A novel pathogenic mutation ot MeCP2
impairs chromatin association
independent of protein levels
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Loss-of-function mutations in MECP2 cause Rett syndrome (RTT), a severe neurological disorder that mainly affects
gitls. Mutations in MECP2 do occur in males occasionally and typically cause severe encephalopathy and premature
lethality. Recently, we identified a missense mutation (¢.353G>A, p.Gly118Glu [G118E]), which has never been seen
before in MECP2, in a young boy who suffered from progressive motor dysfunction and developmental delay. To
determine whether this variant caused the clinical symptoms and study its functional consequences, we established
two disease models, including human neurons from patient-derived iPSCs and a knock-in mouse line. G118E mu-
tation partially reduces MeCP2 abundance and its DNA binding, and G118E mice manifest RTT-like symptoms
seen in the patient, affirming the pathogenicity of this mutation. Using live-cell and single-molecule imaging, we
found that G118E mutation alters MeCP2’s chromatin interaction properties in live neurons independently of its
effect on protein levels. Here we report the generation and characterization of RTT models of a male hypomorphic
variant and reveal new insight into the mechanism by which this pathological mutation affects MeCP2’s
chromatin dynamics. Our ability to quantify protein dynamics in disease models lays the foundation for harnessing
high-resolution single-molecule imaging as the next frontier for developing innovative therapies for RTT and other
diseases.

[Keywords: chromatin dynamics; MeCP2; neurological disorders; Rett syndrome; single-molecular imaging]
Supplemental material is available for this article.

Received April 20, 2023; revised version accepted October 5, 2023.

Rett syndrome (RTT) is a postnatal neurological disorder
caused by loss-of-function mutations in the X-linked
gene methyl-CpG binding protein 2 (MECP2), with an ap-
proximate prevalence of one in 10,000 births (Amir et al.
1999; Laurvick et al. 2006). RTT is characterized by an ini-
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tial 6-18 mo of normal development followed by progres-
sive neurological dysfunction and developmental
regression, including stereotypic hand-wringing, gait ab-
normalities, loss of speech, and deceleration of head
growth (Chahrour and Zoghbi 2007). Severe loss-of-func-
tion mutations in MECP2 cause RTT primarily in fe-
males, who are mosaic for cells that express either the
wild-type or mutant version of MeCP2 due to random
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X-chromosome inactivation. Meanwhile, males with these
same severe mutations rarely survive infancy because
they lack a functional protein in all their cells (Neul
et al. 2019). In rare cases, a small number of mutations in
MECP2, such as A140V, cause mild loss of function and
can be seen in males with intellectual disability and neuro-
psychiatric features (Winnepenninckx et al. 2002).

Many severe RTT-causing missense mutations in
MECP2, such as R111G and R106W, cluster in the meth-
yl-CpG binding domain (MBD) (Nan et al. 1993) and abol-
ish MeCP2 binding to methylated cytosines (Goffin et al.
2012; Heckman et al. 2014; Brown et al. 2016; Johnson
et al. 2017). Mouse models carrying these severe muta-
tions have highlighted the importance of MeCP2 levels
and its DNA binding for normal brain function (Guy
et al. 2001; Goffin et al. 2012; Heckman et al. 2014; Brown
et al. 2016; Johnson et al. 2017). Importantly, the majority
(~75%) of RTT cases are not caused by severe mutations
that totally abolish MeCP2 function but rather by muta-
tions that either reduce MeCP2 levels or DNA binding,
leading to retention of some partial function of the pro-
tein. Thus, in principle, increasing the abundance or
DNA binding ability of partially functional MeCP2 pro-
teins should reduce the severity of RTT (Lamonica et al.
2017) in most cases, except those caused by mutations
that lead to total loss of function. To this end, we reasoned
that developing cellular and mouse models of a new
MECP2 mutation that does not totally inactivate the pro-
tein will help provide new high-resolution platforms to re-
liably quantify and compare phenotypic readouts that go
beyond behavioral assessments to include DNA binding
dynamics.

While DNA binding is essential for MeCP2 function,
quantitative measurement of this property in live neurons
under physiological conditions remains a challenge. Re-
cently, live-cell imaging such as single-molecule tracking
(SMT) of chromatin proteins has revealed important new
insight into their dynamic behavior in the nucleus (Han-
sen et al. 2017; Chong et al. 2018; Liu and Tjian 2018). In-
deed, previous SMT analysis showed that the R106W
mutation, which completely abolishes MeCP2’s DNA
binding, dramatically altered the fraction of MeCP2 mol-
ecules bound to the chromatin and the diffusion of un-
bound molecules (Piccolo et al. 2019). However, no
obvious abnormalities were detected in the milder
R133C mutation that retains significant DNA binding ca-
pacity (Piccolo et al. 2019). It is thus important to evaluate
whether a mutation that partially compromises DNA
binding affects MeCP2’s dynamic behavior in live neu-
rons and whether SMT can reliably discriminate such
pathological MeCP2 from wild-type MeCP2 under physi-
ological conditions.

