Article

MeCP2 links heterochromatin condensates
and neurodevelopmental disease

https://doi.org/10.1038/s41586-020-2574-4
Received: 31 July 2019
Accepted: 15 July 2020

Published online: 22 July 2020

Charles H. Li"*, Eliot L. Coffey'?’, Alessandra Dall’Agnese’, Nancy M. Hannett', Xin Tang',
Jonathan E. Henninger', Jesse M. Platt"?, Ozgur Oksuz', Alicia V. Zamudio'?, Lena K. Afeyan'?,
Jurian Schuijers'®, X. Shawn Liu"®, Styliani Markoulaki', Tenzin Lungjangwa', Gary LeRoy*,
Devon S. Svoboda’, Emile Wogram', Tong Ihn Lee', Rudolf Jaenisch"?* & Richard A. Young"?*

M Check for updates

Methyl CpG binding protein 2 (MeCP2) is a key component of constitutive

heterochromatin, whichis crucial for chromosome maintenance and transcriptional
silencing’. Mutations in the MECP2 gene cause the progressive neurodevelopmental
disorder Rett syndrome>®, which is associated with severe mental disability and
autism-like symptoms that affect girls during early childhood. Although previously
thought to be a dense and relatively static structure*?, heterochromatin is now
understood to exhibit properties consistent with aliquid-like condensate®’. Here we
show that MeCP2is a dynamic component of heterochromatin condensates in cells,
and is stimulated by DNA to form liquid-like condensates. MeCP2 contains several
domains that contribute to the formation of condensates, and mutations in MECP2
thatlead to Rett syndrome disrupt the ability of MeCP2 to form condensates. Condensates
formed by MeCP2 selectively incorporate and concentrate heterochromatin cofactors
rather than components of euchromatic transcriptionally active condensates. We
propose that MeCP2 enhances the separation of heterochromatin and euchromatin
throughits condensate partitioning properties, and that disruption of condensates
may be acommon consequence of mutationsin MeCP2 that cause Rett syndrome.

MeCP2 and HP1 proteins are key regulators of heterochromatin'*.
Recentstudies have shown that HP1 proteins are dynamic components
of heterochromatininvivo and canform phase-separated condensates
invitro, which suggests that heterochromatinis a dynamic liquid-like
condensate®’. To confirm that MeCP2 is also a dynamic component of
heterochromatin, we used live-cell fluorescence microscopy toimage
both MeCP2 and HP1a, endogenously tagged with fluorescent pro-
teins, in mouse embryonic stem (ES) cells (Fig. 1a-c, Extended Data
Fig.1). The results showed that green fluorescent protein (GFP)-tagged
MeCP2 and mCherry-tagged HP1a occur in nuclear bodies that overlap
Hoechst-dense heterochromatin foci (Fig. 1a, Extended DataFig.1a) and
that the two proteins occur in the same heterochromatin condensates
(Extended Data Fig. 1b). Fluorescence recovery after photobleaching
(FRAP) of MeCP2-GFP and HP1a-mCherry puncta revealed recovery
onthetimescale of seconds (Fig. 1b, ¢, Extended DataFig.1c-f), consist-
entwith characteristics of liquid-like condensates. These results show
that MeCP2is adynamic component of heterochromatin condensates
inlive mouse ES cells.

To determine whether MeCP2is adynamic component of heterochro-
matin in mammalian tissues, we generated mice expressing MeCP2-
GFP protein from the endogenous locus (Extended Data Fig. 2a-c).
MeCP2 is reported to be expressed in all cell types (Extended Data
Fig.2d); we studied neurons because MeCP2 is highly abundantin these
cells® and mutations in MECP2 cause neurodevelopmental disorders®™>.

Imaging of MAP2-positive neurons revealed that MeCP2-GFP occurs
in Hoechst-dense heterochromatin foci (Fig. 1d). FRAP analysis of
MeCP2-GFP puncta revealed rapid and complete recovery on the
timescale of seconds (Fig. 1e, ). These results indicate that MeCP2 is
adynamic component of liquid-like heterochromatin condensatesin
mouse brain cells.

To investigate whether MeCP2 has physicochemical properties
that may contribute to heterochromatin condensates in cells, we
examined purified MeCP2-GFP fusion protein using in vitro droplet
assays. MeCP2-GFP formed spherical droplets that displayed proper-
ties consistent with phase-separated liquid condensates, including
sensitivity to protein and salt concentration, droplet fusion behav-
iour, and dynamic rearrangement of molecules measured using
FRAP (Extended Data Fig. 3a-i). Purified HP1a-mCherry also formed
droplets (Extended Data Fig. 3j), consistent with previous findings®”.
MeCP2 binds to DNA**, so we studied the effects of DNA on MeCP2
droplet formation. When DNA was added to physiologically relevant
concentrations of MeCP2-GFP, MeCP2-GFP formed droplets (Fig.1g).
After the addition of methylated DNA (which MeCP2 binds with higher
affinity>*), larger droplets were formed (Fig.1g, h), and these droplets
contained alarger fraction of MeCP2 (Fig. 1i) and increased levels of
DNA (Extended Data Fig. 3k). These results were observed across a
range of MeCP2 concentrations (Fig. 1j). These observations suggest
that DNA can cause crowding of MeCP2 and thus lower the threshold
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Fig.1|MeCP2forms condensatesinvivoandinvitro. a, Live-cellimages of
endogenous-tagged MeCP2-GFP and Hoechst staining in mouse ES cells.

b, Live-cellimages of FRAP experiments with endogenous-tagged MeCP2-GFP
mouseEScells. ¢, FRAP curves for experiments inb. Photobleaching occurs at
t=0s.n=7cells.Dataare mean +s.e.m.d, Fixed-cellimages of endogenous-
tagged MeCP2-GFP brainsections from chimeric mice. e, Images of FRAP
experiments performed onacute brainslices fromendogenous-tagged MeCP2-
GFP chimeric mice.f, FRAP curves for experimentsin e. Photobleaching occurs
att=0s.n=3cells.Dataaremean +s.e.m.g, Droplet experiments examining

for condensate formation, analogous to the manner in which enhancer
DNA elements crowd transcription factors to lower the threshold for
formation of transcriptional condensates’.

We used droplet assays to identify domains of MeCP2 that contrib-
ute to condensate formation. Intrinsically disordered regions (IDRs)
can participate in condensate formation', and MeCP2 contains two
conserved IDRs that flankits structured methyl-DNA binding domain
(MBD) (Fig.2a, Extended DataFig. 3I). We conducted droplet formation
assays using physiologically relevant concentrations of recombinant
MeCP2-GFP domain deletion mutant proteinsin the presence of DNA.
Although mutant proteins that lack the N-terminal IDR (AIDR-1) formed
droplets, those thatlack the C-terminal IDR (AIDR-2) did not (Fig.2b-d).
Furthermore, IDR-1alone did not form droplets, whereas IDR-2 alone
did—albeit with diminished size and number relative to both full-length
and mutant AIDR-1 proteins (Fig. 2b-d). Similar results were observed
when MeCP2-GFP domain deletion mutant proteins were examined
indroplet assays in the absence of DNA (Extended Data Fig. 3m-o).
Theseresultsindicate that the MeCP2 C-terminal IDR, which has previ-
ously beenimplicated in various functionsincluding heterochromatin
association", chromatin compaction', co-repressor recruitment®, and
transcriptional repression™, contributes to condensate formation.
Furthermore, the results indicate that the MBD also contributes to
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MeCP2droplet formation with DNA.MeCP2-GFP at 2 pM was mixed with

160 nM unmethylated DNA (DNA), methylated DNA (methyl-DNA), or no DNAin
droplet formation buffers with 100 mM NaCl. h, Droplet areas for experiments
ing.n=15fields per condition. i, MeCP2-GFP condensed fraction for
experimentsing.n=15fields per condition. Dataare mean +s.d.j, MeCP2-GFP
condensed fraction curves for experiments examining MeCP2 droplet
formation with DNA. MeCP2-GFP was mixed with160 nM DNA, methyl-DNA, or
noDNA indroplet formation buffers with100 mM NaCl. n=15fields per
condition. Dataare mean+s.d.

condensate formation because DNA binding lowers the threshold for
condensate formation.

Specific sequence features within IDRs have previously been found to
contribute to condensate formation'; several of these features occur
within the MeCP2 IDR-2 (Fig. 2a, Extended Data Fig. 31), leading us to
investigate whether these contribute to MeCP2 condensate behaviours.
We found that deletion of basic patches within IDR-2 disrupted MeCP2
droplet formation, whereas deletion mutants removing aromatic resi-
dues, ahistidine-rich patch, and a proline-rich patch remained capable
of droplet formation (Fig. 2e-g). Droplet formation correlated with
the ability to repress transcription, a key MeCP2 function™, in a tran-
scriptional repression reporter assay (Fig. 2h, i). These results suggest
that the basic patchesinthe MeCP2 C-terminal IDR, some of whichare
disruptedinRett syndrome®, have especially important rolesin MeCP2
condensate formation.

Active transcriptional condensates'®" do not overlap heterochro-
matin condensates (Extended Data Fig. 4a). Although separation of
euchromatin and heterochromatin can be attributed to different
DNA-binding factors and differential association with nuclear lamina’®,
itis possible that the condensate properties of specific proteins might
also contribute to the separation of these distinct compartments®. To
investigate this possibility, we tested whether condensates formed by
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Fig.2|MeCP2features that contribute to condensate formation.

a, Schematic of MeCP2 proteinindicating the MBD, IDR-1, IDR-2, and sequence
features within IDR-2 previously implicated in condensate formation for other
proteins. Contribution of IDR-2 sequence features to condensate formation
was examined using deletion mutants that remove the basic patches (ABasic),
aromaticresidues (AAromatic), histidine-rich patch (AHistidine), and
proline-rich patch (AProline). Predicted protein disorder is displayed below.

b, Droplet experiments examining the ability of MeCP2 deletion mutants to
formdroplets with DNA. MeCP2-GFP deletion mutants at2 pM were mixed
with40nMDNAindroplet formation buffers with100 mM NaCl. WT, wild type.
c,Droplet areas for experimentsinb. n=15fields per condition.d, MeCP2-GFP
condensed fraction forexperimentsinb. n=15fields per condition. e, Droplet

MeCP2 preferentially incorporate and concentrate HP1a.compared to
key components of euchromatic transcriptional condensates, such as
MEDI1 and BRD4. We found that MeCP2-GFP droplets incorporated
and concentrated HP1a-mCherry to a substantially greater extent
than MED1 and BRD4 IDRs (Extended Data Fig. 4b-g). Similar results
were obtained in the presence or absence of DNA (Extended Data
Fig. 4b-e) and in the presence of nucleosomal DNA, albeit with less
efficiency (Extended Data Fig. 4f, g). Nucleosomal DNA alone did not
formdroplets under these conditions (Extended DataFig. 4h), although
itenhanced MeCP2 droplet formation (Extended Data Fig. 4i-k). Nota-
bly, when combined with MeCP2-GFP in the presence or absence of
DNA, BRD4-IDR-mCherrywas enriched inadistinct droplet phase that
did not coalesce withthe MeCP2-GFP droplet phase, although the two
phases appeared adjacent and touching (Extended DataFigs.4b, d, 5).
These results suggest that MeCP2 condensates may contribute to
selective partitioning of components of heterochromatin and active
euchromatin. Thereis some evidence for MeCP2 occupancy of euchro-
matin®>%, but MeCP2 levels in active euchromatin may not be sufficient
toform condensates that facilitate the partitioning of heterochromatin
components.

