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SUMMARY
Methyl-CpG binding protein 2 (MeCP2) has historically been linked to heterochromatin organization, and inmouse cells it accumulates

at pericentric heterochromatin (PCH), closely followingmajor satellite (MajSat) DNAdistribution. However, little is known about the spe-

cific function of MeCP2 in these regions. We describe the first evidence of a role in neurons for MeCP2 and MajSat forward (MajSat-fw)

RNA in reciprocal targeting to PCH through their physical interaction.Moreover, MeCP2 contributes tomaintenance of PCH by promot-

ing deposition of H3K9me3 and H4K20me3. We highlight that the MeCP2B isoform is required for correct higher-order PCH organiza-

tion, and underline involvement of the methyl-binding and transcriptional repression domains. The T158 residue, which is commonly

mutated in Rett patients, is directly involved in this process. Our findings support the hypothesis that MeCP2 and the MajSat-fw tran-

script are mutually dependent for PCH organization, and contribute to clarify MeCP2 function in the regulation of chromatin architec-

ture.
INTRODUCTION

Since its identification (Lewis et al., 1992), the number of

biological functions ascribed to methyl-CpG binding pro-

tein 2 (MeCP2) has grown exponentially. The X-linked

MECP2 gene is mutated in 95% of patients with Rett syn-

drome (RTT; OMIM 312750) (Amir et al., 1999; D’Esposito

et al., 1996; Rett, 1966), a severe neurodevelopmental dis-

ease that affects mainly female individuals. Expression of

MeCP2 increases during neuronal differentiation (Jung

et al., 2003). Constitutive and brain-specific ablation of

Mecp2 in mouse reproduces the RTT phenotypes and high-

lights the importance of MeCP2 for brain function (Guy

et al., 2001).

The MECP2 gene encodes two splicing isoforms that are

highly expressed in brain: MeCP2A and MeCP2B. These

both have a methyl-binding domain (MBD) and a tran-

scriptional repression domain (TRD), which, in turn, con-

tains the NCoR/SMRT interaction domain (NID); they

differ in terms of their N-terminus (Della Ragione et al.,

2016). These MeCP2 isoforms show similar nuclear locali-

zation (Kumar et al., 2008); however, MeCP2B is the pre-

dominant form expressed in brain (Dragich et al., 2007)

and appears to be relevant for RTT pathogenesis (Gianako-

poulos et al., 2012). Moreover, MeCP2A and MeCP2B bind

unique partners and show different genomic binding site

preferences (Martinez de Paz et al., 2019).

The main function of MeCP2 has been linked to DNA

methylation-mediated transcriptional repression (Klose
This is an open access article under the C
and Bird, 2003), although it also activates gene expression

in specific brain regions (Ben-Shachar et al., 2009; Chah-

rour et al., 2008). Multiple roles of MeCP2 might be due

to interactions with different molecular partners (for re-

view, see Della Ragione et al., 2016), such as histone deace-

tylases and switch-independent 3A (Sin3A) for transcrip-

tional repression, or cAMP response element-binding

protein (CREB 1) for gene activation.

MeCP2 has a role in genome-wide transcriptional

silencing. In mouse neurons, it is important for repression

of spurious transcription of repetitive elements, and its

genomic binding tracks the methyl-CpG distribution

(Skene et al., 2010). In mouse cells, MeCP2 accumulates

at pericentric heterochromatin (PCH) (Lewis et al., 1992),

which is constitutive heterochromatin organized in

higher-order chromatin structures, known as chromocen-

ters. These originate from aggregation of PCH of different

chromosomes, undergo dynamic reorganization during

differentiation, and are visible using DAPI staining (Al-

mouzni and Probst, 2011). PCH is involved in repression

of transposons, chromosomal segregation, genome integ-

rity, and in-cis and in-trans silencing of euchromatic genes.

In mouse, PCH is composed of hypermethylated 234-bp

major satellite (MajSat) AT-rich repeats, which form com-

plexes with hypo-acetylated and trimethylated histones

H3 and H4 (e.g., H3K9me3, H4K20me3). These histones,

in turn, promote anchoring of specific factors, such as

members of the heterochromatin protein 1 (HP1) family

and the cohesin complex, respectively (Fioriniello et al.,
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2020). The interactions between PCH regions appear to

promote genomic compartmentalization in the nucleus

(Falk et al., 2019), and recent findings support the impor-

tance of PCH in the formation of repressive compartments

where silenced genes are positioned (Wijchers et al., 2015).

However, whetherMeCP2 directly regulates this process re-

mains unclear. MeCP2 mediates chromocenter clustering

during both myogenic and neural differentiation, with

the contribution of a-thalassemia/mental retardation syn-

drome X-linked protein (ATRX) (Bertulat et al., 2012; Brero

et al., 2005; Marano et al., 2019).

Interestingly, a role for RNAs in higher-order PCH organi-

zation has been highlighted (Maison et al., 2002, 2011;

Marano et al., 2019; Park et al., 2018). Moreover, noncod-

ing RNAs (ncRNAs) of heterogeneous lengths from both

strands of MajSat DNA have been detected (Lehnertz

et al., 2003), despite the heterochromatic nature of this

genomic region. However, their biological significance re-

mains unclear.MajSat RNA levels increase during neuronal

differentiation in the developing mouse brain (Kishi et al.,

2012). Also, they participate in the recruitment to PCH of

scaffold attachment factor B (SAFB) (Huo et al., 2020) and

suppressor of variegation 3-9 homolog (Suv39h), the

enzyme responsible for trimethylation of H3K9 (Velazquez

Camacho et al., 2017), and they have roles in chromo-

center condensation during myogenic differentiation

(Park et al., 2018). Moreover, at the two-cell stage during

early mouse development, MajSat transcripts are crucial

for developmental progression and formation of chromo-

centers. The functions of the two strands appear to be inde-

pendent (Casanova et al., 2013; Probst et al., 2010), and the

forward transcript (MajSat-fw) is directly involved in de novo

targeting of small ubiquitin-like modifier (SUMO)-modi-

fied HP1a to PCH (Maison et al., 2011). Whether MajSat

RNAs or other RNA components cooperate with MeCP2

for PCH organization is still elusive.