Here, we report a newly identified missense mutation
in the MBD of MECP2 found in a young boy with develop-
mental delay, language and motor difficulties, and sei-
zures. We generated disease models to establish the
pathogenicity of this novel male RTT variant and per-
formed single-molecule tracking, which revealed new in-
sight into how this mutation affects MeCP2 chromatin
binding dynamics.
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Results

Identification of a male patient with a novel missense
mutation in MECP2 that affects protein level

The patient is a young boy with a history of global devel-
opmental delay, generalized hypotonia, difficulty with
motor planning, and metatarsus adductus. As he got older,
he did develop some seizures and dystonia. Whole-exome
sequencing from a buccal swab detected a de novo variant
(c.353G>A, p.Gly118Glu [G118E]) in MECP2. We con-
firmed this mutation in his fibroblasts and did not observe
mosaicism for the mutation. The G118E missense variant
is predicted to change a highly conserved glycine to a glu-
tamic acid in the MBD of the MeCP2 protein (Fig. 1A).
This mutation is absent from the gnomAD, NHLBI
Exome Sequencing Project, and 1000 Genomes databases,
indicating that it is not a common benign variant in the
populations represented therein. This novel MECP2 mu-
tation had not been identified in any RTT patient to
date; as such, the functional consequences of this muta-
tion were unknown.

To determine the effects of the G118E mutation on
MeCP2 in patient cells, we generated iPSCs from the pa-
tient’s fibroblasts. Additionally, we used CRISPR-Cas9
to edit the mutant nucleotide back to wild type (A >G),
generating two isogenic control iPSC lines (Supplemental
Fig. S1A). In these iPSC lines, MECP2 RNA level was
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Figure 1. MeCP2 protein level is reduced in the patient fibro-
blast-derived neurons. (A) Diagram of MeCP2 protein with the
G118E mutation in the methyl-CpG binding domain (MBD). (B)
Western blot and quantification of MeCP2 protein levels in neu-
rons derived from neural progenitor cells (n=6-8). (C) Western
blot and quantification of MeCP2 protein levels in neurons de-
rived directly by NGN2 overexpression (n = 6-8). All data were an-
alyzed by one-way ANOVA followed by Fisher’s LSD post-hoc
test. Data are presented as mean + SEM. (*) P<0.05, (**) P<0.01,
(ns.) not significant.
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similar between the G118E sample and isogenic control
(Supplemental Fig. S1B). We differentiated the iPSCs
into neurons using two independent protocols to generate
reliable results. In the first approach, we first differentiat-
ed the iPSCs into neuronal progenitor cells (Supplemental
Fig. S2) and then into neurons. For the second approach,
we directly differentiated the stem cells into neurons by
Neurogenin-2 (NGN2) overexpression (Zhang et al.
2013). In both cases, the protein levels of MeCP2 were sig-
nificantly reduced in G118E neurons (Fig. 1B,C; Supple-
mental Fig. S3A, B), confirming that the G118E mutation
negatively affects MeCP2 protein levels in patient iPSC-
derived neurons.

Mecp2S'18EY mice have reduced MeCP2 levels
and partially impaired DNA binding

To determine how the G118E mutation impacts MeCP2
level and function in vivo, we generated a knock-in mouse
model of the G118E mutation using CRISPR-Cas9. Con-
sistent with the G118E human iNeurons, Mecp2©!18E/Y
mice express Mecp2 RNA at levels comparable with
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Pathogenic mutation impairs MeCP2 nuclear dynamics

wild-type mice in the cortex (Fig. 2A) but have an ~40%
reduction in MeCP2 protein (Fig. 2B; Supplemental Fig.
S3C). MeCP2 is a nuclear protein that binds to methylated
cytosines (Meehan et al. 1992; Chen et al. 2015). Immu-
nostaining confirmed a reduction in the level of MeCP2
protein localized in the heavily methylated heterochro-
matic foci in Mecp2©18E”Y mouse brains (Fig. 2C; Nan
et al. 1996; Ito-Ishida et al. 2020). To assess MeCP2's chro-
matin binding, we performed ChIP-qgPCR in Mecp2©118E/¥
mouse frontal cortices and found that the binding of
MeCP2 to its target genes is decreased (Fig. 2D). We
next performed cleavage under targets and release using
nuclease (CUT&RUN) to profile the genome-wide bind-
ing pattern of WT and G118E MeCP2 in mouse cortices.
Consistent with the ChIP-qPCR result, the G118E muta-
tion reduced MeCP2 binding to its target gene, Bdnf (Fig.
2E). In addition, we observed a genome-wide reduction of
MeCP2’s chromatin binding in Mecp2<*8E/¥ mice (Fig.
2F). These results indicate that the G118E mutation com-
promises MeCP2'’s chromatin binding globally, though we
cannot decouple the decrease in binding from the overall
reduced MeCP2 protein level.
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Figure 2. Reduced MeCP2 level and binding in Mecp2©18E” mice. (A) Quantitative PCR on Mecp2 mRNA expression in the cortices of
8-wk-old WT and Mecp2S'%5 mice (n = 4-5). (B) Western blot of MeCP2 protein level in 8-wk-old WT and Mecp2<'"8%¥ mice in the cor-
tex (n=4-6). (C)Immunofluorescence staining showed MeCP2 binding to heterochromatin foci in 8-wk-old WT and Mecp2©?'85 mice in
the hippocampus. Scale bar, 50 ym. (D) ChIP-qPCR of MeCP2 binding targets in 8-wk-old WT and Mecp2©?18E”Y mice in the frontal cortex
(n=3). (E,F) CUT&RUN profiling of MeCP2 binding in WT and Mecp2'%5” mouse cortices at the Bdnflocus (E) and the entire chromo-
some 1 (F). Tracks from Mecp2<118E tissues are colored red, and the scale of signal intensity is shown at the top left of each track. The
displayed track is pooled from biological replicates (n = 3 biological replicates per genotype). All data were analyzed by unpaired t-test. Data
are presented as mean + SEM. (*) P<0.05, (**) P<0.01, (ns.) not significant.
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Mecp2S18EY mice show RTT-like behavioral phenotypes