In patients with Rett syndrome, mutations occur predominantly in
the MeCP2 MBD and IDR-2 domains (Fig. 3a), which both contribute
to condensate formation. To examine whether patient mutations in
these domains disrupt the ability of MeCP2 to form condensates, we
examined MeCP2-GFP proteins with Rett-syndrome-causing mutations
using droplet formation assays (Fig. 3b—g, Extended DataFig. 6). Patient
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experiments examining ability of MeCP2IDR-2 sequence feature deletion
mutants to form droplets. MeCP2-GFP IDR-2 sequence feature deletion
mutants at 10 uM were added to droplet formation buffers with 150 mM NaCl
and 10% PEG-8000. f, Droplet areas for experimentsine.n=10 fields per
condition. g, MeCP2-GFP condensed fraction for experimentsine.n=10 fields
per condition. h, Schematic of transcriptional repression reporter assay used
to examine the ability of MeCP2 IDR-2 sequence features to contribute to
transcriptional repression. i, Normalized luciferase signals for reporter assay
examining ability of MeCP2 IDR-2 sequence features to contribute to
transcriptional repression. Luciferase signal was normalized to GAL4
DNA-binding domain (GAL4-DBD) alone. n=3biologicallyindependent
samples per condition. Alldataare mean s.d.

missense mutations that affect the MBD reduced the ability of MeCP2
to form droplets (Fig. 3d, e, Extended Data Fig. 6b). Similarly, patient
mutations that truncate IDR-2 disrupted the ability of MeCP2 to form
droplets, withmutations that truncated agreater portion of IDR-2 hav-
ingagreater disruptive effecton droplet formation (Fig.3b, c, Extended
DataFig. 6a). These results suggest that condensate disruption may be
acommon consequence of mutations in patients with Rett syndrome.

The observation that missense mutations that cause Rett syndrome
occur frequently in the MBD, whereas truncation mutations occur
frequently in IDR-2 (Fig. 3a), is consistent with a condensate model.
Missense mutationsinthe structured MBD reduce condensate forma-
tionbecause DNA binding lowers the threshold for formation, whereas
deletion mutations abrogate the multivalent interactions that con-
tribute to IDR-mediated condensate formation. Nonetheless, in Rett
syndrome there are missense mutations in IDR-2, so we investigated
whether three of these mutations (P225R, R306C and P322L) disrupt
condensate formation. Allthree mutations reduced the ability of MeCP2
toformdropletsin vitro (Fig. 3f, g, Extended Data Fig. 6¢-f). The R306C
mutation was previously shown todisruptaninteraction between the
MeCP2 NCoR-interaction domain (NID) and TBLR1—-a subunit of the
NCoR co-repressor complex'>?, We therefore examined the ability of
R306C mutant condensates to incorporate the C-terminal domain of
TBLR1(TBLR1-CTD), which directly interacts with the NID*. Wild-type
MeCP2dropletsreadily enriched TBLR1-CTD-mCherry, whereas R306C
mutantdroplets showed less enrichment (Extended Data Fig. 7), which
suggests that MeCP2 condensates can contribute to NID-mediated
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Fig.3|Mutationsin patients with Rett syndrome
disrupt MeCP2 condensate formation.

a, Schematic of MeCP2 protein with bar chart
displaying the number of MECP2 coding mutations
infemale patients with Rett syndrome found in the
RettBASE database for each amino acid position.
Positions of nonsense, frameshift, and missense
mutations are shown below. b, Droplet
experiments examining effects of Rett syndrome
truncation mutations that disruptIDR-2on MeCP2
droplet formation. Wild-type MeCP2-GFP and Rett
syndrome IDR-2 mutants (R168X,R255X, R270X,
R294Xand P389X) at theindicated concentrations
were mixed with 40 nM methylated DNAindroplet
formation buffers with100 mM NacCl. ¢, MeCP2-
GFP condensed fractionasafunction of MeCP2-
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recruitment of NCoR, a key MeCP2 function previously shown to be
disrupted in Rett syndrome™?. These results suggest that missense
mutationsin IDR-2 that occur in patients with Rett syndrome contribute
to condensate disruption.

A minimal MeCP2 fragment (Mini), which removes most of IDR-2 but
retainsthe NID (and thusR306) (Extended Data Fig. 8a), can partially res-
cue Rett syndrome phenotypesin a mouse model of the disorder®. This
observation led us toinvestigate whether MeCP2 Mini protein can form
droplets. MeCP2 Mini was capable of forming droplets (Extended Data
Fig.8b-d) that could enrich DNA and HP1a-mCherry (Extended Data
Fig. 8e-g), as well as TBLR1-CTD-mCherry (Extended Data Fig. 8h, i).
Furthermore, live-cell imaging of mouse ES cells expressing endog-
enously tagged wild-type MeCP2-GFP and the Mini fragment showed
that both proteins partitioned similarly into heterochromatin con-
densates (Extended Data Fig. 8j, k). These results show that MeCP2
Mini retains condensate formation capabilities and suggest that this
ability to form condensates may contribute to the partial rescue of
Rett syndrome phenotypes.

Toexplorethe possibility that patient mutations that cause loss of IDR-2
lead to deficienciesin condensateincorporationinliving cells, we focused
on the common R168X patient mutation, which completely deletes
IDR-2 and corresponds to the AIDR-2 deletion mutant used to exam-
ine condensate-forming ability of MeCP2 in vitro (Fig. 2b-d, Extended
DataFig.3m-0). We examined mouse ES cells expressing endogenously
tagged wild-type and R168X mutant MeCP2-GFP proteins (Extended
DataFig.9).Live-cellimaging showed amarked reductionin the ability of
mutant proteinto partitioninto heterochromatin condensates (Extended
DataFig. 93, b). Reduced partitioning was not a simple consequence of
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formation buffers with100 mM NaCl. g, MeCP2-
GFP condensed fractionasafunction of MeCP2-
GFP concentration for experimentsinf. n=15fields
percondition. Alldataare mean +s.d.

decreaseinthe abundance of mutant protein (Extended DataFig.9c, d), as
partitioninginto heterochromatin condensates was notrescued by over-
expression of theR168X mutant (Extended Data Fig.10a—c). Reduced par-
titioning of MeCP2into heterochromatin condensates was also observed
in R168X mutant neurons (Fig. 4a, b, Extended Data Fig. 10d-f). These
resultsindicate that mutations that occur in patients with Rett syndrome
reduce the condensate interactions of MeCP2 in cells.

Rett syndromeis associated with various cellular phenotypes, includ-
ingaltered chromatinarchitecture?, disrupted cofactor recruitment>,
and widespread transcriptional dysregulation®%*, R168X mutant
mouse ES cells showed evidence of each of these disease-associated
cellular phenotypes. R168X mutant mouse ES cells displayed changes
inchromatinarchitecture, as heterochromatin condensatesincreased
innumber (Extended DataFig. 9¢e) but decreased in volume (Extended
DataFig. 9f). Mutant cells showed reduced ability to partition the HP1x
cofactor into heterochromatin condensates (Extended Data Fig. 9g,
h), which was not due to reduced HP1a abundance (Extended Data
Fig.9i), consistent with the ability of MeCP2 condensates to selectively
partition and concentrate HP1a in vitro (Extended Data Fig. 4b-g).
R168X mutant mouse ES cells displayed evidence of widespread tran-
scriptional dysregulation with loss of heterochromatin-associated
repetitive element silencing (Extended Data Fig. 9j), reduced total
RNA abundance (Extended DataFig. 9k), and broad downregulation of
euchromatic genes (Extended Data Fig. 91). These cellular phenotypes
associated with Rett syndrome were also observed in R168X mutant
neurons (Fig. 4c-f, Extended Data Fig.10g-i). Thus, the loss of the IDR-2
domain, which has a major role in condensate formation, produced a
range of cellular phenotypes that are associated with Rett syndrome.
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Methods

Cell culture

V6.5 mouseES cells were agift fromR.Jaenisch, and were authenticated
by STR analysis compared to commercially acquired cells of the same
line. MeCP2-GFP Mini (ANIC)* mouse ES cells were a gift from A. P.
Bird, and were not subject to authentication.

ES cells were cultured in 2i/LIF medium on tissue culture-treated
plates coated with 0.2% gelatin (Sigma G1890). ES cells were grown
in a humidified incubator with 5% CO, at 37 °C. Cells were passaged
every2-3daysby dissociation using TrypLE Express (Gibco 12604). The
dissociation reaction was quenched using serum/LIF medium. Cells
were tested regularly for mycoplasmausing the MycoAlert Mycoplasma
Detection Kit (Lonza LT07-218) and found to be negative.

The composition of N2B27 medium is as follows: DMEM/F12 (Gibco
11320) supplemented with 0.5x N2 supplement (Gibco17502), 0.5x B27
supplement (Gibco 17504), 2 mM L-glutamine (Gibco 25030), 1x MEM
non-essential amino acids (Gibco 11140), 100 U ml™ penicillin-strep-
tomycin (Gibco 15140), 0.1 mM 2-mercaptoethanol (Sigma M7522).

The composition of 2i/LIF medium is as follows: N2B27 medium,
3 pM CHIR99021 (Stemgent 04-0004), 1 uM PD0325901 (Stemgent
04-0006), and 1000 U ml™* leukaemia inhibitor factor (LIF) (ESGRO
ESG1107).

The composition of serum/LIF medium is as follows: KnockOut
DMEM (Gibco 10829) supplemented with 15% fetal bovine serum
(SigmaF4135),2 mML-glutamine (Gibco 25030), 1x MEM non-essential
aminoacids, 100 U ml™ penicillin-streptomycin (Gibco 15140), 0.1mM
2-mercaptoethanol (Sigma M7522), and 1,000 U mI™ LIF (ESGRO
ESG1107).

HEK293T cells were purchased from ATCC (ATCC CRL-3216) and
cultured in DMEM (Gibco 11995-073) with 10% fetal bovine serum
(Sigma F4135),100 Uml ™ penicillin-streptomycin (Gibco 15140),2 mM
L-glutamine (Gibco 25030). Cells were not subject to authentication.
Cellswere tested regularly for mycoplasma using the MycoAlert Myco-
plasma Detection Kit (Lonza LT07-218) and found to be negative.