Here, we investigated the role ofMajSat RNAs in MeCP2-

mediated higher-order PCH organization in neurons.

Furthermore, we dissected out the specific role of the

MeCP2A and MeCP2B isoforms in this process, as well as

the contribution of the MBD and TRD domains. Finally,

we examined whether two common RTT mutations,

T158M and R306C, affect PCH organization.
RESULTS

MeCP2 Binding to Chromocenters Is Dependent on

RNA Components

To determine whether an RNA component promotes accu-

mulation ofMeCP2 at PCH in neurons, we used TK23 wild-

type (TK23_WT) and MeCP2 deficient (Mecp2�/y tEG; here

as Mecp2�/y) murine embryonic stem cells (mESCs), which
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were previously used to demonstrate the role for MeCP2 in

chromocenter clustering (Bertulat et al., 2012). Neural dif-

ferentiation of these cells gives rise to a cell population

that is enriched in neurons and astroglia (Bertulat et al.,

2012; Fico et al., 2008) (Figure 1A). Immunofluorescence

performed after RNase A treatment on terminally differen-

tiated TK23_WT neurons showed that MeCP2 is dispersed

in the nucleus, and thus loses its usual PCH accumulation,

which was seen for only 2.5% of the nuclei. Conversely, in

mock-treated TK23_WTneurons, themajority of the nuclei

(98.5%) showed strong spotting of MeCP2 at chromocen-

ters, as expected (Figure 1B). Of note, the dense DAPI stain-

ing that corresponds to chromocenters was still visible.

MeCP2 strongly binds MajSat DNA in mESC-derived

TK23_WT neurons, as shown by chromatin immunopre-

cipitation (ChIP); however, RNase A treatment displaced

MeCP2 from these genomic regions (Figure 1C), thus con-

firming the immunofluorescence data. These findings sug-

gest that an RNA component contributes to the recruit-

ment of MeCP2 to PCH in mESC-derived neurons.

MeCP2 Contributes to Major Satellite Forward

Transcript Targeting to Chromocenters

MajSat ncRNAs represent ideal candidates for molecular

partners of MeCP2 (Casanova et al., 2013; Maison et al.,

2011; Park et al., 2018). We first analyzed the expression

of both forward and reverse MajSat (MajSat-fw, MajSat-rv,

respectively) RNAs by qPCR after strand-specific reverse

transcription (RT-qPCR) in terminally differentiated

TK23_WT and Mecp2�/y neurons. MajSat-fw and MajSat-rv

RNAs were both expressed in TK23_WT and Mecp2�/y neu-

rons, without any significant differences between these

two cell lines (Figure 2A, top).Moreover, the RT-qPCRprod-

ucts of both MajSat-fw and MajSat-rv RNAs had different

lengths (Figure 2A, bottom), which suggested the expres-

sion of multiple repeated units, as previously reported in

other cellular contexts (Maison et al., 2011).

We next analyzed the nuclear localization of MajSat

RNAs in both the TK23_WT and Mecp2�/y undifferentiated

cells and in the neurons, using interphase three-dimen-

sional (i3D)-RNA fluorescence in situ hybridization (FISH)

with strand-specific locked nucleic acid (LNA) probes. In

the undifferentiated cells, the MajSat-fw transcripts were

visible as small nuclear spots in both cell lines, and were

not detected after RNase A treatment, which ruled out

cross-reactions with DNA. However, the number of Maj-

Sat-fw RNA signals/nucleus was significantly greater in

TK23_WT nuclei compared with Mecp2�/y nuclei (Fig-

ure 2B), even though the expression of MajSat-fw RNA

was similar in the two cell lines (Figure S1A).

Following the neural differentiation, the sizes and

numbers of MajSat-fw RNA signals were increased in both

TK23_WT and Mecp2�/y neurons (Figure 2C), compared



Figure 1. MeCP2 Accumulation at PCH De-
pends on an RNA Component
(A) Scheme of the experimental procedure.
(B) Left: Representative immunofluorescence
of MeCP2 in terminally differentiated
TK23_WT neurons without and with RNase A
treatment. Chromocenters were stained with
DAPI. Scale bar, 25 mm. Right: Quantification
of MeCP2 enrichment at chromocenters
without and with RNase A treatment. Data are
means ± SD, with R100 cells analyzed per
condition, from two independent experi-
ments.
(C) ChIP–qPCR of MeCP2 at MajSat DNA in
mESC-derived Mecp2�/y (negative control)
and TK23_WT neurons without and with
RNase A treatment. Data are means ± SD of
four independent qPCR replicates from two
ChIP experiments. ***p < 0.001; NS, not
significant (one-tailed Student’s t test).
with undifferentiated cells (Figure 2B), and in both cell

lines they were associated with chromocenters. Further-

more, the number of signals was significantly greater for

TK23_WT neurons compared with Mecp2�/y neurons, and

when the images were captured under constant image-

acquisition parameters, the RNA signals forMecp2�/y nuclei

appeared less bright compared to TK23_WT nuclei

(Figure 2C).
Interphase three-dimensional-RNA FISH performed at an

early differentiation stage (day 8) showed spatial distribu-

tionof theMajSat-fw transcripts similar to that for the termi-

nally differentiated neurons, with significantly greater

numbers of signals in theTK23_WTcells (Figure S1B).More-

over, comparison of the number of RNA signals/nucleus

over the three time points analyzed showed a gradual in-

crease in both TK23_WT and Mecp2�/y cells (Figure S1C),
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which suggested progressive accumulation of the transcript

at the chromocenters during neural differentiation.

Altogether, these findings let ushypothesize a remarkable

contribution of MeCP2 inMajSat-fw transcript targeting to

PCH during neural differentiation.

In contrast with the MajSat-fw transcript, the MajSat-rv

RNA did not show any accumulation as fluorescent spots

in the TK23_WT or the Mecp2�/y undifferentiated and

differentiated cells (Figure S1D), although its expression

was detected in both of these cell lines (Figure 2A).