RTT mouse models carrying strong loss-of-function al-
leles reproduce the symptoms seen in the RTT patients
by displaying a wide array of behavioral deficits, including
motor coordination problems, reduced anxiety, and im-
paired cued and context-dependent learning and memory
(Guy et al. 2001; Chao et al. 2010; Samaco et al. 2013; La-
very et al. 2020). To determine whether the molecular
changes caused by the G118E mutation results in a
RTT-like phenotype in mice, we characterized the
Mecp2©118EY mice using a series of behavioral assays.
Motor impairment is the most prominent phenotype in
RTT patients as well as the mouse models. Therefore, we
tested motor coordination in Mecp2©!'8E¥ mice using

rotarod and parallel footslip assays. Mecp2©18E”Y mice
showed reduced latency on the accelerating rod compared
with wild-type littermates in the rotarod test, and their per-
formance did not improve over the 4 d of testing (Fig. 3A). In
the parallel footslip assay, Mecp2<'*%5” mice displayed a
higher number of footslips from the grid compared with
wild-type animals (Fig. 3B), indicating impaired motor co-
ordination and learning. To measure anxiety-like behavior,
we performed an elevated plus maze assay and found that
Mecp2SH18EY mice display reduced anxiety compared
with their wild-type littermates, as measured by increased
entries to center, time spent in the open arms, and normal-
ized distance in open arms (Fig. 3C). To test learning and
memory in mice, we performed a fear conditioning assay.

A o WT « G118E B
300 10 — 150 1 200 | I— 50
I ) .
8 : 40 .
. i ! 150 . g
§ 20 | E . g 100 : 5 - 8 .l
5 g ¢ : c P 3w :
£ [ C g : . 3 100 - s
o ol = 7 = £
2 + =
3 i i ) 3 4 & . - 8 . R 2 20 . b
g 100{ I g 50 . 'R 3 . . F : .
T e £ e . 8
8 , g | ool L F o] e |0
°e e . 2 L3
4 g"‘ Pges
.0
o 0 0 0 0
D1 D2 D3 D4 WT  G118E WT  G1M8E WT  G18E
C . D Context Cued
20  — 200 | E— 0.4 — 1 100 . S 100 ——
. .....
—~ o o
15 : e 50 . 3 03 ’ 80 ot I
5 1 . . etee
8 . .o i °e . ] . o 60 = > 60 . o~
o .o . o o o . . £ H . £ .
. Q . . . H)
.g 10 . 5 g 100 . < E 0.2 o . g : . g . I:
= coe = £ XX = - £ 40 o - S 40 Y
& S - E : * eI N
5 ._-'._. : = 50 :r- H Zc> 0.1 .-l-l-l-_"._ K
. = . ' A 20 20 :
. °3ed . . .
LX) . N ®e .
o= ollese ; o.ol—tere 0 0 ;
WT  G118E WT  GM8E WT  GU18E WT  G118E WT  G18E
E F .
80 - N [ ,
150 * ok
I 1T 1
60 | . . .
o
— ; o::o ®e .
2 H £ 100 ‘e
= 40 - - = A
S o 2 T .
I IR +
€ 20 | £ HH lee :
= £ I S 50 A -
8 5 & :
o) A o, o
S o boged 2 . .,
- . $ee] |°iid
-20 0 -
74db 78db 82db Mouse Cup

Figure 3. Mecp2<'15% mice show RTT-like behavioral phenotypes. (A) Rotarod assay tested the motor coordination and learning in 9-
wk-old WT and Mecp2<118E/Y mice. (B) Parallel footslip assay showed the motor coordination in 12-wk-old WT and Mecp2<?185% mice. (C)
Elevated plus maze measured the anxiety-like phenotypes in 10-wk-old WT and Mecp2S''85”Y mice. (D) Fear conditioning assay tested the
contextual hippocampal and cued amygdala-dependent learning and memory in 12-wk-old WT and Mecp2' '8 mice. (E) Acoustic star-
tle measured the sensorimotor gating in 10-wk-old WT and Mecp2S'"85 mice. (F) Three-chamber assay showed the social interaction
with either a cup or a partner mouse in 11-wk-old WT and Mecp2S''85”¥ mice. n = 18-23 for all behavioral tests. All data were analyzed
by unpaired t-test, except for the rotarod test, which was analyzed by two-way ANOVA with repeated measures. Data are presented as