Genome editing
The CRISPR-Cas9 systemwas used to generate genetically modified ES
celllines. Target-specific sequences were cloned into a plasmid contain-
ing sgRNA backbone, a codon-optimized version of Cas9,and mCherry
or BFP. For generation of the MeCP2-mEGFP and HP1a-mCherry
endogenously tagged lines, homology directed repair templates were
clonedinto pUC19 using NEBuilder HiFi DNA Master Mix (NEB E2621S).
The homology repair template consisted of mMEGFP or mCherry cDNA
sequence flanked on either side by 800 bp homology arms amplified
from genomic DNA using PCR. The following sgRNA sequences with
PAM sequence in parentheses were used for CRISPR-Cas9 targeting:
sgRNA_Mecp2_C-term: GTAAAGTCAGCTAACTCTCT (CGG);
sgRNA_Mecp2_R168: gAGGTGGTTTCTGCTCTCTCC (TGG); sgRNA _
Cbx5_C-term: gAAGAAAGCGCGAAGAGCTAA (AGG).

Togenerate genetically modified cell lines, 750,000 cells were trans-
fected with 833 ng Cas9 plasmid and 1,666 ng nonlinearized homol-
ogy repair template using Lipofectamine 3000 (Invitrogen L3000).
Cells were sorted 48 h after transfection for the presence of either
mCherry or BFP fluorescence proteins encoded on the Cas9 plasmid to
enrichfor transfected cells. This population was allowed to expand for
1weekbefore sorting asecond time for the presence of GFP or mCherry.
Approximately 40,000 GFP- or mCherry-positive cells were plated
in serial dilution in a 6-well plate and allowed to expand for a week
before individual colonies were manually picked into a 96-well plate.
Twenty-four colonies were screened for successful targeting using
PCR genotypingto confirminsertion. PCR genotyping was performed
using Phusion polymerase (Thermo Scientific F531S). Products were
amplified according to kit recommendations and visualized on a1%
agarose gel. The following primers were used for PCR genotyping:

MeCP2-GFP_fwd: AGCAGCATCTGCAAAGAAGAG; MeCP2-GFP _rev:
CAGAGCCCTACCCATAAGGAG; HP1a-mCherry_fwd: AACGTGAAGT-
GTCCACAGATTG; HPla-mCherry_rev: TTATGGATGCGTTTAGGATGG;
MeCP2-GFP_R168X_fwd: AGACACCTCCTTGGACCCTAA; MeCP2-GFP_
R168X _rev: ACCCTTTTCACCTGAACACCT.

Neuronal differentiation

Neurons were derived from mouse ES cells by expression of NGN2 to
induce neuronal differentiation®~2. A doxycycline-inducible NGN2
expression construct with apuromycin-resistance gene was integrated
into mouse ES cells using the PiggyBac transposon system. ES cells
with successful integration of the expression construct were selected
with puromycin (Gibco A1113803). Before induction of neuronal dif-
ferentiation, mouse ES cells were seeded in 2i/LIF medium onto alayer
of mouse astrocytes grown on either tissue culture treated plates or
35mmglass plates (MatTek P35G-1.5-20-C) coated with poly-L-ornithine
(Sigma P4957) and laminin (Corning 354232). Twenty-four h after
seeding mouse ES cells, NGN2 expression was induced by changing to
N2B27 mediumwith 2 pg ml™ doxycycline (Sigma D9891). Medium was
changed daily with 2 pg mI™ doxycycline in N2B27 medium. Neurons
were collected for experiments 5 days after induction of NGN2 expres-
sion, and neuronal status was confirmed by immunofluorescence
staining for TuJ1 (Covance MMS-435P).

Live-cellimaging
Cells were grown on 35 mm glass plates (MatTek P35G-1.5-20-C) coated
with poly-L-ornithine (Sigma P4957) for 30 min at 37 °C followed by coat-
ing with laminin (Corning 354232) for2h at 37 °C,and imaged in 2i/LIF
medium using an LSM880 confocal microscope with Airyscandetector
(Zeiss). Cells were imaged on a 37 °C heated stage supplemented with
37 °C humidified air. In addition, the microscope was enclosed in an
incubation chamber heated to 37 °C. ZEN Black Edition v.2.3 (Zeiss) soft-
ware was used for acquisition. Images were acquired with the Airyscan
detectorinsuper-resolution (SR) mode with aPlan-Apochromat 63x/1.4
oil objective. Raw Airyscan images were processed using ZEN v. 2.3.
To quantify MeCP2 condensate volumes, Z-stackimages were taken
using the ZEN v.2.3 software. Cells were treated with SiR-Hoechst
(also known as SiR-DNA dye) (Cytoskeleton CY-SC007) to stain DNA
or SiR-Tubulin (Cytoskeleton CY-SC002) to stain tubulin to facilitate
cell identification and microscope focusing. Far-red (SiR-DNA) sig-
nal was used to determine the upper-and lower-Z boundaries of the
nucleus. Then, images were takeninboth 488 nm channel (MeCP2-GFP)
and the 643 nm channel (Sir-DNA) at 0.19-pum steps up through the
nucleoplasm. Images are the result of a single Airyscan image, pro-
cessed using the ZEN v.2.3 software. Heterochromatin condensate
volumes were calculated using a custom script (www.github.com/
jehenninger/MECP2_neuron) in Python v.3.4.3. To calculate hetero-
chromatin condensate volumes, the SiR-DNA signal was used to define
nuclear-boundaries for agiven cell. Heterochromatin condensates were
identified as signal dense objects within the nuclear boundary withan
empirical cutoffof 2.35s.d. above the mean signal. Once identified, the
volume of each heterochromatin condensate was quantified.
Fluorescence recovery after photobleaching (FRAP) was used to
investigate dynamic internal rearrangement and internal-external
exchange of molecules within heterochromatin foci, which are prop-
erties expected for liquid-like condensates®. FRAP was performed on
LSM880 Airyscan microscope with488 nmand 561 nmasers. Bleaching
was performed at 100% laser power and images were collected every
two seconds. Each image uses the LSM880 Airyscan averaging capac-
ity and is the averaged result of two images. The combined image was
then processed using ZEN v.2.3. FlJI/Image]J (v.2.0.0-rc-65) was used
to calculate intensity values in images. Recovery after photobleach-
ing was calculated by first subtracting background values, and then
quantifying fluorescence intensity lost within the bleached condensate
normalized to signal within a condensate in a separate, neighbouring
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cell to account for image acquisition photobleaching. Post-bleach
image taken 12 s post-photobleaching.

Partition ratios were used to quantify the ability of a protein to par-
tition into heterochromatin condensates relative to the nucleoplasm
in live-cell imaging experiments. A partition ratio for each cell was
calculated as the ratio of the average pixel intensity within hetero-
chromatin condensates relative to the average pixel intensity within
8-12non-heterochromatic nucleoplasmic regions. Heterochromatin
condensates and the nucleoplasm were defined using Hoechst stain-
ing. Asingle focal plane was analysed for each cell and cells with two or
more heterochromatin condensates were used for analysis.

Immunofluorescence microscopy

Mouse ES cells were plated onto glass coverslips in preparation for
immunostaining. After 24 h, cells were fixed with 4% paraformalde-
hyde in PBS, washed 3 times with PBS, and then permeabilized with
0.5% Triton X-100 in PBS for 10 min at room temperature. Cells were
then washed three times with PBS, blocked for 1hin 4% IgG-free BSA
(JacksonImmunoResearch 001-000-162) in PBS, and then stained over
night with the indicated antibody in 4% IgG-free BSA at room tempera-
tureinahumidified chamber. Cells were then washed three times with
PBS. Secondary antibodies were added to cellsin 4% IgG-free BSA and
incubated for 1 h at room temperature. Cells were then washed twice
in PBS. Cells were stained with Hoechst dye (Molecular Probes H3570)
in PBS or water for 5 min, and then mounted in Vectashield mounting
medium (Vector Laboratories H-1000). Imaging was performed on
an RPI spinning disk confocal at 100x magnification using the Meta-
Morphsoftwarev.7.10.3.279 (Molecular Devices). Primary antibodies:
anti-MAP2 (Invitrogen MA5-12823) and anti-MED1 (Abcam ab64965).
Secondary antibodies: anti-mouse Alexa Fluor 568 (Invitrogen A11031)
and anti-rabbit Alexa Fluor 555 (Invitrogen A21428).

Overexpression

To examine the ability of wild-type MeCP2-GFP and R168X mutant
proteins to partitioninto heterochromatin condensates when present
at high levels in cells, the proteins were overexpressed in cells with
N-terminal GFP fusions by transfection of expression constructs. Seven
hundred and fifty thousand mouse ES cells were transfected with 2.5 pug
wild-type MeCP2-GFP or R168X mutant expression plasmid using Lipo-
fectamine 3000 (Invitrogen L3000). The following day, cells were dis-
sociated and seeded onto poly-L-ornithine and laminin-coated 35 mm
glass-bottom dishes (MatTek P35G-1.5-20-C) for live-cell imaging the
next day.

Flow cytometry

Relative expression levels of endogenous-tagged proteins were exam-
ined using flow cytometry. Mouse ES cells were dissociated using Try-
pLE Express (Gibco12604) and the dissociation reaction was quenched
using serum/LIF medium. Cells were resuspended in single cell sus-
pension in PBS and passed through a cell strainer (Corning 352235).
Cells were analysed using a LSRII flow cytometer (BD) and data were
analysed using FlowJo v.10 (BD). Standard forward and side scatter
gating was used to exclude debris and isolate singlet cells. Example
flow cytometry gating strategy is shown in Supplementary Fig.2. Mean
fluorescence intensity was quantified for the singlet population, to
determinetherelative levels of endogenous-tagged fluorescent fusion
proteins (MeCP2-GFP and HP1a-mCherry).

Western blot

Western blot was used to confirm expression of wild-type MeCP2-GFP
and R168X proteins. Cell lysates were prepared by resuspending cell
pellets in 2x Laemmli buffer and incubating at room temperature for
20 min. Lysates were then sonicated using a probe sonicator and boiled
at 95 °C for 10 min. Samples were run on a 4-12% Bis-Tris polyacryla-
mide gel (Bio-Rad 3450125) using XT MOPS running buffer (Bio-Rad

1610788) at 80 V for 20 min, followed by 150 V until dye front reached
the end of the gel. Protein was wet transferred to a 0.45-um PVDF mem-
brane (Millipore IPVHO0010) inice-cold transfer buffer (25 mM Tris,
192 mM glycine, 20% methanol) at 250 mA for 2 h at 4 °C. After trans-
fer, the membrane was blocked with 5% non-fat milk in TBS for 1 h at
roomtemperature, thenincubated with1:1,000 anti-GFP (Takara Bio
632381) or 1:1,000 anti-histone H3 (Cell Signaling Technology 4499)
antibody in 5% non-fat milk in TBST overnight at 4 °C. Primary anti-
bodies were validated by their respective vendors. After washing with
TBST, the membrane wasincubated with1:10,000 horseradish peroxi-
dase (HRP)-conjugated anti-Mouse IgG (GE Healthcare NXA931V) or
anti-Rabbit IgG (GE Healthcare NA934V) secondary antibody diluted
in 5% non-fat milk in TBST for 2 h at room temperature. After washing
with TBST, the membrane was developed with chemiluminescent HRP
substrate (Millipore WBKLS0100) and imaged using a CCD camera.
Images were captured and analysed using Image Lab software v.6.0.1
(Bio-Rad).

