection and subjected to RT-PCR analysis using BGH as RT primer and gene-
specific primers for PCR. Exon inclusion ratios were quantified using GelAnalyzer.

Protein expression and purification. Recombinant MeCP2 and RBFOX2 proteins
were expressed in Escherichia coli strain BL21 (DE3) Gold. Cultures were grown in
LB media at 37 °C to ODgpq of 0.6, then induced by 0.2 mM IPTG at 18 °C
overnight. The cells were harvested by centrifugation at 4 °C and disrupted by
French Press (JNBio) in buffer 1 (20 mM Tris-Cl pH 8.0, 500 mM Imidazole, 1 mM
PMSF) for GST-MeCP2 FL/AMBD/AID/ATRD/R106W/T 158 M-eGFP-twin-strep
proteins and His-RBFOX2-mCherry protein. After centrifugation at 16,000 x g for
1h, the supernatant of recombinant MeCP2 proteins was loaded onto an HisTrap
HP column (Cytiva, 17524801). After extensive washing with buffer 1, the target
protein was eluted by buffer with a gradient of imidazole from 25 to 500 mM. GST-
tag was cleaved at 4 °C by 3 C protease. MeCP2 proteins were further loaded onto a
Strep-Tactin®XT column (IBA, 2-4022-001). After extensive washing with buffer
W (100 mM Tris-Cl pH 8.0, 150 mM Imidazole, 1 mM EDTA), MeCP2 proteins
were eluted by buffer W supplemented with 50 mM biotin, and then the eluate was
further flowed through a HiTrap Q HP anion exchange chromatography column
(Cytiva, 17115401) to remove impure proteins and loaded onto a HiTrap SP HP
chromatography column (Cytiva, 17115201). The target protein was eluted by
buffer with a gradient of NaCl from 100 mM to 1 M. The MeCP2 proteins were
dialyzed to the final buffer containing 300 mM NaCl and 20 mM Tris-Cl pH 8.0.
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The supernatant of recombinant RBFOX2 protein was loaded onto a His-Trap HP
column, and the eluate was further loaded onto a HiTrap Heparin HP affinity
column (Cytiva, 17040703). His-RBFOX2-mCherry protein was dialyzed to the
final buffer containing 150 mM NaCl and 20 mM Tris-Cl pH 8.0.

Recombinant GST-MBD/ID/MBD-ID proteins were expressed in the E. coli
strain BL21(DE3) Gold. The cells were harvested by centrifugation at 4 °C and
disrupted by French Press in buffer S (20 mM Tris-Cl pH 8.0, 500 mM NaCl, 1 mM
PMSEF). After centrifugation at 16,000 x g for 1h, the supernatant was loaded onto
a GSTrap HP column (Cytiva, 17528101). After extensive washing with buffer S,
the target protein was eluted using buffer S supplemented with 10 mM
L-Glutathione reduced (GSH). The target proteins were loaded on a HiTrap SP HP
column in Buffer A (100 mM NaCl, 20 mM Tris-Cl pH 8.0, 0.1% 2-
mercaptoethanol) and were gradient eluted with Buffer B (1 M NaCl, 20 mM
Tris-Cl pH 8.0, 0.1% 2-mercaptoethanol). The target proteins were further purified
by passage through a HiLoad 16/60 Superdex G75 column (Cytiva, 28989333) with
buffer GF (10 mM Tris-Cl pH 8.0, 500 mM NaCl, 1 mM DTT). The fractions
containing the target proteins were pooled and concentrated for further use.

Droplet assembly. Recombinant eGFP or mCherry fusion proteins were diluted
from a high salt storage buffer to different concentrations in a buffer containing
20 mM Tris-Cl pH 7.5, 0.1 mM PMSF, and indicated salt concentration. For

150 mM salt condition, crowding agent PEG-8000 was added with a final con-
centration of 10%. The protein solution was immediately loaded onto a homemade
chamber comprising a glass slide with a coverslip attached to two parallel strips of
double-sided tape. Slides were imaged within 10 min under a Zeiss LSM 880 with a
x63 immersion objective.