MeCP2 Associates with the MajSat-fw Transcript to

Chromocenters and Physically Interacts with It

The reciprocal nuclear localization ofMeCP2 andMajSat-fw

RNA was assayed by immuno-RNA FISH in TK23_WT cells.

In undifferentiated cells, theMajSat-fw transcript was local-

ized to the periphery of the chromocenters, where MeCP2

strongly accumulated. In terminally differentiated

TK23_WT neurons, the number of MajSat-fw RNA signals

was greater and partially colocalized with the MeCP2 sig-

nals to chromocenters (Figure 3A). Furthermore, native

RNA immunoprecipitation (RIP) carried out on mESC-

derived TK23_WT neurons revealed physical interactions

between MeCP2 and the MajSat transcripts. Conversely,

binding of metastasis-associated lung-adenocarcinoma tran-

script 1 (MALAT1) (which shows weak binding with

MeCP2 in cerebellum; Maxwell et al., 2013), was compara-

ble between the TK23_WT and negative control neurons

(Figure 3B), which confirmed the specificity of this bind-

ing. Similar data were obtained in total brain of WT mice,

even though weak binding of MeCP2 with the MALAT1

transcript was detected (Figure 3C).

We further confirmed a direct interaction between

MeCP2 and MajSat-fw transcript in terminally differenti-

ated neurons by fluorescence resonance energy transfer

(FRET). Here, we carried out RNA FISH to specifically label

the MajSat-fw transcript with an LNA probe in mESC-

derivedMecp2[WT]EGFP (referred to asWT-GFP) neurons ex-

pressing endogenous MeCP2 fused with EGFP at its C-ter-

minus (Lyst et al., 2013). This assay demonstrated that

the donor EGFP conjugated to MeCP2 and the acceptor

TYE563, which labelsMajSat-fw LNA, are in close proximity

(Figure S2).
Figure 2. MeCP2 Has a Role in MajSat Forward Transcript Targetin
(A) Top: Strand-specific RT-qPCR analysis of MajSat-fw and MajSat-rv tr
normalized to Gapdh and are means ± SD of transcript levels relative to
(two-tailed Student’s t test). Bottom: Electrophoretic analyses of end
RT, reverse transcriptase; nc, negative control. (B, C) Left: Represen
TK23_WT and Mecp2�/y undifferentiated cells (B) and mESC-derived ne
stained with DAPI. Scale bar, 25 mm. Right: Quantification of MajSat-f
are shown as box and whisker plots with 200 nuclei analyzed per co
mogorov-Smirnov test). See also Figure S1.
Altogether, these findings highlight the highly specific

binding of MeCP2 to the MajSat transcripts in neurons,

both in vitro and in vivo, in agreement with the immuno-

RNA FISH data.

MajSat-fw Transcript Contributes to MeCP2 Targeting

to PCH

To understand whether theMajSat-fw transcript is required

for targeting of MeCP2 to PCH (see Figure 1), we silenced

this ncRNA in mESC-derived TK23_WT neurons by trans-

fection of a specific antisense LNAgapmer (Figure 4A). First,

we verified that mESC-derived neurons can be transfected

with gapmers (Figure S3A), and then we optimized the pro-

tocol to efficiently knock-down MajSat-fw RNA in mESC-

derived TK23_WT neurons (Figures 4B and S3B). Here,

300 nM MajSat-fw gapmer was sufficient to deplete �80%

of the MajSat-fw transcript, without any effects on MajSat-

rv transcript levels (Figure 4B). Immunofluorescence car-

ried out in terminally differentiated TK23_WT neurons

transfected with the MajSat-fw gapmer showed that

MeCP2 was located to chromocenters in <40% of the

nuclei, while, in the rest of the nuclei, the majority of

MeCP2 signals were widespread in the nucleoplasm.

Conversely, in TK23_WT neurons transfected with the

negative control gapmer,MeCP2was strongly accumulated

at PCH (Figure 4C). These data were confirmed by ChIP in

terminally differentiated TK23_WT neurons, which

showed �50% lower MeCP2 binding to MajSat DNA after

MajSat-fwRNAknock-down (Figure 4D). Of note,major sat-

ellite DNA repeats were similarly hypermethylated in

TK23_WT neurons transfected with either the MajSat-fw

or the negative control gapmer (Figure S3C), which sug-

gests that the reduced accumulation of MeCP2 at PCH is

not a result of loss of DNA methylation.

Overall, these data highlighted a specific contribution of

theMajSat-fw transcript in the targeting of MeCP2 to chro-

mocenters in mESC-derived neurons.

MeCP2 Contributes to the Organization of PCH

Architecture by Preserving the Correct Deposition of

H3K9me3 and H4K20me3

To understand the role ofMeCP2 in the global organization

of PCH, we analyzed the nuclear distribution of H3K9me3
g to PCH
anscripts in mESC-derived TK23_WT and Mecp2�/y neurons. Data are
TK23_WT, from three independent experiments. NS, not significant
point strand-specific RT-qPCR for the MajSat-fw and MajSat-rv RNAs.
tative images of i3D-RNA FISH using the MajSat-fw LNA probe in
urons (C) without and with RNase A treatment. Chromocenters were
w RNA signals in the three-dimensional space of each nucleus. Data
ndition, from two replicate slides. ***p < 0.001 (two-sample Kol-
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Figure 3. MeCP2 Spatially and Physically
Interacts with the MajSat Transcripts
(A) Representative images of undifferenti-
ated TK23_WT cells and mESC-derived
TK23_WT neurons examined by immuno-RNA
FISH using MajSat-fw LNA probe and anti-
MeCP2 antibody. Chromocenters were stained
with DAPI. Merge: MeCP2/MajSat-fw RNA
signals and MeCP2/MajSat-fw RNA/DAPI sig-
nals. Insets show magnifications of a chro-
mocenter. Scale bar, 15 mm.
(B and C) RNA immunoprecipitation of MajSat
transcripts in mESC-derived Mecp2�/y (nega-
tive control) and TK23_WT neurons (B), and
in total brain from Mecp2�/y (negative con-
trol) and WT mice (C), using an anti-MeCP2
antibody.
Data are means ± SD of four independent
qPCR replicates from two RIP experiments.
***p < 0.001; **p < 0.01; NS, not significant
(one-tailed Student’s t test). See also Fig-
ure S2.
and H4K20me3 in terminally differentiated TK23_WT and