Generation of chimeric mice

To generate endogenous MeCP2-GFP tagged chimeric mice, we
injected endogenous MeCP2-GFP-tagged mouse ES cells grown on
irradiated mouse embryonic fibroblasts into 8-cell embryos or blas-
tocysts and implanted into pseudo-pregnant female CD1-IGS mice.
Chimeric mice were identified on the basis of the colour of the fur and
female chimaeras were used for imaging experiments at 10-weeks of
age. Mouse studies were observational in nature, and not subject to
randomization or blinding. Imaging experiments using mouse brain
tissues were performed with a sample size of three cells, which isin
linewith other studies of condensates in cells'. All experiments using
mice were carried out with approval from the MIT Committee on Ani-
mal Care (CAC) under protocol number 1019-059-22. Experiments
were carried out under the supervision of the Division of Comparative
Medicine (DCM) at MIT, which provides centralized management of the
animal facility at the Whitehead Institute for Biomedical Research. The
mouse facility conforms to federal guidelines (Animal Welfare Assur-
ance Number A3125-01), and MIT is accredited by the Assessment and
Accreditation of Laboratory Animal Care (AAALAC). Routine bedding,
food, and water changes were performed by DCM. Mice were housed
inacentrally controlled environment with a12-hlight/12-h dark cycle,
temperature of 20-22.2 °C, and humidity of 30-50%. No statistical
methods were used to predetermine sample size.

Brain sliceimmunofluorescence microscopy

Adult female endogenous MeCP2-GFP chimeric mice were perfused
with 10% formalin to fix brain tissues. After fixation, mouse brains were
incubated at4 °Cin30% sucrose for 3 days. Brains were then sectioned
using cryostat (Leica CM3050 S). Brain sections were then placed on
aslide and stored at —20 °C. For immunofluorescence, brain sections
were allowed to warm to room temperature, fixed with 4% parformalde-
hyde for 10 min, and immunofluorescence was performed as described
inthe above immunofluorescence microscopy methods section.

To determine size and number of heterochromatin condensates in
mouse neurons, brain sections taken from endogenous-tagged MeCP2-
GFP mice (described above) were stained with anti-MAP2 to indicate
neuronal cells. Sections were thenimaged with 0.2-pm Z-stacks using
MetaMorph v.7.10.3.279 (Molecular Devices). In MAP2-positive cells,
endogenous MeCP2-GFP signal was used to determine the size and
number of heterochromatin condensates using FlJl/ImageJ v.2.0.0-rc-65
3D object counter with automatic threshold determination.

Brainslice FRAP

Organotypic brain slices were obtained from adult endogenous
MeCP2-GFP chimeric mice, based on a slight modification of a previ-
ously described method**. After decapitation, the brain was extracted
and placedintoice-cold dissection medium composed of hibernate A



(BrainBits HA), 2% B27 supplement (Gibco 17504), 2 mM L-glutamine
(Gibco 25030), and 1% penicillin-streptomycin (Gibco 15140). The
cerebellum and midbrain were removed and the remaining cerebral
hemispheres were separated and sliced coronally at 250 pum thick-
ness using a Mcllwain tissue chopper (Ted Pella MTC/2E). The slices
were gently separated from each other in chilled dissection medium
and transferred onto glass-bottom dishes in culture medium contain-
ing Neurobasal A (Gibco 10888022) with 2% B27 supplement, 2 mM
L-glutamine, and 1% penicillin-streptomycin. Imaging was performed
immediately after brain slice preparation. FRAP experiment was per-
formed using the Andor Revolution spinning disk confocal with the
FRAPPA module (Andor Technology). Bleaching was performed using
5-7 pulses of 20-ps dwell time and images were collected every second.
Fluorescence intensity was measured using FlJI/Image]J v.2.0.0-rc-65
and analysed as described above. Post-bleach image was taken 12 s
after photobleaching.

Protein purification

Human cDNA was cloned into amodified versionof a T7 pET expression
vector. The base vector was engineered to include sequences encod-
ing a N-terminal 6xHis followed by either mEGFP or mCherry and a
14-amino-acid linker sequence ‘GAPGSAGSAAGGSG'. cDNA sequences,
generated by PCR, were inserted in-frame after the linker sequence
using NEBuilder HiFi DNA Assembly Master Mix (NEB E2621S). Mutant
cDNAsequences were generated by PCRand inserted into the same base
vector as described above. All expression constructs were subject to
Sanger sequencing to confirm sequence identity. The following human
proteins were used in experiments:

MeCP2 full length (WT): residues 1-486; MeCP2 AIDR-1: residues
78-486; MeCP2 AIDR-2 (R168X): residues 1-167; MeCP2 IDR-1: residues
1-77; MeCP2 IDR-2: residues 168-486; MeCP2 ABasic: residues 1-486,
removing IDR-2 basic patches (residues 170-181, 184-194, 246-258,
263-274,282-289,301-310, and 340-348); MeCP2 AAromatic: residues
1-486, removing IDR-2 aromatic residues (F226 and Y450); MeCP2
AHistidine: residues 1-486, removing IDR-2 histidine-rich domain
(residues 366-372); MeCP2 AProline: residues 1-486, removing IDR-2
proline-rich domain (residues 376-405); MeCP2 R133C: residues 1-486,
R133C; MeCP2 T158M:residues 1-486, TI58M; MeCP2 P225R: residues
1-486, P225R MeCP2 R255X: residues 1-254; MeCP2 R270X: residues
1-269; MeCP2 R294X: residues 1-293; MeCP2 R306C: residues 1-486,
R306C; MeCP2 P322L: residues 1-486, P322L; MeCP2 P389X: residues
1-288; MeCP2 Mini: as in the ANIC mutant from ref. >, HP1a: residues
1-191; MED1IDR: residues 948-1574; BRD4 IDR: residues 674-1351; BRD4
Bromo domainl:residues40-168; BRD4 ET domain: residues 600-683;
TBLR1-CTD:residues 134-514.

For protein expression, plasmids were transformed into LOBSTR
cells (gift from 1. M. Cheeseman) and grown as follows. A fresh bac-
terial colony was inoculated into LB medium containing kanamycin
and chloramphenicol and grown overnight at 37 °C. Cells were diluted
1:30in 500 ml pre-warmed LB with freshly added kanamycin and chlo-
ramphenicol and grown 1.5 hat 37 °C. To induce expression, IPTG was
addedtothebacterial culture at1mM final concentration and growth
continued for4 h.Induced bacteriawere then pelleted by centrifugation
and bacterial pellets were stored at —80 °C until ready to use.

The 500-ml cell pellets were resuspended in 15 ml of lysis buffer
(50mM Tris-HCI pH7.5,500 mM NaCl, and 1x cOmplete protease inhibi-
tors) followed by sonication of ten cycles of 15 s on, 60 s off. Lysates
were cleared by centrifugationat12,000gfor 30 minat4 °C,added to
1ml of pre-equilibrated Ni-NTA agarose, and rotated at 4 °C for 1.5 h.
The slurry was centrifuged at 3,000 rpm for 10 min, washed with 10
volumes of lysis buffer and proteins were eluted by incubation for 10 or
more minutes rotating with lysis buffer containing 50 mM imidazole,
100 mMimidazole, or 3x 250 mM imidazole followed by centrifugation
and gel analysis. Fractions containing protein of the correct size were
dialysed against two changes of buffer containing 50 mM Tris-HCl

pH7.5,125 mM or 500 mM NaCl, 10% glyceroland1mM DTT at 4 °C.
Protein concentration of purified proteins was determined using the
Pierce BCA Protein Assay Kit (Thermo Scientific 23225). Recombinant
proteins were stored in 10% glycerol, 50 mM Tris-HCI pH 7.5, 125 mM
or 500 mM NaCl, 1 mM DTT. Amicon Ultra Centrifugal filters (30K or
50K MWCO, Millipore) were used to concentrate proteins to desired
working concentrations.

Invitro droplet assay

In vitro droplet assays were used to investigate the physicochemical
properties of condensate-associated proteins®*. Invitro droplet assays
containing DNA were performed by adding recombinant protein to
buffer D (10% glycerol, 50 mM Tris-HCI pH 7.5,1 mM DTT) containing
DNA attheindicated concentration. In vitro droplet assays containing
nucleosomal arrays were performed by diluting purified nucleosomes
todesired concentrationin buffer containing 6 mM MgCl,, 2% glycerol,
50 mM Tris-HCIpH 7.5and1mM DTT. Recombinant protein was mixed
withbuffer containing 2% glycerol, 50 mM Tris-HCIpH7.5and 1mMDTT,
and then combined with the diluted nucleosomes to initiate droplet
formation. Invitro droplet assays containing PEG-8000 were induced
by adding recombinant proteins to droplet formation buffer composed
of 10% glycerol, 50 mM Tris-HCI pH 7.5,1mM DTT and NaCl ranging
from O mM to 500 mM, with10% PEG-8000 added. For phase diagram
generation (Extended DataFig. 3g) droplet formation buffer was modi-
fied to contain 5% PEG-8000. Droplet assays were performedin 8-tube
PCR strip. Theindicated protein amount was added to droplet forma-
tionbuffers and the solution was mixed by pipetting. The reaction was
incubated for 10 min at room temperature in the 8-well PCR strip, and
then loaded onto either a custom slide chamber created from a glass
coverslip mounted ontwo parallel strips of double-sided tape mounted
onaglass microscopy slide, or a well of a glass-bottom 384-well plate
(CellVis P384-1.5H-N). Reactions were incubated for 20 minin the imag-
ing vessel to allow droplets in solution to settle on the glass imaging
surface. The reaction was thenimaged on an Andor Revolution spinning
disk confocal microscope using an Andor iXion+ EM-CCD camerawith
a100x or 150% objective using MetaMorph v.7.10.3.279 (Molecular
Devices). Images presented are of droplets that have settled on the
glass coverslip or the glass bottom of the 384-well plate.