FRAP assay. In vivo and in vitro FRAP experiments were performed on a White
Light Laser Confocal microscope (Leica TCS SP8 X) with a x63 (in vivo) or x100
(in vitro) immersion objectives and operated with the LAS-X imaging software. For
in vitro FRAP assay, the region of interest (ROI) was photobleached with a 488-nm
laser (2 repeats, 100% intensity, dwell time 1 s) and images were collected every 5s.
For in vivo FRAP, cells were seeded on 29 mm no.1.5 glass-bottom dishes (Cellvis).
The culture medium was replaced by phenol red-free Dulbecco’s modified Eagle’s
medium (DMEM; GIBCO) supplemented with 10% fetal bovine serum (FBS)
before imaging. Images were acquired on a White Light Laser Confocal microscope
Leica TCS SP8 X under FRAP mode. The ROI was photobleached with a 488-nm
laser using 75% laser power (dwell time 1's), and images were collected every 5.
Fluorescence intensity within the ROI was obtained for each experiment. Back-
ground intensity was subtracted, and fluorescence intensity values were normalized
relative to pre-bleaching time points.

Immunofluorescence. Six-week-old mice were transcardially perfused with 4%
paraformaldehyde (PFA) in PBS, and the brains were dissected and post-fixed in
PBS containing 4% PFA overnight at 4 °C. Fixed tissues were dehydrated with 30%
sucrose and embedded for cryostat sectioning. Embedded tissues were sectioned
coronally at a thickness of 40 um. Free-floating brain sections were permeabilized/
blocked in PBS containing 0.75% Triton X-100 and 5% bovine serum albumin
(BSA) for 1.5 h at room temperature. Pretreated sections were incubated in diluted
primary antibodies (MeCP2 1:500, Rbfox1 1:100, Rbfox2 1:100, Rbfox3 1:100,
hnRNP M 1:500) in PBS containing 1% BSA overnight at 4 °C and then incubated
in diluted fluorescent secondary antibodies (1:500) and DAPI (Invitrogen, D1306)
for 1 h at room temperature. Stained sections were finally mounted onto glass slides
with ProLongTM Diamond Antifade Mountant (Invitrogen, P36965). Immuno-
fluorescence of HEK293T cells was performed as described above with several
modifications. Briefly, cells seeded on the coverslips were fixed with 4% PFA in PBS
for 10 min at room temperature, permeabilized using 0.5% Triton X-100 in PBS for
5min, and then blocked with PBS containing 10% BSA for 1h at room tem-
perature. Primary antibodies were diluted (MeCP2 1:500, Rbfox2 1:100) with PBS
containing 1% BSA and incubated for 1.5h at room temperature. Fluorescent
secondary antibodies were 1:500 diluted in PBS containing 1% BSA and incubated
for 1h at room temperature. The nuclei were stained with DAPI for 5 min and
finally mounted onto glass slides. Fluorescent secondary antibodies used in
immunofluorescence were goat anti-rabbit secondary antibody, Alexa Fluor 488
(Thermo, A-11008), goat anti-mouse secondary antibody, Alexa Fluor 488
(Thermo, A-11001), goat anti-mouse secondary antibody, Cyanine3 (Thermo,
A10521), and goat anti-rabbit secondary antibody, Alexa Fluor 647 (Thermo, A-
21244). Two or three brain slices per mouse (# = 3 mice per strain) were prepared
as described above. Low magnified images of cortical layers were acquired on a
White Light Laser Confocal microscope Leica TCS SP8 X with a x10 objective
under Mark & Find and Tile Scan mode. High-resolution images were acquired on
a White Light Laser Confocal microscope Leica TCS SP8 X with a x63 objective
under HyVolution mode and then were deconvolved using Huygens Essential
Automatic approach provided by the LAS-X imaging software. Raw images were
then post-processed using Fiji Is Just Image].

Drug treatments. For 5-Aza treatment, cells were treated with 5 uM 5-Aza or the
same volume of dimethyl sulfoxide (DMSO) for 72 h. Fresh medium containing

5-Aza or DMSO were replaced every 24 h. For DRB treatment, cells were treated
with 100 uM DRB or the same volume of DMSO for 2 h. For DRB washout
experiment, cells were treated with DRB for 2 h as described above and then
washed with fresh medium and left to recover in fresh medium for 2 h.

Live imaging. Cells were seeded on 29 mm no.1.5 glass-bottom dishes (Cellvis).
The culture medium was replaced by phenol red-free DMEM supplemented with
10% FBS before imaging. Images were acquired on the White Light Laser Confocal
microscope Leica TCS SP8 X with a x63 objective and operated with the LAS-X
imaging software. Raw images were post-processed using Fiji Is Just Image].