Mecp2�/y neurons. These repressive histone modifications

appeared to predominantly accumulate at chromocenters

in both of these cell lines. However, quantitative analysis

performed by counting the fractions of the nuclei that

showed H3K9me3 spotted to chromocenters highlighted

a slightly, but significantly, lower proportion (�10%) of

spotted nuclei in Mecp2�/y compared with TK23_WT neu-

rons. The same analysis performed for H4K20me3 did not

show any significant differences (Figure 5A); however,

ChIP assays, which are a more sensitive and quantitative

method, highlighted remarkably lower (�50%) accumula-

tion of both histone marks at MajSat DNA in the absence

of MeCP2 (Figure 5B), despite their unchanged protein

levels (Figure 5C).

These data demonstrated thatMeCP2has a role in correct

deposition of the H3K9me3 and H4K20me3 marks to PCH

in terminally differentiated neurons, thus contributing to

the organization of PCH architecture.

MeCP2B Rescues Chromocenter Clustering during

Neural Differentiation and Contributes to MajSat-fw

Transcript Targeting to PCH

Wepreviously highlighted a key role forMeCP2 in chromo-

center clustering during neural differentiation (Bertulat

et al., 2012). Furthermore, we have here revealed a recip-
1322 Stem Cell Reports j Vol. 15 j 1317–1332 j December 8, 2020
rocal contribution of MeCP2 and MajSat-fw RNA for their

targeting to PCH. Next, we asked which MeCP2 isoform

is responsible for this higher-order PCH organization, and

what are the contributions of their two main domains,

MBD and TRD.

Starting from the Mecp2�/y mESCs, we generated stable

clones that selectively and constitutively expressed

MeCP2A (Mecp2�/y_MeCP2A) or MeCP2B (Mecp2�/y_

MeCP2B), and also MeCP2B lacking MBD (Mecp2�/y_

MeCP2B_DMBD) or TRD (Mecp2�/y_MeCP2B_DTRD) (Fig-

ures S4 and S5). MBD or TRD were deleted from MeCP2B

because in the brain it is 10-fold more abundant than

MeCP2A (Kriaucionis and Bird, 2004).

As the subsequent experiments were performed in differ-

entiated cells, we selected the mESC clones that showed

MeCP2 protein levels comparable with those of the

TK23_WT neurons (Figures S4A, S4B, S5A, and S5B) and,

then, we confirmed their differentiation toward a neural

fate (Figures S4C and S5C). Moreover, side-by-side compar-

ison of MeCP2 protein levels in all of these selected clones

confirmed their similar expression (Figure S6A).

To investigate which isoform and which domain of

MeCP2 is involved in chromocenter clustering, we

performed i3D-DNA FISH in the selected clones, in

comparison with TK23_WT and Mecp2�/y cells, at days

0 (undifferentiated cells) and 13 of neural differentiation.



Figure 4. MeCP2 Targeting to Chromocenters Is Partly Dependent on the MajSat-fw Transcript
(A) Scheme of the experimental procedure.
(B) Strand-specific RT-qPCR analysis of MajSat-fw and MajSat-rv transcripts in mESC-derived TK23_WT neurons transfected with 300 nM
negative control or MajSat-fw gapmers. Data are normalized to Gapdh and are means ± SD of transcript levels relative to cells transfected
with negative control gapmer, from three biological replicates, with each amplified twice. ***p < 0.001; NS, not significant (one-tailed
Student’s t test).
(C) Left: Representative immunofluorescence of MeCP2 in mESC-derived TK23_WT neurons transfected with negative control or MajSat-fw
gapmers. Chromocenters were stained with DAPI. Scale bar, 25 mm. Right: Quantification of MeCP2 enrichment at PCH following trans-
fection of negative control or MajSat-fw gapmers. Data are means ± SD, with R100 cells analyzed per condition, from four independent
experiments. ***p < 0.001 (one-tailed Student’s t test).
(D) ChIP–qPCR of MeCP2 atMajSat DNA in mESC-derived TK23_WT neurons transfected with negative control orMajSat-fw gapmers. Data are
means ± SD of four independent qPCR replicates from two ChIP experiments. ***p < 0.001; NS, not significant (one-tailed Student’s t test).
See also Figure S3.
Chromocenters were detected using the MajSat-fw LNA

probe, which can reveal even small differences. We found

that the MajSat DNA distribution overlapped with the

intense DAPI staining in the nuclei of all of the cell

lines. Chromocenter clustering was evaluated in each

cell line by comparing the number of chromocenters

at days 0 and 13. We highlighted significantly

fewer chromocenters/nucleus in each cell line at day 13

in comparison with day 0, due to aggregation of chromo-

centers (clustering), although to different extents (Figures

6A–6F).

To highlight possible defects in chromocenter clustering,

we compared the number of chromocenters/nucleus

among the different cell lines as the terminally differenti-
ated neurons. In comparison with TK23_WT neurons,

Mecp2�/y neurons showed impaired chromocenter clus-

tering, as previously reported (Bertulat et al., 2012).