To analyse in-vitro phase separation imaging experiments, custom
Python v.3.4.3 scripts (www.github.com/jehenninger/in_vitro_drop-
let_assay) were used to identify droplets and characterize their size and
shape.Forany particular experimental condition, intensity thresholds
based on the peak of the histogram and size thresholds (2 or 9 pixels
per z-slice) were used to segment theimage. Dropletidentification was
performed on the 488 nm channel (MeCP2-GFP) and areas and aspect
ratios were determined. Hundreds of droplets, identified in between
5and15independent fields of view from each reaction, were quanti-
fied. Exact number of visual fields and droplets used for visualization
and quantification are reported in the associated figure legends of
relevant panels or in the methods below. To calculate the condensed
fraction, the sum total of the intensities in all droplets of a given field
(I-in) and the sum total intensity in the bulk dilute phase outside the
droplets were calculated for each channel. Condensed fraction was
computed as (I-in)/((I-in) + (I-out)). To calculate the partition ratio, the
average intensity of each droplet (C-in) and the average intensity of the
bulk dilute phase outside the droplet (C-out) was calculated for each
channel. The partition coefficient was computed as (C-in)/(C-out). In
Figs.1,3 and Extended DataFig. 6, the condensed fraction curves were
fitted to the data using a logistic curve® in Prism v.7.0a (GraphPad).

Forinvitrodroplet FRAP, droplets were formed as described above.
The experiment was performed using the Andor Revolution spinning
disk confocal microscope with FRAPPA module (Andor Technology).
Bleaching was performed using 1 pulse of 20 ps dwell time and images
were collected every second. Fluorescence intensity was measured
using FIJI/ImageJ v.2.0.0-rc-65 and analysed as described above.
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To generate a phase diagram for MeCP2, MeCP2-GFP droplets
formation reactions were performed in a range of NaCl and protein
concentration. Tenindependent fields of view were captured for each
condition, and droplets were identified as described above. An aver-
age partition ratio threshold of >1.85 was used to determine whether
agiven condition formed droplets.

Droplet numbers

Forrelevantfigure panels, the number of droplets analysed per condi-
tionareindicated below. Fig. 1h, Extended Data Fig. 3k:no DNA (n=592),
DNA (n=1,395), methyl-DNA (n=1,130). Fig. 2c: WT (n=1,419), AIDR-1
(n=1,084), AIDR-2 (n=208),IDR-1(n=112),IDR-2 (n=626).Fig.2f : WT
(n=273), ABasic (n=538), AAromatic (n =210), AHistidine (n=274),
AProline (n=193). Extended DataFig.3b: MeCP2-GFP1.25uM (n=1,767),
2.5pM (n=1,041), 5pM (n=834),10 uM (n=483). Extended DataFig. 3e:
NaCl100 mM (n=685),200 mM (n=603),300 mM (n=521), 400 mM
(n=930).Extended DataFig.3n:WT (n=106), AIDR-1(n=228), AIDR-2
(n=89), IDR-1(n=51), IDR-2 (n=247). Extended Data Fig. 4c: HP1a-
mCherry (n=476), MED1-IDR-mCherry (n=561), BRD4-IDR-mCherry
(n=462), mCherry (n=413). Extended Data Fig. 4e: HPla-mCherry
(n =1,221), MED1-IDR-mCherry (n = 1,156), BRD4-IDR-mCherry
(n=1,124), mCherry (n=1,143). Extended Data Fig. 4g: HP1a-mCherry
(n=456), MED1-IDR-mCherry (n=331), BRD4-IDR-mCherry (n=338),
mCherry (n = 402). Extended Data Fig. 4j: No poly-nucleosomes
(n=599), poly-nucleosomes (n =351). Extended Data Fig. 5b: HP1a-
mCherry (n=496), BRD4-IDR-mCherry (n=484), BRD4-BD1-mCherry
(n=596), BRD4-ET-mCherry (n=451), mCherry (n=398). Extended Data
Fig.6a:WT 0.5uM (n=24), WT1pM (n=35), WT2uM (n=390), WT 4 uM
(n=752), WT 6 uM (n=733), WT 8 uM (n=508), P389X 0.5 uM (n=36),
P389X1pM (n=49),P389X 2 uM (n=315), P389X 4 uM (n=680), P389X
6 UM (n=578),P389X 8 uM (n=509), R294X 0.5 pM (n =30), R294X
1uM (n=47),R294X 2 uM (n=14),R294X 4 uM (n=200), R294X 6 uM
(n=545),R294X 8 UM (n =516), R270X 0.5 uM (n =58), R270X 1 M
(n=44),R270X 2 uM (n=12),R270X 4 UM (n=158),R270X 6 uM (n=549),
R270X 8 uM (n=541),R255X 0.5 pM (n=39), R255X1uM (n=53), R255X
2uM (n=21),R255X4 uM (n=7),R255X 6 uM (n=1),R255X8 uM (n=7),
R168X 0.5 uM (n=42), R168X 1 1M (n=19), R168X 2 uM (n =3), R168X
4pM (n=1),R168X 6 uM (n=1), R168X 8 uM (n =1). Extended Data
Fig. 6b: WT 0.5 pM (n1=346), WT1pM (n=1,304), WT 2 uM (n=1,442),
WT4uM (n=1,117), WT 6 uM (n=1,027), WT 8 uM (n=946), T158M
0.5uM (n=2,274), T158M1pM (n=1,561), TI58M 2 uM (n=3,798), T158M
4 1M (n=2,085), TI58M 6 uM (n=1,723), TI58M 8 uM (n=1,165), R133C
0.5uM (n=2,577),R133C1uM (n=1,465),R133C2 uM (n=2,305),R133C
4pM (n=1,937),R133C 6 uM (n=1,380), R133C 8 pM (n=764). Extended
DataFig. 6¢: WT 0.5 uM (n=31), WT 1M (n=90), WT 2 pM (n=1,237),
WT4uM (n=672), WT 6 uM (n=536), WT 8 uM (n=537),R306C 0.5 uM
(n=23),R306C1uM (n=221),R306C2 puM (n=1,236), R306C 4 pM
(n=520),R306C 6 uM (n=507),R306C 8 uM (n=465). Extended Data
Fig. 6f:WT 0.5pM (n=1,580), WT1pM (n=1,700), WT 2 uM (n=1,042),
WT4pM (n=1,202), WT 6 uM (n=1,293), WT 8 uM (n=971), P322L 0.5uM
(n=934),P322L 1M (n=1,688), P322L 2 uM (n=2,719), P322L 4 uM
(n=4,782),P322L 6 uM (n=1,395), P322L 8 M (n=2,731), P225R 0.5 pM
(n=1,378),P225R1uM (n=2,061), P225R2 uM (n=1,632), P225R 4 uM
(n=4,510), P225R 6 pM (n=2,876), P225R 8 uM (n = 3,015). Extended
Data Fig. 7b: MeCP2-GFP WT (n =719), MeCP2-GFP R306C (n=707).
Extended DataFig.7d:MeCP2-GFPWT (n=1,103), MeCP2-GFPR306C
(n=535). Extended Data Fig. 8c: MeCP2-GFP WT (n = 459), MeCP2-
GFP Mini (n=363). Extended DataFig. 8f, g:MeCP2-GFPWT (n=288),
MeCP2-GFP Mini (n = 341). Extended Data Fig. 8i: MeCP2-GFP WT
(n=1,109), MeCP2-GFP Mini (n=910).

Fluorescent DNA production

Fluorescent DNA for droplet assays was produced by amplifying
plasmid DNA using oligonucleotide primers with 5’-Cy5 fluorophore
modifications (Integrated DNA Technologies). Amplification of plasmid

templates was performed using Phusion polymerase (Thermo Scientific
F531S). Fluorescent PCR products were gel purified using the Monarch
gelextraction kit (NEB T1020S). The 376-bp DNA sequence used in drop-
let assays is: TGTAAAACGACGGCCAGTGGATCCTAGGCTTAATTTGC
ATTGCAGTACATTTGCATGCATGATATTTGCATTAAGCTTGATTTGCATG
TTTCAGAATTTGCATCGGCTAGCATTTGCATGGGCTAGAATTTGCATGC
CGGATAATTTGCATGGCGATTCATTTGCATGCCAAATCATTTGCATGCA
TGAACATTTGCATGGCTTACAATTTGCATGAAACATAATTTGCATCGAT
CGAAATTTGCATGTAGCCGAATTTGCATGTAGCTAAATTTGCATGAAA
TCGGATTTGCATGTAGCAATATTTGCATCTAGCCTAATTTGCATACCCT
AGCATTTGCATTAGATTCGGCGGCCGCGTCATAGCTGTTTCCTG.

To generate methylated DNA template for in vitro droplet assays,
Cy5-labelled fluorescent PCR product produced as described above
was treated with M.Sssl methyltransferase (NEBM0226L). Thereaction
was performed in 50 pl and contained 160 pM S-adenosylmethionine
(SAM), 1pl of M.Sssl, and 4 pg of DNA. Contents were incubated for 4 h
at37°C,and then M.Ssslwas heat-inactivated for 20 min at 65 °C. Result-
ing methylated templates were purified using the NEB Monarch DNA
and PCR cleanup kit (NEB T1030S). Methylation of templates was veri-
fied by methyl-specific restriction digestion using Clal (NEB R0O197S).

Poly-nucleosome purification

Poly-nucleosome arrays were purified from mouse ES cells based on
a previous protocol®. In brief, nuclei were isolated from mouse ES
cells by resuspending cells in a hypotonic buffer BC50 (HEPES pH 7.5,
50 mM NaCl) +5mM MgCl, +0.05% NP-40 and douncing with aKontes
glass dounce (15 strokes with each pestle A then B). The nuclei were
then digested withalimited amount of micrococcal nuclease and then
the samples were centrifuged at maximum speed for 10 min. To purify
poly-nucleosome arrays, the supernatant was loaded on a sucrose
gradient and centrifuged for 20 h in a swinging bucket rotor (Sorvall
SW28) at 18,000 rpm. The sucrose gradients (28 ml each) were 5-15%
inabasebuffer of HEPES pH 7.5and 200 mM NaCl. Individual fractions
corresponding to poly-nucleosome arrays were collected. To determine
thelengthdistribution of the poly-nucleosomearraysin each faction,
DNA was purified from each fraction and analysed on an agarose gel.
Fractions containing nucleosomal arrays ranging between 7 and 20
nucleosomesinlengthwere pooled and dialysed against buffer BC50 +
5mM MgCl,. Purified poly-nucleosomes were stored in liquid nitrogen
until ready to use in droplet assays.