mean + SEM. (*) P<0.05, (**] P<0.01, (***] P<0.001, (**** P<0.0001.
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Mecp2CH18EY mice showed deficits in both context and Mecp2SH8EY mice display a range of RTT-like
cued learning, as measured by reduced freezing (Fig. 3D). physiological abnormalities
Additionally, Mecp2S''8E” mice startled less and had en-
hanced prepulse inhibition, which is indicative of abnor- To further understand the consequences of the G118E mu-
malities in sensory function (Fig. 3E|. Last, Mecp2°''%*” tation, we characterized the physiology of Mecp2©!5E/
mice displayed social deficits, as measured by decreased mice. By 8 wk of age, they developed hindlimb spasticity
time investigating a partner mouse in the three-chamber (Fig. 4A) and did not gain as much weight as wild-type
assay (Fig. 3F). Taken together, these data suggest that mice starting from 9 wk (Fig. 4B). These mice also showed
Mecp2©118EY mice have RTT-like behavioral deficits that microcephaly (Fig. 4C), which is a common feature among
have been consistently observed in other Mecp2 muta- RTT patients (Tarquinio et al. 2012), with no gross changes
tion-carrying mouse models. in brain anatomy and structure (Supplemental Fig. S4).
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Figure 4. Physiological abnormalities and survival in Mecp2©?1E” mice. (A) Hindlimb clasping was observed in 6-wk-old Mecp2©118E/¥
mice. (B) Mecp2S118E% mice have lower body weight at 9 wk of age than the WT littermates (n = 11 per group). (**) P <0.01, unpaired t-test.
(C) Mecp2S18E/Y mice showed reduced brain weight (n=11). (****) P<0.0001, unpaired t-test. (D) Kaplan-Meier survival curve showing
significantly reduced median life span of Mecp2S'*8E/ mice compared with WT littermates (1 = 10 per group). (E) Superimposed traces of
the perforant path recorded in the dentate gyrus 5 min before (gray) and 55 min after LTP induction in WT (black) versus Mecp2F1 185 (red)
mice. (F) Summary of in vivo LTP in WT (n = 12) and Mecp2©118E/¥ (n = 12) mice. LTP was induced by 6 burst stimulation (TBS; arrow). Both
groups showed LTP of population spike amplitudes (one-way repeated measures ANOVA on ranks on day 0; WT: P <0.001; mutant: P <
0.001). Two-way repeated measures ANOVA revealed significant main effects of population spike amplitudes between the two groups on
day O (genotype: F 50 =12.39, P=0.002; time: Fy; 540 =9.51, P <0.001; genotype x time interaction: Fy; 540 =6.72, P<0.001), day 1 (genotype:
F120=11.22, P=0.003; time: F3 66="5.29, P=0.002), day 2 (genotype: F; 55 = 10.34, P =0.004; time: F3 ¢ =3.66, P=0.017), and day 5 (geno-
type: Fi25=10.27, P=0.004; time: F3¢5=7.01, P<0.001) after induction. (**) P<0.01. Data are presented as mean+ SEM. (G) Cortical
EEG was recorded in the somatosensory cortex and the frontal cortex, while local field potentials were recorded in the CAl region of
the hippocampus. (H) The Mecp2S'18E”Y mice (n=4) showed more hyperexcitability discharges in the somatosensory cortex than the
WT littermates (n = 7). No behavioral seizure or electrographic seizure was observed. Man-Whitney test, (*) P <0.05. Data are presented
as mean + SEM.
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They also had a reduced life span, with a median survival of
~6 mo (Fig. 4D), which is quite longer than the Mecp2™¥,
Mecp2T8M  and Mecp2®?'1¢ mice but similar to the
Mecp2R3%€ mice and shorter than the Mecp2R'33¢ mice
(Guy et al. 2007; Heckman et al. 2014; Brown et al. 2016).
Furthermore, since we observed hippocampus-dependent
learning and memory deficits in these mice, we examined
in vivo long-term potentiation (LTP) to measure hippocam-
pal synaptic plasticity, which serves as a neural substrate of
learning and memory (Moser et al. 1998; Malenka and Bear
2004; Whitlock et al. 2006). We induced and followed up
the LTP over several days in awake freely moving mutant
and wild-type mice. Evoked responses were monitored in
the perforant path recorded in the dentate gyrus, an impor-
tant pathway for hippocampal memory, before and after
LTP induction. Following 2 d of baseline recording, tetanic
stimulation of the perforant path induced significant po-
tentiation of the population spike for multiple days in
both groups (vs. baselines on day 0; P<0.001). However,
hippocampal LTP was impaired over 5 d in the mutant
mice compared with wild-type littermates (Fig. 4E,F). We
also performed electroencephalogram (EEG) recordings in
these mice and found that EEG recordings from the soma-
tosensory cortices of these mice displayed abnormalities as
measured by the increase in the number of abnormal spikes
(Fig. 4G,H). These data align with the clinical features of
seizures observed in the individual carrying the G118E mu-
tation as well as in other RTT patients (Glaze et al. 2010).
Overall, these data indicate that Mecp2©?'E”¥ mice reca-
pitulate physiological deficits seen in RTT patients.