Mecp2�/y_MeCP2A neurons showed a partial rescue of the

chromocenter clustering, whereas MeCP2B expression

completely recovered PCH condensation (Figure 6G),

which suggested a prominent role of MeCP2B in chromo-

center clustering. Interestingly, Mecp2�/y_MeCP2B_DMBD

neurons showed a defect in chromocenter clustering

similar to that of Mecp2�/y_MeCP2A neurons, whereas

MeCP2B_DTRD expression induced complete rescue (Fig-

ure 6G). This suggested that MBD was required for correct

chromocenter clustering, whereas TRD was dispensable

for this process.
Stem Cell Reports j Vol. 15 j 1317–1332 j December 8, 2020 1323



Figure 5. H3-Lys9 and H4-Lys20 Trimethylation Is Lower in Terminally Differentiated Mecp2-null Neurons
(A) Left: Representative immunofluorescence of H3K9me3 and H4K20me3 marks in terminally differentiated TK23_WT and Mecp2�/y

neurons. Chromocenters were stained with DAPI. Scale bars, 25 mm. Right: Quantification of H3K9me3 and H4K20me3 enrichment at
chromocenters in TK23_WT and Mecp2�/y nuclei. Data are means ± SD, with R100 nuclei analyzed for each cell line, from three inde-
pendent experiments. **p < 0.01; NS, not significant (one-tailed Student’s t test).
(B) ChIP–qPCR of H3K9me3 and H4K20me3 marks at MajSat DNA and Gapdh promoter (negative control region) in mESC-derived TK23_WT
and Mecp2�/y neurons. Data are means ± SD of four independent qPCR replicates from two ChIP experiments. ***p < 0.001; **p < 0.01
(one-tailed Student’s t test).
(C) Top: Western blots of H3K9me3 and H4K20me3 marks in mESC-derived TK23_WT andMecp2�/y neurons. Actin and histone H3 were used
for normalization. Bottom: Quantification of H3K9me3 and H4K20me3 protein expression. Data are means ± SD for H3K9me3/actin and
H4K20me3/H3 ratios, with Mecp2�/y neurons normalized to TK23_WT neurons, from three independent experiments. NS, not significant
(one-tailed Student’s t test).
Next, we dissected out the role of the different MeCP2

isoforms and of their two main domains in the targeting

of the MajSat-fw RNA to PCH, by performing i3D-

RNA FISH in the terminally differentiated TK23_WT,
1324 Stem Cell Reports j Vol. 15 j 1317–1332 j December 8, 2020
Mecp2�/y, Mecp2�/y_MeCP2A,Mecp2�/y_MeCP2B,Mecp2�/y_

MeCP2B_DMBD, and Mecp2�/y_MeCP2B_DTRD neurons.

As already observed for TK23_WT and Mecp2�/y neurons

(Figure 2C), in all of these clones, the MajSat-fw RNA



(legend on next page)
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predominantly colocalized with chromocenters.Mecp2�/y_

MeCP2A neurons showed fewer spots of MajSat-fw RNA

associated with PCH as compared with TK23_WT neurons

and similar to those of Mecp2�/y neurons, whereas

Mecp2�/y_MeCP2B neurons showed an intermediate num-

ber between TK23_WT and Mecp2�/y neurons. Further-

more, both Mecp2�/y_MeCP2B_DMBD and Mecp2�/y_

MeCP2B_DTRD neurons showed similar numbers of

RNA signals/nucleus to those for Mecp2�/y neurons (Fig-

ure 6H). Of note, the number of RNA signals/nucleus in

Mecp2�/y_MeCP2B_DTRD neurons was even lower than in

Mecp2�/y neurons, although this was only a small differ-

ence. Altogether, these findings indicated the prevalent

contribution of MeCP2B in targeting of MajSat-fw tran-

script to PCH in terminally differentiated neurons, and

underlined the involvement of both MBD and TRD

in this function. Moreover, native RIP performed in

mESC-derived Mecp2�/y_MeCP2B_DMBD and Mecp2�/y_

MeCP2B_DTRD neurons revealed that MeCP2B_DMBD

bound MajSat RNAs similar to the WT MeCP2, whereas in

the absence of TRD, this interaction was strongly affected,

although residual binding was detected (Figure 6I). These

data highlighted a key role for TRD in the binding of

MeCP2 with MajSat RNAs in mESC-derived neurons.

Finally, immunofluorescence showed that MeCP2A,

MeCP2B, and MeCP2B_DTRD accumulated at chromocen-

ters (Figure S6B), similar to the endogenous MeCP2 pro-

tein, although therewere small amounts ofMeCP2B_DTRD

in the cell cytoplasm, whichmight be due to the absence of

one nuclear localization signal (Kumar et al., 2008).

Conversely, MeCP2B_DMBD appeared to be widespread

throughout the nucleoplasm, which was broadly

confirmed by ChIP, even though residual binding of

MeCP2B_DMBD to MajSat DNA was detected (Figures S6B

and S6C).
Figure 6. MeCP2B and Its MBD Are the Major Players for Chromoce
Transcript Targeting to PCH
(A–F) Left: Representative images of i3D-DNA FISH in TK23_W
MeCP2B_DMBD, and Mecp2�/y_MeCP2B_DTRD undifferentiated cells
MajSat-fw LNA probe. Chromocenters were stained with DAPI. Scal
dimensional space of each nucleus in undifferentiated mESCs and ter
(G) Direct comparisons of the data reported in (A–F) for terminally d
(H) Top: Representative images of i3D-RNA FISH in terminally differen
Mecp2�/y_MeCP2B_DMBD, and Mecp2�/y_MeCP2B_DTRD neurons, usin
Scale bar, 25 mm. Bottom: Quantification of MajSat-fw RNA signals in t
neurons. Data for TK23_WT and Mecp2�/y neurons are also reported in
200 nuclei analyzed per condition, from two replicate slides. **p <
Smirnov test, without (A–F) and with (G, H) Benjamini–Hochberg co
(I) RNA immunoprecipitation of MajSat transcripts in mESC-deriv
(positive control), and Mecp2�/y (negative control) neurons, using a
qPCR replicates from one representative RIP experiment. Additional bi
NS, not significant (one-tailed Student’s t test). See also Figures S4–
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The RTT Mutation T158M Impairs Chromocenter

Clustering and Targeting of the MajSat-fw Transcript

to PCH

We tested the effects on higher-order PCH organization of

two common RTT missense mutations (Neul et al., 2008)

located within NID and MBD: R306C and T158M, respec-

tively (Lyst et al., 2013; Nan et al., 1993).

For this, we used Mecp2[R306C]EGFP, Mecp2[T158M]EGFP,

and Mecp2[WT]EGFP knock-in mESCs (referred to as R306C-

GFP, T158M-GFP, and WT-GFP, respectively) in which the

MeCP2 proteins were fused in-frame with EGFP at their C-

terminus (Lyst et al., 2013). Importantly, both MeCP2A

and MeCP2B were affected by the knock-in.