MeCP2IDR-2 sequence features

Specific sequence features within protein IDRs have been found to
contribute to condensate formation®*****, Sequence features within
MeCP2IDR-2 wereidentified and deletion mutants were used to exam-
ined for their ability to contribute to droplet formation in vitro and
transcriptional repression in a reporter assay. Basic patches in IDR-2
were defined as previously described*. In brief, net charge per residue
(NCPR) along the MeCP2 protein sequence was computed using a slid-
ingwindow of 5 residues and a step size of 1 residue using localCIDER
(v.0.1.14)*. Stretches of 4 or more consecutive windows havingaNCPR
>+0.35 per window were considered to be basic patches. MeCP2 IDR-2
contained seven basic patches corresponding to residues 170-181,
184-194, 246-258, 263-274, 282-289, 301-310 and 340-348. Two
aromatic residues (residues F226 and Y450) are present in IDR-2. A
histidine-rich domain (residues 366-372) and a proline-rich domain
(residues 376-405) in IDR-2 were defined based on UniProt annotations.

Transcriptional repression reporter assay

A transcriptional repression reporter assay was used to examine the
ability of MeCP2 IDR-2 sequence feature deletion mutants to repress
transcription. Plasmids expressing MeCP2 IDR-2 sequence feature
deletion mutants as fusions with the GAL4-DBD from a SV40 promoter
were co-transfected with a transcriptional repression reporter plasmid,
containing anarray of five GAL4 DNA binding sequence motifs located



upstream of achicken f3-actin promoter driven Firefly luciferase gene.
To control for transfection efficiency, a plasmid expressing Renilla lucif-
erase under the control of the SV40 promoter was also co-transfected.
HEK293T cells were transfected using Lipofectamine 3000 (Invitrogen
L3000), 24 hafter platingin a 96-well white flat bottom plate (Corning
3917). Twenty-four hours h after transfection, expression of the tran-
scriptional repression reporter Firefly luciferase and control Renilla
luciferase were assayed using the Dual-Glo Luciferase Assay System
(PromegaE2940) and measured using a plate reader. Luciferase activity
was calculated for each condition by dividing the Firefly luciferase sig-
nal by the Renillaluciferase signal, and was normalized to the GAL4-DBD
alone condition. Assay was performed with three biologically independ-
ent samples per condition.

Gene expression analysis

Quantitative PCR with reverse transcription (RT-qPCR) was used to
quantify expression of heterochromatin-associated major satellite
repeats. RNA was collected using the RNeasy Mini Plus kit (QIAGEN
74134). Areverse transcriptase reaction was then performed using
SuperScriptlll (Invitrogen 18080). RT-qPCRreactions were performed
using Power SYBR Green PCR Master Mix (Applied Biosystems 43676)
and measured using a QuantStudio 5 Real-Time PCR System (Applied
Biosystems). Major satellite expression level was calculated using the
AAC, method using Gapdh as a control and normalized to expression
level in the wild-type condition. The following primers were used:
MajorSat_for: TGGAATATGGCGAGAAAACTG; MajorSat_rev: AGGTCC
TTCAGTGGGCATTT; Gapdh_for: AACTTTGGCATTGTGGAAGG; Gapdh_
rev: CACATTGGGGGTAGGAACAC.

RNA-seqwas used to profile expression of genes. RNA was collected
from 2 million cell aliquots using the RNeasy Mini Plus kit (QIAGEN
74134). Amount of RNA extracted was quantified using a Nanodrop
spectrophotometer (Thermo Scientific). A fixed amount of ERCC RNA
Spike-In (Invitrogen 4456740) was added to each sample for usein cell
number normalization®. Samples were treated with DNA-free DNA
RemovalKit (Invitrogen AM1906) before library preparation using the
KAPA RNA HyperPrep Kit with RiboErase (KAPA Biosystems K8562) and
sequencingon a HiSeq2500 (lllumina).

RNA-seq reads were mapped using STAR aligner (v.2.6.1a)* to the
murine RefSeq mm9 reference with ERCC spike-inreference sequences
added. Alignment was performed using ENCODE long RNA-seq pipeline
default parameters:-outFilterType BySJout,-outSAMattributes NHHIAS
NM MD,-outFilterMultimapNmax 20,-outFilterMismatchNmax 999,-
outFilterMismatchNoverReadLmax 0.05,-alignIntronMin 20,-alignIn-
tronMax1000000,-alignMatesGapMax1000000,-alignSJoverhangMin
8,-alignSJDBoverhangMin1,-sjdbScore 1. Gene expression values were
quantified using RSEM (v.1.2.31) with default parameters*. Differential
expression analysis was performed using DESeq2 (v.1.24.0) with default
parameters*®. Spike-in cell number normalization was performed by
using ERCC spike-ins to estimate size factors used for DESeq2 library nor-
malization. DESeq2 uses atwo-tailed Wald test to identify differentially
expressed genes, and the default multiple test adjusted Pvalue cutoff of
0.1was used to determine differentially expressed genes.

Bioinformatic analysis
MECP2 gene expression values in transcripts per million (TPM) from
RNA-seq of human tissues were acquired from the Genotype-Tissue
Expression (GTEXx) project release v.7. In instances where multiple
regions of the same tissue were assayed, the highest expression value
was used torepresent the tissue. TPM values greater than1were consid-
eredtobeexpressed. The GTEx Project was supported by the Common
Fund of the Office of the Director of the National Institutes of Health,
and by NCI, NHGRI, NHLBI, NIDA, NIMH and NINDS.

Mutation data from patients with Rett syndrome were acquired from
RettBASE®. Coding mutations associated with female patients with
Rett syndrome were used for analysis. A histogram of mutation count

along the length of the protein was plotted and the type of mutation
(nonsense, frameshift, missense) was indicated.

Predicted disorder values along the length of human MeCP2 protein
was determined using PONDR VLS2 algorithm. Higher values indicate
greater predicted disorder.

Protein sequence conservation along the length of human MeCP2
protein was determined by extracting protein sequences in UniProt that
shared at least 50% identity with human MeCP2 sequence (UniRef50_
Q972D6). Extracted sequences were subject to multiple sequence
alignment using Clustal Omega (v.1.2.4). Alignments were scored for
protein sequence conservation along the length of human MeCP2
using Jensen-Shannon divergence®. Higher values indicated greater
conservation.

Statistics and reproducibility
Relevant statistical information for eachexperimentareincluded in the
associated figure legends. For t-tests, datawere assumed to be normal. For
RNA-seqanalysis, atwo-sided Wald test was used toidentify differentially
expressed genes and Pvalues were adjusted for multiple comparison.
Experiments with representativeimages conducted in this study were
repeated multiple times independently with similar results. Live-cell
imagingofendogenouslytaggedmouseEScellsandneurons(Figs.1a,4a,e,
Extended Data Figs. 1a, b, 9a, g) was performed at least three times,
on different days with cells plated independently. Live-cell imaging
of endogenously tagged MeCP2-Mini mouse ES cells (Extended Data
Fig. 8j) was performed twice. Live-cell imaging of overexpressed
MeCP2-GFPinmouseES cells (Extended Data Fig. 10a) was performed
atleast three times. Immunofluorescence in mouse brain cells (Fig. 1d)
was performed on two brain sections. Immunofluorescence in mouse
ES cells (Extended Data Fig. 4a) was performed twice. Immunofluo-
rescence in differentiated neurons (Extended Data Fig. 10e) was per-
formed twice. FRAP experiments in mouse ES cells (Fig. 1b, Extended
DataFig.1c) were performedindependently at least twice. FRAP experi-
ments onmouse brain sections (Fig. 1e) was performed on three brain
slices. FRAP experiments on MeCP2 droplets (Extended Data Fig. 3i)
were performed on 10 individual droplets. Droplet fusion (Extended
Data Fig. 3h) was observed more than 10 times. PCR genotyping of
MeCP2-GFP tagged ES cells (Extended Data Fig. 2¢c) was performed
twice. Droplet experiments in Figs. 1g, 2b, e, 3b, d, f, Extended Data
Figs.3a,d,j,m,4b,d,f h,i,5a,6d,7a,c,8b,e, hwere performedatleast
two times independently. Westernblots (Extended Data Figs. 9d,10c, f)
were performed twice.

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

Data availability

Relevant datasupporting the findings of this study are available within
the paper andits Supplementary Information. RNA-seq datasets gener-
ated in this study have been deposited in the Gene Expression Omni-
bus under accession code GSE139033. Uncropped gel images can be
found in Supplementary Fig. 1. Additional data are available from the
corresponding author upon reasonable request. The following pub-
licly available data were used in this study: GTEx v. 7 RNA-seq Median
Gene TPMs by Tissue (www.gtexportal.org), RettBASE MECP2 Vari-
ant List (mecp2.chw.edu.au/mecp2/mecp2_home.php), and UniProt
Cluster ID: UniRef50_Q9Z2D6 (www.uniprot.org/uniref/UniRef50_
Q972D6). Source data are provided with this paper.

Code availability

Custom code used for analysis of images from in vitro droplet assays
is available at www.github.com/jehenninger/in_vitro_droplet_assay.
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Custom code used for analysis of heterochromatin condensate volumes
isavailable at www.github.com/jehenninger/MECP2_neuron.
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Extended DataFig.1|MeCP2 and HP1a are dynamic components of
heterochromatin condensates. a, Live-cell images of endogenous-tagged
HPla-mCherry and Hoechst stainingin mouse ES cells. b, Live-cell images of
endogenous-tagged MeCP2-GFP and HPla-mCherryin mouse ES cells.

c, Live-cellimages of FRAP experiments withendogenously tagged HP1a-
mCherry mouse ES cells.d, FRAP curves for experimentsin c. Photobleaching
occursatt=0s.n=7cells. e, Half-time of photobleaching recovery for
MeCP2-GFP and HPla-mCherry at heterochromatin condensates inimaging
experimentsincandFig.1b.n=7 cells per condition.P=0.90, t=0.13,df=12,
two-tailed Student’s t-test. f, Mobile fractions of MeCP2-GFP and HP1a~-
mCherry within heterochromatin condensates inimaging experimentsincand
Fig.1b, determined by FRAP analysis.n=7 cells per condition.P=0.09,¢=1.87,
df=12, two-tailed Student’s t-test. Dataare mean £s.e.m.
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Extended DataFig.2|Generation of endogenous-tagged MeCP2-GFP
chimeric mice. a, Schematic of MeCP2-GFP chimeric mouse generation using
endogenous-tagged MeCP2-GFP mouse ES cells. Endogenous-tagged MeCP2-
GFP mouse ES cells derived from V6.5 background were injected into embryos
from CD1-1GS mice and multiple embryos wereimplanted into pseudo-pregnant
female mice. Chimeric pups were distinguished from non-chimericlittermates
by agouticoat colour. MeCP2-GFP tagged adult chimeric mice were used for
experiments. b, Schematic of strategy used to generate endogenous-tagged
MeCP2-GFP mouse ES cells. ¢, PCR genotyping of endogenous-tagged MeCP2-
GFPmouse ES cells. For gel source data, see Supplementary Fig.1.d, MECP2
expression valuesin transcripts per million (TPM) measured by RNA-seq for
various human tissues surveyed by GTEX. Tissues are ordered based on
expression level. TPM values greater than 1are considered to be expressed.
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Extended DataFig. 3 |See next page for caption.
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Extended DataFig.3|MeCP2forms phase-separated dropletsinvitro.

a, Droplet experiments examining effect of MeCP2 concentration. MeCP2-GFP
was added to droplet formation buffers with100 mM NaCland 10% PEG-8000.
b, Dropletareas for experimentsin a. Fields per condition n=10.c, MeCP2-GFP
condensed fraction for experimentsin a. Fields per conditionn=10.d, Droplet
experiments examining effect of salt concentration. MeCP2-GFP at 10 pM was
addedtodroplet formation buffers withindicated NaCl concentrations and
10% PEG-8000. e, Droplet areas for experimentsind. Fields per condition
n=15.f,MeCP2-GFP condensed fraction for experimentsind.Fields per
conditionn=15.g, Phase diagram of MeCP2 droplet formation. MeCP2-GFP
was added todroplet formation buffers with indicated NaCl concentrations
and 5% PEG-8000.Filled-in circlesindicate conditions with droplets. Fields per
conditionn=10. h, Droplet experiments showing MeCP2 droplet fusion.