The G118E mutation alters MeCP2 dynamics at
chromocenters in live neurons

After confirming that G118E is a pathogenic mutation
that recapitulates RTT in a mouse model, we next sought
to determine how this mutation impairs MeCP2 DNA
binding ability in live neurons. MeCP2 nuclear mobility
has been linked to its DNA binding ability by SMT exper-
iments performed on mice with Mecp2 alleles endoge-
nously tagged with the self-labeling HaloTag (Piccolo
et al. 2019). To explore the impact of the G118E mutation
on MeCP2'’s dynamic behavior, we generated a knock-in
mouse model carrying the G118E mutation on the endog-
enously Halo-tagged Mecp?2 allele. Western blot and
immunostaining confirmed that the G118E mutation
similarly reduced the protein level of Halo-tagged
MeCP2 compared with wild-type (WT) MeCP2-Halo pro-
tein in the mouse brain, as expected (Supplemental Fig.
S5). We then isolated cortical neurons from Mecp2-Hal-
o7 and Mecp2-Halo%"'8%/" male pups, matured them
in culture for 12-15 d, and stained them with cell-perme-
able covalent Halo ligands conjugated to JaneliaFluor dyes
(Fig. 5A, top; Supplemental Fig. S6A). We first confirmed
by live-cell superresolution imaging that both WT-
MeCP2-Halo and G118E-MeCP2-Halo proteins correctly
localize to condensed heterochromatic foci (chromocen-
ters) by dual JFX549 and SiRDNA staining (Fig. 5A, bot-
tom; Supplemental Fig. S6B, left)]. We next measured
global MeCP2 nuclear dynamics at these chromocenters
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using fluorescence recovery after photobleaching
(FRAP). We bleached entire chromocenters to ~40%-—
50% of their initial fluorescence intensity and measured
their fluorescence recovery over time (Fig. 5B; Supplemen-
tal Fig. S7A), using volumetric imaging (Lemcke et al.
2016) with a frame rate of ~6 sec to account for the sub-
stantial movement of heterochromatic foci during the ac-
quisition time (see the Materials and Methods;
Supplemental Fig. S7B,C). Despite the G118E mutation
resulting in overall reduced MeCP2 levels (Figs. 1B,C,
2B; Supplemental Fig. S5), we were technically con-
strained to select WT-MeCP2-Halo and G118E-MeCP2-
Halo neurons and chromocenters with similar absolute
fluorescence intensities for reliable FRAP measurements
(see the Materials and Methods; Supplemental Fig. S7D).
As a reference for a fast-recovering protein and a slow-re-
covering one, we measured FRAP dynamics of a HaloTag
alone fused to a nuclear localization signal (Halo-NLS) and
a Halo-tagged histone 2B (H2B-Halo) stably introduced in
wild-type cortical neurons via lentiviral vectors (Supple-
mental Fig. S6B, right). Halo-NLS and H2B-Halo controls
behaved as expected, with NLS recovering immediately
and H2B recovering only minimally (Fig. 5B; Supplemen-
tal Fig. S7A,E). In neurons carrying the G118E mutation,
the bleaching depth was significantly reduced (asterisks
in Fig. 5B), suggesting that dark, mobile molecules
promptly diffused out of the bleached area to be replaced
by fluorescent ones within the few seconds intervening
between photobleaching and the next acquired frame (tg
in Fig. 5B). This observation suggests that more and fast-
er-diffusing G118E-MeCP2-Halo proteins are readily
available for exchange compared with WT-MeCP2-Halo
proteins. Given our slow frame rate (~6 sec), we can safely
assume that diffusing molecules mostly affected the
bleaching depth, while the measured fluorescence recov-
ery largely derived from bound molecules dissociating
from and leaving the bleached chromocenter. Chromo-
centers in both WT-Halo and G118E-Halo neurons recov-
ered >90% of their initial fluorescence, with mutant cells
reaching almost full recovery (97% vs. 92% in WT cells)
(Fig. 5B; Supplemental Fig. S7E). Notably, the half-time
torecovery was twice as fastin G1118E-MeCP2-Halo neu-
rons than in WT neurons (13 sec vs. 26 sec, respectively),
pointing to a more dynamic binding of G118E molecules
compared with WT ones (Fig. 5B). While we refrained
from fitting FRAP recovery curves to any kinetic model
to estimate MeCP2 dwell times on chromatin due to the
complex nature of chromocenters (see the Materials and
Methods), both the reduced bleach depth and the faster
half-time to recovery of G118E neurons indicate that chro-
mocenters of mutant neurons exchange MeCP2 proteins
with the rest of the nucleus faster than wild-type cells.

Single G118E MeCP2 molecules have impaired
chromatin binding in live neurons

Having assessed the effect of the G118E mutation on
MeCP2 dynamics at chromocenters, we next investigated
how the mutation affects the binding and diffusing behav-
ior of single MeCP2 molecules in real time at a single-cell
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Fast-SMT experiment setup. (Top) Schematic of highly inclined and laminated optical sheet illumination (HILO). (Bottom) Illumination
and camera sequence with a representative MeCP2-Halo molecule (stained with PA-JF646) detected in four consecutive frames. A short
pulse (~447 psec) of a low-intensity 405-nm laser photoactivated single PA-JF646 dye molecules during the camera dead time, followed by
excitation by a 2-msec pulse of a high-intensity 639-nm laser. Scale bar, 1 ym. (D) Randomly sampled trajectories of WT-MeCP2-Halo (red)
and G118E-MeCP2-Halo single molecules generated by connecting detections (dots) appearing in consecutive frames of fast-SMT movies.
Scale bar, 1 pm. (E) Distribution of jump lengths of WT-MeCP2-Halo (black line; n=946,622 jumps) and G118E-MeCP2-Halo (red line; n=
813,665 jumps) molecules (see also Supplemental Fig. S6D). (F) SASPT analysis of fast-SMT data. (Left) Heat map of the marginalized pos-
terior likelihood of diffusion coefficients based on a model of regular Brownian motion with localization error (colors ranging from blue to
yellow indicate increasing likelihood). Each row on the Y-axis is a cell; n specifies the total number of cells analyzed per each group. (Right)
Averaged distribution of molecules as a function of their diffusion coefficient (posterior occupation) measured in neurons expressing WT-
MeCP2-Halo (WT; black), G118E-MeCP2-Halo (G118E; red), H2B-Halo (H2B; blue), and Halo-NLS (NLS; green). The cumulative distribu-
tion function (CDF) of the same values highlights differences in the bound fraction (percentage bound; diffusion coefficient <0.1 pm?/sec;
gray) between the four groups. (G) Bound fraction of WT-MeCP2-Halo (WT; black), G118E-MeCP2-Halo (G118E; red), H2B-Halo (H2B;
blue), and Halo-NLS (NLS; green) molecules broken down by animal (the number inside each bar indicates how many animals neurons
were dissected from). (*) P<0.001, Mann-Whitney U-test (WT vs. G118E, greater).