Immunofluorescence quantification analysis. Fiji’s plugin Coloc2 was applied in
the analysis of co-localization. Individual cells were selected as a ROI, and Pear-
son’s correlation coefficient was quantified. For quantification of nuclear puncta
number, automatic thresholds were calculated for individual deconvolved images.
Numbers of nuclear puncta in each cell were automatically counted using Fiji’s
Analyze Particles tool, and only particles with a size >0.04 um? was counted as a
nuclear punctum.

Statistics and reproducibility. Statistical parameters were defined and reported
either in individual figures or corresponding figure legends. Statistical analyses
were performed using the two-sided Student’s ¢ test in Prism 8.0 (Graphpad) or
Excel (Microsoft).

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Sequencing data generated in this study are available in the Gene Expression Omnibus
under accession number GSE142716. The mass spectrometry data are available at iProX
database with the dataset identifier PXD021650. The data supporting the findings of this
study are available from the corresponding authors upon reasonable request. Source data
are provided with this paper.

Code availability
R code to perform RNA map analysis is available at https://github.com/HJY-Lab/
MeCP2_splicing (https://doi.org/10.5281/zenodo.5336258).

Received: 25 August 2020; Accepted: 13 September 2021;
Published online: 01 October 2021

References

1. Lombardi, L. M., Baker, S. A. & Zoghbi, H. Y. MECP2 disorders: from the
clinic to mice and back. J. Clin. Investig. 125, 2914-2923 (2015).

2. Ip,]J. P. K, Mellios, N. & Sur, M. Rett syndrome: insights into genetics,
molecular and circuit mechanisms. Nat. Rev. Neurosci. 19, 368-382
(2018).

3. Amir, R E. et al. Rett syndrome is caused by mutations in X-linked MECP2,
encoding methyl-CpG-binding protein 2. Nat. Genet. 23, 185-188 (1999).

4. Lewis, J. D. et al. Purification, sequence, and cellular localization of a novel
chromosomal protein that binds to methylated DNA. Cell 69, 905-914
(1992).

5. Skene, P. J. et al. Neuronal MeCP2 is expressed at near histone-octamer levels
and globally alters the chromatin state. Mol. Cell 37, 457-468 (2010).

6. Ibrahim, A. et al. MeCP2 is a microsatellite binding protein that protects CA
repeats from nucleosome invasion. Science 372, eabd5581 (2021).

7. Chen, R. Z., Akbarian, S., Tudor, M. & Jaenisch, R. Deficiency of methyl-CpG
binding protein-2 in CNS neurons results in a Rett-like phenotype in mice.
Nat. Genet. 27, 327-331 (2001).

8. Guy, J., Hendrich, B., Holmes, M., Martin, J. E. & Bird, A. A mouse Mecp2-
null mutation causes neurological symptoms that mimic Rett syndrome. Nat.
Genet. 27, 322-326 (2001).

9. Lyst, M. J. et al. Rett syndrome mutations abolish the interaction of MeCP2
with the NCoR/SMRT co-repressor. Nat. Neurosci. 16, 898-902 (2013).

10. Gabel, H. W. et al. Disruption of DNA-methylation-dependent long gene
repression in Rett syndrome. Nature 522, 89-93 (2015).

11. Boxer, L. D. et al. MeCP2 represses the rate of transcriptional initiation of
highly methylated long gene. Mol. Cell 77, 294-309 (2020).

12. Chahrour, M. et al. MeCP2, a key contributor to neurological disease, activates
and represses transcription. Science 320, 1224-1229 (2008).

13. Kornblihtt, A. R. et al. Alternative splicing: a pivotal step between eukaryotic
transcription and translation. Nat. Rev. Mol. Cell Biol. 14, 153-165 (2013).

14 | (2021)12:5767 | https://doi.org/10.1038/s41467-021-26084-3 | www.nature.com/naturecommunications


http://www.iprox.org
https://github.com/HJY-Lab/MeCP2_splicing
https://github.com/HJY-Lab/MeCP2_splicing
https://doi.org/10.5281/zenodo.5336258
www.nature.com/naturecommunications

ARTICLE

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Ule, J. & Blencowe, B. J. Alternative splicing regulatory networks: functions,
mechanisms, and evolution. Mol. Cell 76, 329-345 (2019).

Young, J. I et al. Regulation of RNA splicing by the methylation-dependent
transcriptional repressor methyl-CpG binding protein 2. Proc. Natl Acad. Sci.
USA 102, 17551-17558 (2005).