MeCP2-GFP at10 uM was added to droplet formation buffers with100 mM
NaCland10% PEG-8000.i, Droplet experiments showing MeCP2 droplet FRAP.
Conditions asinh.Photobleachingat¢=0s.j, Droplet experiments examining
HPla.HPla-mCherry at 10 uM was added to droplet formation buffers with
100 mM NaCland 10% PEG-8000. k, DNA-CyS5 partition ratios in MeCP2-GFP
droplets for experimentsin Fig.1g. Fields per conditionn=15.1, Expanded
schematic of MeCP2 protein (Fig. 2a) with protein sequence conservation, net
charge per residue (NCPR), and residue plots. m, Droplet experiments
examining MeCP2 deletion mutants. MeCP2-GFP deletion mutantsat10 pM
were added to droplet formation buffers with 100 mM NaCland 10% PEG-8000.
n, Droplet areas for experiments in m. Fields per conditionn=5. 0, MeCP2-GFP
condensed fraction forexperimentsinm. Fields per conditionn=35.Dataare
meanzs.d.
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Extended DataFig.4|MeCP2 condensates preferentially concentrate HP1a
comparedtocomponentsoftranscriptional condensates.a, Immunofluorescence
images of heterochromatin condensates (MeCP2-GFP) and transcriptional
condensates (anti-MED1) inmouse ES cells. b, Droplet experiments examining
ability of MeCP2 condensates to preferentially concentrate HP1a compared to
components of transcriptional condensates. MeCP2-GFP at 7.5 pM was mixed
with HPla-mCherry, MED1-IDR-mCherry, BRD4-IDR-mCherry, or mCherry at
7.5uMindroplet formation buffers with150 mM NaCland 10% PEG-8000.

¢, mCherry partition ratios in MeCP2-GFP droplets for experimentsinb. Fields
per conditionn=15.d, Droplet experiments with naked DNA examining ability
of MeCP2 condensatesto preferentially concentrate HP1la. compared to
components of transcriptional condensates. Conditionssame asinb, but with
the addition of 160 nM DNA. e, mCherry partition ratios in MeCP2-GFP
droplets forexperimentsind. Fields per conditionn=15.f, Droplet experiments

with nucleosomal DNA examining ability of MeCP2 condensates to
preferentially concentrate HP1la compared to components of transcriptional
condensates. MeCP2-GFP at 5 pM was mixed with HP1a-mCherry, MED1-IDR-
mCherry, BRD4-IDR-mCherry, or mCherry at5uMand 6 nM poly-nucleosomes
indroplet formation buffers with100 mM NaCl and 3 mM MgCl,.g, mCherry
partitionratiosin MeCP2-GFP droplets for experimentsinf. Fields per
conditionn=10.h, Brightfieldimages examining droplet formation with
nucleosomal DNA alone and with MeCP2. Poly-nucleosomes at 6 nM were
mixed with 5uM MeCP2-GFP or no MeCP2-GFP indroplet formation buffers
with100 mM NaCland 3mM MgCl,. i, Droplet experiments examining MeCP2
droplet formation with nucleosomal DNA. Conditionssame asinh.j, Droplet
areas forexperimentsini. Fields per condition n=10.k, MeCP2-GFP
condensed fraction for experimentsini. Fields per conditionn=10.Dataare
meanzs.d.



a Protein-
MeCP2-GFP mCherry DNA Droplets
o +'e+— - B
MeCP2-GFP
BRD4-IDR- BRD4-BD1- BRD4-ET-

HP1a-mCherry mCherry

mCherry mCherry mCherry

mCherry GFP

Merge

b 40
S 304 ...
T
5L &
dlle
g 101 F & :

Extended DataFig.5|MeCP2 condensate partitioning of BRD4 domains. with either HPla-mCherry, BRD4-IDR-mCherry, BRD4-BD1-mCherry,

a, Droplet experiments examining ability of MeCP2 condensates to BRD4-ET-mCherry, or mCherry eachat7.5pMand 160 nM methylated DNAin
preferentially incorporate and concentrate HP1a compared to BRD4 domains droplet formation buffers with150 mM NaCland 10% PEG-8000.b, mCherry
inthe presence of naked DNA. BRD4-IDR, bromodomain1(BD1), and partitionratiosin MeCP2-GFP droplets for experimentsin a. Fields per

extra-terminal (ET) domain were examined. MeCP2-GFP at 7.5 pM was mixed conditionn=15.



Article

Droplet area (um?)

[protein]
WT P389X

Droplet area (um?)
N

[protein]
WT T158M

— il il
R133C WT

] el el el il
R294X

R270X R255X R168X

[

Droplet area (um?)

[protein]

d MeCP2 GFP (pM)

P322L WT

P225R

e 0.4 -

0.3

0.2 4

MeCP2-GFP
condensed fraction

0.1 -

0.0 -

P322L

P225R

10

Droplet area (um?)

0
[protein]
WT P322L

Extended DataFig. 6 | Rett syndrome mutations disrupt MeCP2 condensate
formation. a, Droplet areas for experiments in Fig. 3b. Fields per condition
n=15.b, Droplet areas for experiments in Fig. 3d. Fields per conditionn=15.c,
Dropletareas for experiments in Fig. 3f. Fields per conditionn=15.d, Droplet
experiments examining effects of Rett syndrome missense mutations that
disruptIDR-2on MeCP2droplet formation. Wild-type MeCP2-GFP and Rett

MeCP2-GFP (uM)

— el el

P225R

syndrome IDR-2 mutants (P225Rand P322L) atindicated concentrations were
mixed with 20 nM methylated DNA indroplet formation buffers with100 mM
NaCl.e,MeCP2-GFP condensed fractionas afunction of MeCP2-GFP
concentration forexperimentsind. Dataare mean +s.d. Fields per condition
n=15.f,Dropletareas forexperimentsind. Fields per conditionn=15.



a MeCP2-GFP TBLR1-CTD-mCherry Merge

b 50
>
Y
5 % Seedte®t
ES 3 gg
0s
S = = -
6f o B
~— @© >~
T g
2 ==

WT R306C

c MeCP2-GFP TBLR1-CTD-mCherry Merge

TBLR1-CTD-mCherry
partition ratio
N

WT R306C

Extended DataFig.7 | TBLR1partitioninginto MeCP2dropletsis disrupted
by Rettsyndrome mutation R306C. a, Droplet experiments examining ability
of wild-type MeCP2 and R306C mutant condensates to enrich TBLR1-CTD.
Wild-type MeCP2-GFP or R306C mutant at 6 uM was mixed with TBLR1-
CTD-mCherry at10 pMin droplet formation buffers with125mM NaCland 10%
PEG-8000.b, TBLR1-CTD-mCherry partition ratios in MeCP2-GFP wild-type
and R306C mutant droplets for experimentsina. Fields per conditionn=15.

c, Droplet experiments examining ability of wild-type MeCP2 and R306C
mutant condensates to enrich TBLR1-CTD. Wild-type MeCP2-GFP or R306C
mutantat10 pM was mixed with TBLR1-CTD-mCherryat4 pMindroplet
formation buffers with125mMNaCl.d, TBLR1-CTD-mCherry partition ratiosin
wild-type MeCP2-GFP and R306C mutant droplets for experimentsin c. Fields
per conditionn=12.
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areas forexperimentsinb. Fields per conditionn=12.d, MeCP2-GFP
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experiments examining ability of wild-type MeCP2 and Mini to form droplets
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ability of MeCP2 wild-type and Mini condensates to enrich TBLR1-CTD.
Wild-type MeCP2-GFP or Mini at 4 uM was mixed with TBLR1-CTD-mCherry at
10 pMindroplet formation buffers with125 mM NaCl and 10% PEG-8000.

i, TBLR1-CTD-mCherry partition ratios in wild-type MeCP2-GFP and Mini
droplets for experimentsinh. Fields per conditionn=12.j, Live-cell
microscopy of endogenous-tagged wild-type MeCP2-GFP and Mini proteins
with Hoechst stainingin mouse ES cells. k, Partition ratios of MeCP2-GFP
proteins at heterochromatin condensates for experimentsinj.n=10 cells per
condition. P=0.1161, t=1.6509, df =18, two-tailed Student’s t-test. Alldata are
meanzs.d.
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Extended DataFig.9 |R168X mutant MeCP2 displays reduced partitioning
into heterochromatin condensates and causes disease-relevant cellular
phenotypesin mouseES cells. a, Live-cellimages of endogenous-tagged wild-
type MeCP2-GFP and R168X mutant proteins with Hoechst staining in mouse
ES cells. b, Partition ratios of MeCP2-GFP proteins at heterochromatin
condensates for experimentsina. Cells per condition: WT (n=11), R168X
(n=10).P<0.0001,t=12.13,df=19, two-tailed Student’s t-test. c, Me CP2-GFP
signalinendogenous-tagged wild-type MeCP2-GFP and R168X mutant mouse
ES cells measured by flow cytometry. n=3 biologically independent samples
per condition. Forexample flow cytometry gating strategy, see Supplementary
Fig.2.d, Westernblot of endogenous-tagged wild-type MeCP2-GFP and R168X
mutant mouse ES cells. Anti-H3 was used as a processing control. For gel source
data, see Supplementary Fig.1.e, Number of heterochromatin condensates per
cellinendogenous-tagged wild-type MeCP2-GFP and R168X mutant mouse ES
cells.n=16 cells per condition. P=0.0149, t=2.5832, df =30, two-tailed
Student’s t-test. f, Heterochromatin condensate volumesin endogenous-
tagged wild-type MeCP2-GFP and R168X mutant mouse ES cells. Condensates
per condition: WT (n=206), R168X (n=273). P<0.0001, t=4.2065,df=477,

two-tailed Student’s t-test. g, Live-cellimages of endogenous-tagged MeCP2-
GFP (wild type or R168X mutant) and HP1la-mCherry inmouse ES cells.