level by fast-SMT. We optimized a sequential labeling
strategy with a photoactivatable (PA) JF646 dye (for sin-
gle-molecule detection) followed by the JFX549 dye (for
nuclear masking) to track single MeCP2-Halo molecules
in the nucleus of live cortical neurons with fast-SMT
(see the Materials and Methods). We sampled ~20 cells
per pup using nine Mecp2-Halo™ ™ and nine Mecp2-

Halo®M8EY pups, for a total of 409 cells. In fast-SMT,
highly inclined and laminated optical sheet illumination
(HILO) (Tokunaga et al. 2008) coupled with stroboscopic
excitation pulses at high power and fast acquisition times
(7 msec) minimizes motion blur and allows detection of
both bound and fast-diffusing molecules with high signal
to noise ratio (Fig. 5C). After nuclear masking in the
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JFX549 channel to remove cytoplasmic signal (Supple-
mental Fig. S6C), we connected single molecules appear-
ing in consecutive frames into hundreds of thousands of
trajectories using the Quot tracking algorithm (see the
Materials and Methods) and immediately detected a high-
er mobility of the G118E-MeCP2-Halo protein compared
with WT (Fig. 5D). Indeed, plotting the distribution of
the jump lengths (i.e., the distance covered by each mole-
cule between consecutive frames) with Spot-On (Hansen
et al. 2018), we confirmed that G118E-MeCP2-Halo mol-
ecules consistently travel longer distances than WT-
MeCP2-Halo molecules and thus are more diffusive (Fig.
5E). As a control, fast-SMT on Halo-NLS and H2B-Halo
neurons gave us the opposing jump length distributions
expected for a very mobile and an “immobile” protein, re-
spectively (Supplemental Fig. S6D). We next analyzed
SMT trajectories with the SASPT package (Heckert
et al. 2022), a Bayesian-based approach that infers the dis-
tribution of a protein’s diffusion coefficient without a pri-
ori assumptions about the underlying number of states
(e.g., binding or slow or fast diffusing alone or in associa-
tion with other partners). SASPT unequivocally estab-
lished that the G118E mutation impairs MeCP2-Halo
association with chromatin: On average, at any given
time, only ~39% of G118E-MeCP2-Halo molecules were
“bound” (diffusion coefficient <0.1 ym?/sec) compared
with ~64% of WT-MeCP2-Halo proteins, resulting in
the emergence of a population of G118E molecules with
a distinct diffusion coefficient of ~2-3 ym?/sec (Fig. 5F).
This is substantially slower than free Halo protein (NLS;
>10 um?/sec), and only full-length WT-MeCP2-Halo or
G118E-MeCP2-Halo proteins were detected by Western
blot (Supplemental Fig. S5A), implying that this diffusing
population does not consist of degraded protein frag-
ments. As an additional technical control, the majority
(79%) of H2B-Halo molecules bound chromatin in neu-
rons, while only 11% of Halo-only proteins were immo-
bile (Fig. 5F). G118E-MeCP2-Halo had a lower bound
fraction across all animals (Fig. 5G; Supplemental Fig.
S6E), and results were consistent in different neurons
from each animal, albeit with greater cell-to-cell variabil-
ity for G118E-MeCP2-Halo than for WT-MeCP2-Halo
(Supplemental Fig. SGF).

Taken together, FRAP and fast-SMT experiments in liv-
ing neurons indicate that G118E MeCP2 is less bound and
more mobile than WT MeCP2, which speeds up protein
exchange between chromocenters and the rest of the
nucleus.