First, we confirmed that the neural differentiation of

R306C-GFP and T158M-GFP was similar to WT-GFP mESCs

(Lyst et al., 2013) (Figure S7A). Furthermore, the

MeCP2WT�GFP and MeCP2R306C�GFP proteins accumulated

at PCH in terminally differentiated neurons, whereas

MeCP2T158M�GFP partially lost this chromocenter accumula-

tion, as previously reported (Lyst et al., 2013). Moreover,

MeCP2R306C�GFP and MeCP2T158M�GFP protein levels were

similar to those of MeCP2WT�GFP (Figure S7B).

Interphase three-dimensional-DNA FISH performed in

undifferentiated WT-GFP, R306C-GFP, and T158M-GFP

mESCs (day 0) and in terminally differentiated neurons

(day 13) highlighted that the MajSat DNA distribution

overlapped with intense DAPI staining in the nuclei of all

of the cell lines (Figures 7A–7C). Comparisons of the

numbers of chromocenters/nucleus at day 0 and day 13

for each cell line showed that the chromocenters were clus-

tered in all of these cells (Figures 7A–7C). Nonetheless,

when we compared the terminally differentiated neurons

with each other, T158M-GFP, but not R306C-GFP, neurons

showed a significant defect in chromocenter clustering, as

compared withWT-GFP neurons (Figure 7D). Furthermore,
nter Clustering and Both MBD and TRD Contribute to MajSat-fw

T, Mecp2�/y, Mecp2�/y_MeCP2A, Mecp2�/y_MeCP2B, Mecp2�/y_
(day 0) and terminally differentiated neurons (day 13) using the
e bar, 25 mm. Right: Quantification of chromocenters in three-
minally differentiated neurons.
ifferentiated neurons.
tiated TK23_WT, Mecp2�/y, Mecp2�/y_MeCP2A, Mecp2�/y_MeCP2B,
g the MajSat-fw LNA probe. Chromocenters were stained with DAPI.
hree-dimensional space of each nucleus in terminally differentiated
Figure 2C. For (A–H), data are shown as box and whisker plots with
0.01; ***p < 0.001; NS, not significant (two-sample Kolmogorov-
rrection).
ed Mecp2�/y_MeCP2B_DMBD, Mecp2�/y_MeCP2B_DTRD, TK23_WT
n anti-MeCP2 antibody. Data are means ± SD of three independent
ological replicates yielded similar results. ***p < 0.001; **p < 0.01;
S6.



Figure 7. The T158M Mutation Affects Both Chromocenter Clustering and Targeting of the MajSat-fw Transcript to Chromocenters
(A–C) Left: Representative images of i3D-DNA FISH in WT-GFP, R306C-GFP, and T158M-GFP undifferentiated cells (day 0) and terminally
differentiated neurons (day 13), using the MajSat-fw LNA probe. Chromocenters were stained with DAPI. Scale bar, 25 mm. Right:
Quantification of chromocenters in three-dimensional space of each nucleus in undifferentiated mESCs and in terminally differentiated
neurons.
(D) Direct comparisons of the data reported in (A–C) for terminally differentiated neurons.
(E) Top: Representative images of i3D-RNA FISH in terminally differentiated WT-GFP, R306C-GFP, and T158M-GFP neurons, using the
MajSat-fw LNA probe. Chromocenters were stained with DAPI. Scale bar, 25 mm. Bottom: Quantification of MajSat-fw RNA signals in the
three-dimensional space of each nucleus in terminally differentiated neurons. For both i3D-DNA FISH and i3D-RNA FISH, data are shown as
box and whisker plots with 200 nuclei analyzed per condition, from two replicate slides. ***p < 0.001; NS, not significant (two-sample
Kolmogorov-Smirnov test, without (A–C) and with (D, E) Benjamini–Hochberg correction). See also Figure S7.
analysis of the nuclear distribution of MajSat-fw RNA by

i3D-RNA FISH in mESC-derived R306C-GF, T158M-GFP,

and WT-GFP neurons highlighted accumulation of the

MajSat-fw transcript primarily at PCH in all of the cell lines.

Moreover, WT-GFP and R306C-GFP neurons showed

similar numbers of RNA signals/nucleus, whereas for
T158M-GFP neurons, these were significantly lower

(Figure 7E).

Altogether, these data underlined the relevance of the

T158 amino acid for both PCH condensation during neural

differentiation and targeting of MajSat-fw RNA to chromo-

centers in neurons.
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DISCUSSION

Chromocenters appear to form a repressive environment

that is enriched in silencing factors that contribute to

maintenance of heterochromatic status (Almouzni and

Probst, 2011; Wijchers et al., 2015). We previously high-

lighted a role for MeCP2 in PCH condensation during neu-

ral differentiation (Bertulat et al., 2012; Marano et al.,

2019), a context of particular interest considering the

neurological nature of Rett syndrome. However, the mech-

anisms underlying higher-order PCH organization in neu-

rons remain unclear.

Several ncRNAs are involved in chromatin silencing,

through recruitment of repressive factors to specific

genomic regions (Saxena and Carninci, 2011). We show

here that MeCP2 targeting to chromocenters in neurons

is dependent on an RNA component, as previously re-

ported for other PCH-related proteins (Huo et al., 2020;

Maison et al., 2002; Marano et al., 2019). MajSat ncRNAs

are optimal candidates as partners of MeCP2 in the organi-

zation of PCH architecture (Casanova et al., 2013; Maison

et al., 2011; Park et al., 2018). We showed that MajSat-fw

and MajSat-rv transcripts are expressed in TK23_WT and

Mecp2�/y neurons with similar expression levels in the

two cell lines, thus excluding any MeCP2-mediated tran-

scriptional regulation. Of note, only the MajSat-fw RNA is

condensed into spots at chromocenters, as previously re-

ported (Maison et al., 2011), which suggests diffusion of

MajSat-rv RNA into the nucleoplasm, and that the two

strands act independently of each other.