h, Partition ratios of HP1la-mCherry at heterochromatin condensates for
experimentsing. Cells per condition: WT (n=6), R168X (n=20).P<0.0001,
t=5.7136,df =24, two-tailed Student’s t-test. i, HPla-mCherry signal in
endogenous-tagged MeCP2-GFP (wild-type or R168X mutant) and HP1a-
mCherry mouse ES cells measured by flow cytometry. n=3 biologically
independent samples per condition. For example flow cytometry gating
strategy, see SupplementaryFig. 2.j, Normalized major satellite repeat
expressionin endogenous-tagged wild-type MeCP2-GFP and R168X mutant
mouseES cells.n=3biologicallyindependent samples per condition.
P=0.0017,t=7.5436,df =4, two-tailed Student’s t-test. k, Total RNA per cellin
endogenous-tagged wild-type MeCP2-GFP and R168X mutant mouse ES cells.
n=3biologicallyindependent samples per condition. P=0.0324, t=3.2154,
df=4, two-tailed Student’s t-test.l, RNA-seq comparing endogenous-tagged
wild-type MeCP2-GFP and R168X mutant mouse ES cells. Differentially
expressed genes (red dots) were determined by two-tailed Wald test with
multiple testadjusted P<0.1. For both conditions, n=3biologically
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Extended DataFig.10 |R168X mutantin mouseES cellsand neurons. a, Live-

cellimages of mouse ES cells overexpressing either wild-type or RI68X mutant
MeCP2-GFP.b, Partition ratios of MeCP2-GFP proteins at heterochromatin
condensatesrelative to the nucleoplasm for experimentsina. Cells per
condition: WT (n=3),R168X (n=5).P=0.0008, t=6.1529, df = 6, two-tailed
Student’s t-test.c, Western blot of mouse ES cells overexpressing either wild-
type or R168X mutant MeCP2-GFP. Anti-H3 was used as a processing control.
For gelsource data, see Supplementary Fig.1.d, Schematic of generation of
mouse ES-cell-derived neurons. Endogenous-tagged wild-type MeCP2-GFP
and R168X mutant mouse ES cells were modified for Dox-inducible NGN2
expression using the PiggyBac system. Prior to neuronal differentiation,
mouseES cellswere seeded on astrocytes. Neuronal differentiation was
induced by adding doxycycline to drive NGN2 expression. Five days after
induction of NGN2 expression, neurons were analysed. e, Fixed-cell

immunofluorescence images of neurons derived from wild-type MeCP2-GFP
and R168X mutant mouse ES cells. Anti-TuJ1 staining was used to distinguish
neurons. f, Western blot of endogenous-tagged wild-type MeCP2-GFP and
R168X mutant neurons. Anti-H3 was used as aloading control. For gel source
data, see Supplementary Fig. 1. g, Normalized major satellite repeat expression
inendogenous-tagged wild-type MeCP2-GFP and R168X mutant neurons.n=3
biologicallyindependent samples per condition.P=0.0061, t=5.3004, df =4,
two-tailed Student’s t-test. h, Total RNA per cellinendogenous-tagged wild-
type MeCP2-GFP and R168X neurons. n=3 biologically independent samples
per condition.P=0.0141, t=4.1676, df =4, two-tailed Student’s t-test. i, RNA-seq
comparingendogenous-tagged wild-type MeCP2-GFP and R168X mutant
neurons. Differentially expressed genes (red dots) were identified using
atwo-tailed Wald test with multiple test adjusted P< 0.1. For both conditions,
n=3biologicallyindependent samples. Dataare mean +s.d.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

E’ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

IZI A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

El The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ | Adescription of all covariates tested
|Z| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

El A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
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D Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Software and code
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Data collection Microscopy image collection was performed using Zeiss ZEN Black Edition (v. 2.3) or with MetaMorph (v. 7.10.3.279) depending on the
microscope (see methods). Western blot image collection was performed using Bio-Rad Image Lab (v. 6.0.1).

Data analysis Image analysis was performed using FlJI/ImageJ (v. 2.0.0-rc-65). In vitro droplet images and heterochromatin condensate volumes were
analyzed with custom scripts using Python (v. 3.4.3). Custom code used for in vitro droplet analysis is available at www.github.com/
jehenninger/in_vitro_droplet_assay. Custom code used for heterochromatin condensate volume analysis is available at www.github.com/
jehenninger/MECP2_neuron. Western blot images were analyzed using Bio-Rad Image Lab (v. 6.0.1). Flow cytometry data was analyzed using
FlowJo (v. 10). Data was plotted using GraphPad Prism (v. 7.0a). RNA-seq data was processed and analyzed using STAR aligner (v. 2.6.1a),
RSEM (v. 1.2.31), DESeq?2 (v. 1.24.0). Protein sequence analysis was performed using localCIDER (v. 0.1.14), PONDR VSL2, and Clustal Omega
(v.1.2.4)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A list of figures that have associated raw data
- A description of any restrictions on data availability

Relevant data supporting the findings of this study are available within the paper and Supplementary Information files. RNA-seq datasets generated in this study
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have been deposited in the Gene Expression Omnibus under accession code GSE139033. Uncropped gel images can be found in Supplementary Figure 1. Additional
data are available from the corresponding author upon reasonable request. The following publicly available data were used in this study: GTEx v. 7 RNA-seq Median
Gene TPMs by Tissue (www.gtexportal.org), RettBASE MECP2 Variant List (mecp2.chw.edu.au/mecp2/mecp2_home.php), and UniProt Cluster ID: UniRef50_Q9Z2D6
(www.uniprot.org/uniref/UniRef50_Q972D6).
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Life sciences study design
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Sample size For in vitro droplet assays, we typically imaged between 5-15 independent fields of view (typically a few hundred droplets) per condition,
which is consistent with current practices in this field (Lin et al., Mol Cell 2015; Sabari et al., Science 2018; Boija et al., Cell 2018; Guo et al.,
Nature 2019). For cell imaging studies, we examined between 3-20 cells per condition, which in line with current studies in this field (Sabari et
al., Science 2018; Cho et al., Science 2018; Chong et al., Science 2018). For transcription reporter assay, we used 3 biologically independent
samples per condition, which is in line with current standards (Chong et al., Science 2018; Boija et al., Cell 2018; Hnisz et al., Mol Cell 2015).
For RNA-seq and RT-gPCR analyses, we used 3 biologically independent samples per condition, which is in line with current standards in this
field (Weintraub et al., Cell 2017).

Data exclusions No data were excluded from the analyses.
Replication Experiments were performed multiple times with similar results.
Randomization Randomization was not possible due to the nature of the study, as the experiments examined properties of samples of distinct identities.

Instead, appropriate controls were performed and are included in the figures.

Blinding Blinding was not performed for any experiments in this study due to feasibility of data collection and data analysis.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies [x]|[ ] chiP-seq
Eukaryotic cell lines D E] Flow cytometry
Palaeontology and archaeology D MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data
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Dual use research of concern

Antibodies
Antibodies used Primary antibodies: anti-GFP (Takara Bio 632381), anti-Histone H3 (Cell Signaling Technology 4499), anti-MAP2 (Invitrogen
MAS5-12823), anti-MED1 (Abcam ab64965), anti-TuJ1 (Covance MMS-435P). Seconday antibodies: anti-mouse Alexa Fluor 568
(Invitrogen A11031), anti-rabbit Alexa Fluor 555 (Invitrogen A21428), anti-mouse-HRP (GE Healthcare NXA931V), anti-rabbit-HRP (GE
Healthcare NA934V).
Validation Anti-MAP2 antibody (Invitrogen MAS5-12823) was validated by the vendor using relative immuno-staining of MAP2-positive and

negative tissues. Anti-MED1 antibody (Abcam ab64965) was validated by immuno-staining after siRNA knockdown using Silencer
Select siRNAs toward MED1 (s72006 and s72007) (Ambion 4390771); this antibody was previously used to detect MED1 in mouse
and human cells (Sabari et al., Science 2018; Boija et al., Cell 2018; Guo et al., Nature 2019; Klein et al., Science 2020). Anti-GFP
antibody (Takara Bio 632381) was validated by western blot of lysates expressing GFP and a negative control lysate. Anti-Histone H3
antibody (Cell Signaling Technology 4499) was validated by vendor using western blot of human, mouse, rat, and monkey cell lysates.
Anti-Tul1 antibody (Covance MMS-435P) was validated by vendor using immuno-staining of human neurons and western blot in
human, mouse, and rat lysates.

=
Q
—
(-
=
(@)
=
(D
w
Q)
Q
=
(@)
o
=
D
o
©)
=
>
(@]
wn
<
3
3
Q
=
S




Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) V6.5 murine ESCs were acquired from the Rudolf Jaenisch. MeCP2-GFP Mini (ANIC, Tillotson et al., Nature 2017) murine ESCs
were acquired from Adrian Bird. HEK293T cells were commercially acquired (ATCC CRL-3216).

Authentication V6.5 murine ESCs were authenticated by STR analysis compared to commercially acquired cells of the same line. MeCP2-GFP
Mini murine ESCs and HEK293T cells were not subjected to authentication.

Mycoplasma contamination All cell lines tested negative for mycoplasma.

Commonly misidentified lines  no commonly misidentified lines were used in this study.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Female chimeric mice of CD1-IGD/V6.5 background were used for experiments at 10-weeks of age. Mice were housed in a facility
with centrally controlled environment with a 12-hour light/12-hour dark cycle, temperature of 68-72 °F, humidity of 30-50%, and
routine bedding, food, and water changes.

Wild animals No wild animals were used in this study.
Field-collected samples No field-collected samples were used in this study.
Ethics oversight All experiments using mice were carried out with approval from the MIT Committee on Animal Care (CAC) under protocol number

1019-059-22. Experiments were carried out under the supervision of the Division of Comparative medicine (DCM) at MIT, which
provides centralized management of the animal facility at the Whitehead Institute for Biomedical Research. The mouse facility
conforms to federal guidelines (Animal Welfare Assurance Number A3125-01), and MIT is accredited by the Assessment and
Accreditation of Laboratory Animal Care (AAALAC).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots

Confirm that:
E The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

E The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
E All plots are contour plots with outliers or pseudocolor plots.

E A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Murine ESCs were dissociated using TrypLE Express (Gibco 12604) and the dissociation reaction was quenched using serum/
LIF media. Cells were resuspended in single cell suspension in PBS and passed through a cell strainer (Corning 352235).

Instrument Cells were analyzed using a LSRII flow cytometer (BD).

Software Data was analyzed using FlowJo v. 10 (BD).

Cell population abundance Analysis of sorted cell populations was not performed in this study.

Gating strategy Standard forward and side scatter gating was used to exclude debris and isolate singlet cells for analysis. See Supplementary

Figure 2 for example gating strategy.

E Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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