The G118E mutation impairs MeCP2 chromatin binding
independent of reduced protein levels

Several described MBD point mutations result in de-
creased MeCP2 protein levels, at least in some cases as-
cribed to reduced protein stability, and GI118E is no
exception (Fig. 2B,C; Goffin et al. 2012; Johnson et al.
2017; Lamonica et al. 2017; Gandaglia et al. 2019). We
thus asked whether the binding impairment that we ob-
served in live neurons is an intrinsic defect of the G118E
mutant or a simple consequence of its reduced protein lev-
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els. Because both our FRAP and fast-SMT measurements
contain information on MeCP2 levels in single cells, we
could correlate MeCP2’s nuclear dynamics with its pro-
tein amounts. Starting with FRAP data, for both WT and
G118E neurons, we grouped cells into high and low ex-
pressing based on MeCP2 levels at targeted chromocen-
ters and contrasted them (Fig. 6A). The analysis showed
a minimal effect of protein concentration on fluorescence
recovery, with G118E neurons that express the highest
MeCP2 levels still having faster dynamics than WT neu-
rons that express the lowest protein levels (Fig. 6A; Sup-
plemental Fig. S8A). To confirm this observation in the
fast-SMT data set, we used the number of single mole-
cules detected in each movie as a proxy for protein levels
in single cells, since the number of photoactivated (JE-
PAG646-stained) MeCP2-Halo molecules in any given neu-
ron was proportional to the total number of MePC2 mol-
ecules present in that cell. We then correlated the total
number of detections in any given cell with the fraction
bound as inferred by SA-SPT for the same cell. In WT neu-
rons, such analysis revealed only a moderate correlation
(Pearson’s correlation coefficient [PCC|=0.48) (Fig. 6B).
Such correlation was modest yet robust, since it disap-
peared when we randomly paired values (PCC=0.01)
and was much higher than in the H2B-Halo and Halo-
NLS data sets (Supplemental Fig. S8B,C). In G118E neu-
rons, the correlation was milder than in WT cells (PCC =
0.3, vs. PCC = —0.03 in randomly paired values), indicating
that the reduction in fraction bound is largely indepen-
dent of total protein levels (Fig. 6B; Supplemental Fig.
S8C). While overall we detected fewer MeCP2 molecules
in G118E cells compared with WT ones (consistent with
the mutation globally reducing protein levels) (Supple-
mental Fig. S8D), G118E neurons with numbers of detec-
tion similar to those of WT neurons still displayed an
obvious binding defect (Fig. 6B).

In summary, both FRAP and fast-SMT data demon-
strate that the DNA association defect is intrinsic to the
G118E mutant protein. Moreover, single-cell imaging ex-
periments allowed us to appreciate that G118E cells with
MeCP2 levels comparable with WT cells still display al-
tered MeCP2 nuclear dynamics. These results comple-
ment and corroborate ChIP-qPCR and CUT&RUN
experiments (Fig. 2D-F), demonstrating that the reduced
binding of G118E-MeCP2 is not a mere consequence of
its diminished protein levels.

Discussion

In this work, we characterize a novel mutation in MECP2
(c.353G>A, p.Glyl18Glu [G118E]) that was identified in a
young boy. Quantitative measurement of MeCP2 protein
in neurons derived from his fibroblasts showed a 40%
reduction in protein levels. To further understand the path-
ogenicity of the mutation, we generated and comprehen-
sively characterized a G118E knock-in mouse model with
or without a self-labeling HaloTag at the Mecp2 locus,
which confirmed that this mutation reduces MeCP2 pro-
tein levels and partially impairs DNA binding. The G118E
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Figure 6. The G118E mutation alters MeCP2 nuclear dynamics independently of reduced protein levels. (A) Fluorescence recovery
curves for WT (black) and G118E (red) neurons expressing high (top 10 expressing cells; dark shade) or low (bottom 10 expressing cells;
light shade) MeCP2 levels at the targeted chromocenters. Details on absolute intensity measurements are shown in Supplemental Figure
S7D.FRAP is plotted as in Figure 5B. See Supplemental Figure S8B for additional recovery values. (B) Scatter plot correlating the number of
single MeCP2-Halo molecules (stained with the photoactivatable JF-PA646 dye) detected per cell in fast-SMT experiments (a proxy for
protein levels; X-axis) with the fraction of molecules bound to chromatin (percentage bound; Y-axis). Each dot is a single imaged neuron,

either wild type (black) or carrying the G118E mutation (red) in Mecp2
lation coefficient.

mutation leads to behavioral and physiological deficits in
mice, recapitulating all the symptoms seen in the affected
individual. Importantly, single-molecule imaging in live
cells revealed that the G118E mutation reduces MeCP2's
association with chromatin independently of protein levels,
providing new insight into how some MBD mutations in
MeCP2 might affect its interaction with chromatin.

Most studies so far have focused on studying male mice
carrying severe RTT-causing loss-of-function mutations
(null or abolishing DNA binding), which occur predomi-
nantly in female patients. Male mice carrying mild path-
ogenic mutations identified in male patients (e.g., the
GI118E mouse model developed in the current study) are
an important disease model to assess functional conse-
quences of any particular mutation in the absence of mo-
saicism. Moreover, it is worth noting that ~75% of the
RTT-causing mutations are not null alleles but retain par-
tial function of the protein and some binding to the DNA.
Developing a model for RTT that is not as severe allows
for testing therapeutic strategies that could be applied to
other RTT-causing alleles with decreased protein level
or changes in DNA binding ability. On the milder end,
the A140V mutation in males causes intellectual disabil-
ity and neuropsychiatric symptoms rather than classic
Rett syndrome (Jentarra et al. 2010), and mice carrying
the A140V mutation also display no obvious life span or
physiological phenotypes (Jentarra et al. 2010). Unlike
A140V mice, the G118E mouse model recapitulated all
the phenotypes observed in RTT patients by 8-9 wk of
age, making it an optimal model of RTT with mutations
that do not abolish protein function. More importantly,
single-molecule imaging in living neurons detected a ro-
bust reduction of the fraction of molecules bound to chro-
matin and a corresponding increase in diffusing of
unbound G118E molecules. These alterations were not
previously observed in R133C, another mild mutation
that retains partial DNA binding of MeCP2, but were ob-

. n=total neurons imaged per conditions. (PCC): Pearson’s corre-

served in the severe R106W mutation that completely
abolishes MeCP2’s DNA binding (Piccolo et al. 2019).
Therefore, our study demonstrates that live-cell imaging
can discriminate MeCP2 with compromised DNA bind-
ing in a milder disease model in a native cellular environ-
ment, which could directly be used to screen and evaluate
therapeutic interventions targeting pathological proteins.