Li, R. et al. Misregulation of alternative splicing in a mouse model of Rett
syndrome. PLoS Genet. 12, 1006129 (2016).

Gehman, L. T. et al. The splicing regulator Rbfox1 (A2BP1) controls neuronal
excitation in the mammalian brain. Nat. Genet. 43, 706-711 (2011).
Wamsley, B. et al. Rbfox1 mediates cell-type-specific splicing in cortical
interneurons. Neuron 100, 846-859 (2018).

Gehman, L. T. et al. The splicing regulator Rbfox2 is required for both
cerebellar development and mature motor function. Genes Dev. 26, 445-460
(2012).

Cibi, D. M. et al. Neural crest-specific deletion of Rbfox2 in mice leads to
craniofacial abnormalities including cleft palate. Elife 8, e45418 (2019).
Jacko, M. et al. Rbfox splicing factors promote neuronal maturation and axon
initial segment assembly. Neuron 97, 853-868 (2018).

Jin, Y. et al. A vertebrate RNA-binding protein Fox-1 regulates tissue-specific
splicing via the pentanucleotide GCAUG. EMBO J. 22, 905-912 (2003).
Ponthier, J. L. et al. Fox-2 splicing factor binds to a conserved intron motif to
promote inclusion of protein 4.1R alternative exon 16. J. Biol. Chem. 281,
12468-12474 (2006).

Zhang, C. et al. Defining the regulatory network of the tissue-specific splicing
factors Fox-1 and Fox-2. Genes Dev. 22, 2250-2263 (2008).

Yeo, G. W. et al. An RNA code for the FOX2 splicing regulator revealed by
mapping RNA-protein interactions in stem cells. Nat. Struct. Mol. Biol. 16,
130-137 (2009).

Damianov, A. et al. Rbfox proteins regulate splicing as part of a large
multiprotein complex LASR. Cell 165, 606-619 (2016).

Ying, Y. et al. Splicing activation by Rbfox requires self-aggregation through
its tyrosine-rich domain. Cell 170, 312-323 (2017).

Ponnaluri, V. K. C,, Esteve, P. O., Ruse, C. I. & Pradhan, S.
S-adenosylhomocysteine hydrolase participates in DNA methylation
inheritance. J. Mol. Biol. 430, 2051-2065 (2018).

Weyn-Vanhentenryck, S. M. et al. HITS-CLIP and integrative modeling define
the Rbfox splicing-regulatory network linked to brain development and
autism. Cell Rep. 6, 1139-1152 (2014).

Ho, K. L. et al. MeCP2 binding to DNA depends upon hydration at methyl-
CpG. Mol. Cell 29, 525-531 (2008).

Lamonica, J. M. et al. Elevating expression of MeCP2 T158M rescues DNA
binding and Rett syndrome-like phenotypes. J. Clin. Investig. 127, 1889-1904
(2017).

Siidhof, T. C. Synaptic neurexin complexes: a molecular code for the logic of
neural circuits. Cell 171, 745-769 (2017).

Wright, P. E. & Dyson, H. J. Intrinsically disordered proteins in cellular
signaling and regulation. Nat. Rev. Mol. Cell Biol. 16, 18-29 (2015).

Adams, V. H., McBryant, S. J., Wade, P. A., Woodcock, C. L. & Hansen, J. C.
Intrinsic disorder and autonomous domain function in the multifunctional
nuclear protein, MeCP2. J. Biol. Chem. 282, 15057-15064 (2007).

Johnson, B. S. et al. Biotin tagging of MeCP2 in mice reveals contextual
insights into the Rett syndrome transcriptome. Nat. Med. 23, 1203-1214
(2017).

Bhalla, K. et al. The de novo chromosome 16 translocations of two patients
with abnormal phenotypes (mental retardation and epilepsy) disrupt the
A2BP1 gene. J. Hum. Genet. 49, 308-311 (2004).

Sebat, J. et al. Strong association of de novo copy number mutations with
autism. Science 316, 445-449 (2007).

Lal, D. et al. Burden analysis of rare microdeletions suggests a strong impact of
neurodevelopmental genes in genetic generalised epilepsies. PLoS Genet. 11,
1005226 (2015).

Lal, D. et al. RBFOX1 and RBFOX3 mutations in rolandic epilepsy. PLoS ONE
8, 73323 (2013).