Our data strongly suggest that MeCP2 and the MajSat-fw

transcript are mutually dependent for their targeting to

chromocenters in neurons. In the absence of MeCP2, there

were fewer spots of MajSat-fw RNA associated with PCH at

each time of neural differentiation, in comparison with the

WT condition, which suggested a contribution of MeCP2

in MajSat-fw RNA targeting to PCH. Considering the un-

changed levels of MajSat-fw transcript between TK23_WT

and Mecp2�/y cells, we hypothesized intranuclear diffusion

of part of this transcript in the MeCP2-deficient cells.

Furthermore, the MajSat-fw transcript knock-down in

terminally differentiated TK23_WT neurons strongly

reduced the accumulation of MeCP2 at chromocenters,

despite unchanged MajSat DNA methylation. In addition,

MeCP2 binds MajSat transcripts, as reported for HP1a

and SAFB (Huo et al., 2020; Maison et al., 2011), and ac-

cording to the interactions of MeCP2 with RNA (Maxwell

et al., 2013). These findings allow hypothesis of a direct

role for the MajSat-fw transcript in MeCP2 targeting to

PCH, although we cannot rule out the involvement of

additional factors.
We highlighted a reduction in H3K9me3 andH4K20me3

deposition to PCH in the absence of MeCP2, without any
1328 Stem Cell Reports j Vol. 15 j 1317–1332 j December 8, 2020
consequent increase in MajSat expression. We believe

that decreased accumulation of the MajSat-fw transcript

at PCH caused by MeCP2 depletion leads to defective

recruitment of Suv39h and suppressor of variegation 4-20

homolog (Suv4-20h) histone methyltransferases (HMTs),

and then to reduced H3K9me3 and H4K20me3 deposition

at chromocenters. This hypothesis is in agreement with the

contribution of satellite RNAs for targeting Suv39h to PCH

(Velazquez Camacho et al., 2017). Alternatively, MeCP2

might directly recruit HMTs to PCH, in linewith the known

interplay betweenMeCP2 andHMTs (Fuks et al., 2003; Leh-

nertz et al., 2003).

Overall, these data underlined an important contribu-

tion of satellite transcripts in higher-order PCH organiza-

tion in neurons. We hypothesize that MeCP2 and MajSat-

fw RNAmight cooperate for the organization of silent com-

partments, by acting as structural organizing factors. In

support of this, MajSat RNAs have been linked to de novo

chromocenter formation (Casanova et al., 2013; Probst

et al., 2010).

At present, the redundancy of MeCP2A andMeCP2B iso-

forms is still controversial (Jugloff et al., 2008; Kerr et al.,

2012). We highlighted that MeCP2B is the major player

for both chromocenter clustering and MajSat-fw RNA tar-

geting to PCH during neural differentiation. MeCP2B

expression in theMecp2-null context was indeed sufficient

to rescue the chromocenter clustering, whereas MeCP2A

induced only partial PCH condensation. In addition,

MeCP2B expression partly recovered targeting of the Maj-

Sat-fw RNA to PCH, whereas MeCP2A-expressing cells

showed similar defects in RNA accumulation to those in

Mecp2-null neurons. Nevertheless, the incomplete rescue

of RNA targeting in the MeCP2B-expressing cells suggested

a small, but significant, contribution of MeCP2A.

Recent data have underlined the relevance to RTT patho-

genesis of MBD and NID (Tillotson et al., 2017). MBD pro-

motes binding of MeCP2 to PCH (Brero et al., 2005; Kumar

et al., 2008), whereas TRD mediates transcriptional

silencing (Lyst et al., 2013); however, their roles in

higher-order PCH organization remain to be better clari-

fied. We show that MBD is required for chromocenter clus-

tering during neural differentiation, whereas TRD appears

to be dispensable, as previously observed in myoblasts

(Brero et al., 2005). Interestingly, the similar defect of chro-

mocenter clustering in MeCP2B_DMBD or MeCP2A-ex-

pressing cells indicated comparable relevance of MBD

and the MeCP2B N-terminus in PCH condensation.

Furthermore, MajSat-fw RNA targeting to PCH is impaired

in the absence of MBD or TRD, which underlines the rele-

vance of both of these domains in this process. Our data

support the inclusion of a MajSat RNA binding site in

TRD. Thus, we hypothesize that MeCP2B_DTRD binds

chromocenters and promotes their clustering, while the



lack of the MajSat RNA binding site is responsible for

reduced targeting of MajSat-fw RNA to PCH. Conversely,

the impairment of both chromocenter clustering and tar-

geting of MajSat-fw RNA to PCH in MeCP2B_DMBD-ex-

pressing neuronsmight be ascribed to the strongly reduced

interaction with the heterochromatic foci, even though

the binding of the transcript is preserved.

Some MeCP2 RTT mutations affect its DNA-binding ca-

pacity and chromatin-binding kinetics (Agarwal et al.,

2011; Kumar et al., 2008). However, whether the alter-

ations in chromatin structure derived from MeCP2 defects

contribute to RTT pathogenesis remains unclear. We show

that the T158M, but not the R306C, mutation moderately

impairs both chromocenter clustering and MajSat-fw RNA

targeting to PCH. These defects might be due to partial

delocalization of MeCP2T158M�GFP from PCH, considering

that the T158M mutation reduces its affinity for DNA (Ho

et al., 2008). We hypothesize that the fraction of

MeCP2T158M�GFP bound to PCH is responsible for both par-

tial chromocenter clustering and MajSat-fw RNA targeting

to PCH.

Overall, these data underline the importance of the T158

amino acid in higher-order PCH organization, as observed

for MBD.