Voineagu, L. et al. Transcriptomic analysis of autistic brain reveals convergent
molecular pathology. Nature 474, 380-384 (2011).

Ding, X. et al. Activity-induced histone modifications govern Neurexin-1
mRNA splicing and memory preservation. Nat. Neurosci. 20, 690-699 (2017).
Dai, J., Aoto, J. & Siidhof, T. C. Alternative splicing of presynaptic Neurexins
differentially controls postsynaptic NMDA and AMPA receptor responses.
Neuron 102, 993-1008 (2019).

Banani, S. F,, Lee, H. O,, Hyman, A. A. & Rosen, M. K. Biomolecular
condensates: organizers of cellular biochemistry. Nat. Rev. Mol. Cell Biol. 18,
285-298 (2017).

Shin, Y. & Brangwynne, C. P. Liquid phase condensation in cell physiology
and disease. Science 357, 6357 (2017).

Zhang, H. et al. Liquid-liquid phase separation in biology: mechanisms,
physiological functions and human diseases. Sci. China Life Sci. 63, 953-985
(2020).

46. Wang, L. et al. Rett syndrome-causing mutations compromise MeCP2-
mediated liquid-liquid phase separation of chromatin. Cell Res. 30, 393-407
(2020).

47. Fan, C. et al. Rett mutations attenuate phase separation of MeCP2. Cell Discov.
6, 38 (2020).

48. Li, C. H. et al. MeCP2 links heterochromatin condensates and
neurodevelopmental disease. Nature 586, 440-444 (2020).

49. Naftelberg, S., Schor, I. E., Ast, G. & Kornblihtt, A. R. Regulation of alternative
splicing through coupling with transcription and chromatin structure. Annu.
Rev. Biochem. 84, 165-198 (2015).

50. Maunakea, A. K., Chepelev, I, Cui, K. & Zhao, K. Intragenic DNA
methylation modulates alternative splicing by recruiting MeCP2 to promote
exon recognition. Cell Res. 23, 1256-1269 (2013).

51. Wong, J. J. et al. Intron retention is regulated by altered MeCP2-mediated
splicing factor recruitment. Nat. Commun. 8, 15134 (2017).

52. Gueroussov, S. et al. Regulatory expansion in mammals of multivalent hnRNP
assemblies that globally control alternative splicing. Cell 170, 324-339
(2017).

53. Bolger, A. M., Lohse, M. & Usadel, B. Trimmomatic: a flexible trimmer for
Illumina sequence data. Bioinformatics 30, 2114-2120 (2014).

54. Frankish, A. et al. GENCODE reference annotation for the human and mouse
genomes. Nucleic Acids Res. 47, D766-D773 (2019).

55. Kim, D., Langmead, B. & Salzberg, S. L. HISAT: a fast spliced aligner with low
memory requirements. Nat. Methods 12, 357-360 (2015).

56. Anders, S., Pyl, P. T. & Huber, W. HTSeq-a Python framework to work
with high-throughput sequencing data. Bioinformatics 31, 166-169
(2015).

57. Shen, S. et al. rMATS: robust and flexible detection of differential alternative
splicing from replicate RNA-Seq data. Proc. Natl Acad. Sci. USA 111,
E5593-E5601 (2014).

58. Demirdjian, L. et al. Detecting allele-specific alternative splicing from
population-scale RNA-Seq data. Am. J. Hum. Genet. 107, 461-472
(2020).

59. Buchbender, A. et al. Improved library preparation with the new iCLIP2
protocol. Methods 178, 33-48 (2020).

60. Busch, A., Briiggemann, M., Ebersberger, S. & Zarnack, K. iCLIP data analysis:
a complete pipeline from sequencing reads to RBP binding sites. Methods 178,
49-62 (2020).

61. Roehr, J. T., Dieterich, C. & Reinert, K. Flexbar 3.0 - SIMD and multicore
parallelization. Bioinformatics 33, 2941-2942 (2017).

62. Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29,
15-21 (2013).

63. Smith, T., Heger, A. & Sudbery, I. UMI-tools: modeling sequencing errors in
Unique Molecular Identifiers to improve quantification accuracy. Genome Res.
27, 491-499 (2017).

64. Quinlan, A. R. BEDTools: the Swiss-Army tool for genome feature analysis.
Curr. Protoc. Bioinformatics 47, 11.12.11-11.12.34 (2014).