In conclusion, it is tempting to speculate that defects in

PCH organization caused byMeCP2 alterations are respon-

sible for inappropriate localization of specific genes with

respect to silent compartments. Thismight give rise to their

incorrect expression, which will have a pathogenic role in

RTT. However, further studies are needed to more clearly

correlate alterations of higher-order PCH organization

and the RTT-related phenotype.
EXPERIMENTAL PROCEDURES

Antisense LNA Gapmer Transfection
mESC-derived WT neurons were transfected with 10 nM LNA

gapmer MajSat-fw-6FAM (Exiqon), TK23_WT neurons were trans-

fected with 25 nM–300 nM LNA gapmerMajSat-fw or the negative

control A gapmer (scrambled) (Exiqon), using Lipofectamine

RNAiMax (Life Technologies), according to the manufacturer’s

protocol. Twelve hours after transfection, the medium was re-

placed, and after a further 12 h, the cells were collected.

Interphase Three-Dimensional-DNA FISH
Cells were fixed with 4% paraformaldehyde (PFA) for 10 min, per-

meabilized with 0.2% Triton X-100/PBS for 10 min, and stored in

75% ethanol overnight at 4�C. Following dehydration in 90%

and 100% ethanol, and denaturation in 23 saline sodium citrate

buffer (SSC), 50% formamide (Sigma-Aldrich) at 80�C for 30 min,

hybridizationwas carried out with 0.1 mMmajor 1 LNA fluorescent

probe (Exiqon) (Probst et al., 2010) in 30% formamide, 1.6 mg/mL

salmon sperm DNA (Sigma-Aldrich), 10% dextran sulfate (Fluka),

1 mg/mL BSA, 23 SSC, for 35 min at 37�C. After three washes in
0.13 SSC for 5 min at 60�C, the slides were mounted using Vecta-

shield (Vector Laboratories)/DAPI.

Interphase Three-Dimensional-RNA FISH and

Immuno-RNA FISH
nterphase three-dimensional-RNA FISH was performed as previ-

ously reported (Maison et al., 2011). Briefly, cells were permeabi-

lized with 0.5% Triton X-100/CSK buffer (10 mM Pipes, pH 7,

100 mM NaCl, 300 mM sucrose, 3 mM MgCl2) supplemented

with 10 mM vanadyl ribonucleoside complex (VRC; New England

Biolabs) for 5 min on ice, washed with CSK buffer and PBS. For

RNase A treatment, there was an additional incubation with

1 mg/mL RNase A (Roche)/PBS or PBS (mock) for 10 min at room

temperature. Cells were fixed with 3% PFA for 12 min and stored

in 70% ethanol overnight at �20�C. Following dehydration with

80%, 95%, and 100% ethanol, cells were incubated with 0.2 mM

major 1 or major 2 LNA fluorescent probes (Exiqon) (Probst

et al., 2010) in 50% formamide, 10% dextran sulfate, 2 mg/mL

BSA, 10 mM VRC, 23 SSC, for 35 min at 37�C. After three washes

in 0.13 SSC for 5 min at 60�C, the slides were mounted using Vec-

tashield/DAPI.

Immuno-RNA FISHwas performed as previously reported (Chau-

meil et al., 2002), withminor changes. Briefly, cells were fixedwith

3% PFA for 10 min, washed with PBS and CSK buffer, permeabi-

lized with 0.5% Triton X-100/CSK buffer supplemented with

2 mM VRC for 5 min on ice, and washed with CSK buffer and

PBS. After blocking with 10% normal goat serum, 1% BSA, 0.4 U

RNaseOUT (Life Technologies) in PBS for 15 min, the cells were

incubatedwith the anti-MeCP2 antibody (Table S3) in blocking so-

lution for 45 min.

After washes in PBS, the cells were incubated with the secondary

antibody (Alexa Fluor 488 donkey anti-rabbit; Thermofisher Scien-

tific). The cells were then post-fixed in 3% PFA for 10 min, washed

with 23 SSC, and incubated with 0.4 mM major 1 LNA fluorescent

probe in 30% formamide, 1.6 mg/mL salmon sperm DNA, 10%

dextran sulfate, 1 mg/mL BSA, 20 mM VRC, 23 SSC, for 35 min

at 37�C. After threewashes in 0.13 SSC for 5min at 60�C, the slides
were mounted using Vectashield/DAPI.

Sequence of Primers, Probes, and Gapmers
The sequences of the primers, LNA fluorescent probes, and anti-

sense LNA gapmers used in this study are provided in Tables S1

and S2.

Microscopy and Image Analysis
For all imaging experiments, except for FRET, the images were

captured with a fluorescence microscope (DM6000B; Leica) run

with the LAS AF 2.6 software (Leica), using a363 (NA1.4) objective

lens (Leica) and a digital camera (DFC 360FX; Leica).

The proportions of nuclei with MeCP2, H3K9me3, and

H4K20me3 enrichment at chromocenters were obtained by

analyzing different focal planes along the z axis. For i3D-DNA

FISH and i3D-RNA FISH, multichannel z stack images were ac-

quired with a step size of 0.18 mm with the LAS AF 2.6 software,

and then the chromocenters (for i3D-DNA FISH) and RNA signals

(for i3D-RNA FISH) per nucleus weremanually counted along the z

axis. The RStudio software was used to generate the box plots. For
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immuno-RNA FISH, multichannel z stack images were acquired

with a step size of 0.18 mm, and then subjected to deconvolution

using the LAS AF 2.6 software.

Nuclei of undifferentiated cells were selected at random, and the

analysis of mESC-derived neurons was performed on cells with a

neuronal morphology.

Statistical Analysis
For the i3D-DNA FISH and i3D-RNA FISH experiments, statistical

analysis was carried out using two-sample Kolmogorov-Smirnov

test without or with Benjamini–Hochberg correction (for multiple

comparisons). Data are shown as box and whisker plots, where the

whiskers show the 5%–95%percentiles of the confidence intervals,

the horizontal lineswithin each box show themedians, the crosses

indicate the means, and outliers are shown as dots.

For theWestern blot reported in Figure S6A, one-wayANOVA fol-

lowed by Tukey post-hoc test was applied. For all of the other exper-

iments, one-tailed or two-tailed paired Student’s t tests were used,

as reported in the Figure legends. One-tailed paired Student’s t test

was usedwhenunidirectional changeswere expected. Data are pre-

sented asmeans ± SD (for all experiments, except for FRETassay) or

as means ± SEM (for FRET). p values <0.05 are considered

significant.
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