65. Krakau, S., Richard, H. & Marsico, A. PureCLIP: capturing target-specific
protein-RNA interaction footprints from single-nucleotide CLIP-seq data.
Genome Biol. 18, 240 (2017).

66. Zarnack, K. et al. Direct competition between hnRNP C and U2AF65 protects
the transcriptome from the exonization of Alu elements. Cell 152, 453-466
(2013).

67. Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with Bowtie 2. Nat.
Methods 9, 357-359 (2012).

68. Li, H. et al. The sequence alignment/map format and SAMtools.
Bioinformatics 25, 2078-2079 (2009).

69. Zhang, Y. et al. Model-based analysis of ChIP-Seq (MACS). Genome Biol. 9,
R137 (2008).

70. Yu, G., Wang, L. G. & He, Q. Y. ChIPseeker: an R/Bioconductor package for
ChIP peak annotation, comparison and visualization. Bioinformatics 31,
2382-2383 (2015).

Acknowledgements

We thank Dr. Xiang-Dong Fu and Dr. Zhongsheng You for critical reading of the
manuscript; Dr. Lan Bao, Dr. Xingyu Pan, Dr. Douglas L. Black, Dr. Andrey Damianov,
and Dr. Dangsheng Li for helpful discussion; Dr. Zhigi Xiong for providing us Mecp2-
loxp mice; Dr. Yan Zhou for Nestin-Cre mice; Dr. Kathi Zarnack and Dr. Julian Konig
for generously sharing us with unpublished protocols and helping with iCLIP-seq and
data analysis; and the Cellular Imaging and Flow Cytometry Core Facility at SIBCB. This
work was supported by the National Key Research and Development Program of China
(2017YFA0504400 to J.H.), the National Natural Science Foundation of China (31770881
and 32071288 to J.H.; 91940302 and 32171186 to Y.H.), Chinese Academy of Sciences
(XDB19000000), and the China National Postdoctoral Program for Innovative Talents
(BX20190081 to Y.Z.).

| (2021)12:5767 | https://doi.org/10.1038/s41467-021-26084-3 | www.nature.com/naturecommunications 15


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

Author contributions

JH., YH., and Y.J. designed the experiments. Y.J. performed most of the experiments
with assistance from S.-F.W., H.Z., and L.Z. X.F. and W.-K.W. performed bioinformatics
analyses on RNA-seq, iCLIP-seq, ChIP-seq, and WGBS. Y.Z. purified recombinant
proteins and performed phase separation experiments. P.W. and C.C.L.W. performed
LS-MS/MS analysis. ].-S.G., ].M., and J.L. analyzed the data. ].H., Y.H., and Y.J. wrote the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-26084-3.

Correspondence and requests for materials should be addressed to Ying Huang or Jingyi
Hui.

Peer review information Nature Communications thanks the anonymous reviewers for
their contributions to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

16 | (2021)12:5767 | https://doi.org/10.1038/s41467-021-26084-3 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-021-26084-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Rett syndrome linked to defects in forming the MeCP2/Rbfox/LASR complex in mouse models
	Results
	MeCP2 is a new subunit of the Rbfox/LASR complex
	MeCP2 directly interacts with RBFOX2 via its MBD and ID
	Loss of MeCP2 disrupts RBFOX2/LASR assembly
	Dissociated RBFOX2/LASR leads to splicing changes in MeCP2 KO cells
	Compromised Rbfox/LASR complex in RTT mice
	Defective MeCP2/Rbfox/LASR causes aberrant splicing in RTT mice
	MeCP2 forms liquid-like condensates both in�vitro and in�vivo
	MeCP2, but not its disease mutant, forms condensates with Rbfox proteins

	Discussion
	Methods
	Mice
	Plasmid construction
	Western blotting
	Preparation of HMW extract
	Immunoprecipitation
	Glycerol gradients
	GST pull-down
	Affinity pull-down by biotinylated double-stranded DNA (dsDNA) oligonucleotides
	Generation of HEK293T KO or KI cell lines by CRISPR/Cas9
	RNA-seq and data analysis
	iCLIP-seq and data analysis
	RNA map
	RNA immunoprecipitation
	Chromatin immunoprecipitation
	ChIP-seq/WGBS and data analysis
	In vivo splicing and RT-PCR
	Protein expression and purification
	Droplet assembly
	FRAP assay
	Immunofluorescence
	Drug treatments
	Live imaging
	Immunofluorescence quantification analysis
	Statistics and reproducibility

	Reporting summary
	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