Single-cell imaging measurements also allowed us to
uncouple the effects of the G118E mutation on MeCP2
protein levels from its DNA binding defect. While this
has been achieved for other MeCP2 mutations by in vitro
binding assays with recombinant proteins (Nikitina et al.
2007; Baker et al. 2013; Heckman et al. 2014; Zhang et al.
2022b), in vivo measurements with full-length proteins
expressed at endogenous levels in their native chromatin
environment were never attempted. Correlating the frac-
tion of MeCP2 molecules engaged in chromatin binding
with protein levels in single neurons revealed that the
G118E mutant protein is intrinsically defective in chro-
matin engagement: Mutant neurons with equal or even
higher levels than wild-type cells still display altered
DNA binding. Similar conclusions came from FRAP
measurements of chromocenter dynamics. While endoge-
nous protein levels did not rescue the G118E binding
defect, we did observe a moderate correlation between
MeCP2 concentration and fraction bound (not observed
for Halo-NLS or for H2B-Halo), as well as a mild effect of
initial protein levels at chromocenters on their fluores-
cence recovery after photobleaching (Fig. 6; Supplemental
Fig. S8B). Such an effect is consistent with the document-
ed ability of MeCP2 to self-interact (Georgel et al. 2003;
Wang et al. 2020; Zhang et al. 2022a): At increasing pro-
tein concentrations, MeCP2 molecules already bound to
DNA might facilitate chromatin docking of diffusing
ones.

Heterochromatic foci are densely methylated, so FRAP
measurements are likely a combination of MeCP2
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molecules engaging with a single locus and molecules
jumping from one methylated site to the next before leav-
ing the bleached chromocenter. Because of this complex-
ity, we did not apply any kinetic modeling procedures to
the FRAP results, and whether G118E molecules reside
on chromatin long enough to carry out their function re-
mains to be determined, possibly by significantly increas-
ing the level of the mutant protein. Given the intrinsic
defect in chromatin engagement of the G118E MeCP2 pro-
tein (40% drop in fraction bound as estimated by fast-
SMT), we predict that the mutant protein will need to be
overexpressed ~1.5-fold above WT levels to achieve a com-
parable total number of bound molecules. Our prediction
agrees well with functional rescues of other MeCP2
MBD mutations that required twice as much mutant
MeCP2 to normalize some of the RTT phenotypes
(Lamonica et al. 2017).

How does the G118E mutation affect MeCP2 engage-
ment with chromatin? Crystal structures of MeCP2
MBD domain in complex with methylated DNA position
glycine 118 at the C-terminal end of a loop that forms hy-
drogen bonds with the methylated base through arginine
111 (Ho et al. 2008). It is tempting to speculate that the
G118E substitution alters the loop structure, interfering
with MeCP2 docking to DNA. Homology modeling of
the WT and G118E mutated loops with the Rosetta Loop-
Modeler protocol predicted a substantial conformational
change for the G118E mutation (Supplemental Fig. S8E).
The change likely resulted from the reduced propensity
of glutamate to adopt the backbone ¢ and v angles that
are required by the native glycine to adopt the crystallo-
graphic conformation. Although the mutant maintains
key hydrogen bonds with the DNA through arginine
111, consistent with its ability to bind DNA, the confor-
mational change observed in the simulation illustrates a
preference of the WT protein to pack against the DNA
that is significantly diminished in the mutant. Whether
this prediction reflects an actual conformation adopted
in vivo by the G118E mutant will need to be experimen-
tally validated.

An alternative explanation for lower protein levels and
higher fraction of fast-diffusing G118E molecules is that
the mutation results in an unstable protein that is progres-
sively degraded and/or misfolded and thus diffuses faster
than the wild-type one. Although we cannot exclude
such a hypothesis, a few observations tend to discredit
it. First, we did not see predominant degradation products
by Western blot analysis of brain lysates probed with ei-
ther an anti-Halo antibody or an MeCP2 antibody (Supple-
mental Fig. S5A). Second, the diffusion coefficient of
GI118E molecules (2-3 pm?/sec) was still significantly
slower than free Halo proteins (>10 pm?/sec) and fell with-
in the broad diffusion range of WT molecules (0.1-9 um?/
sec), suggesting that we were looking at an intact protein.
Finally, if any misfolding happened, it must have spared
the Halo moiety, since the tag integrity was required for
proper labeling and detection. In fact, the conformation
change predicted by the Rosetta homology modeling dis-
cussed above was pronounced but restricted to the protein
loop that contacted methylated DNA, which was very un-
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likely to cause a shift in MeCP2'’s diffusive behavior (Sup-
plemental Fig. SSE).

In conclusion, we generated two orthogonal models and
established an in-depth pipeline to molecularly character-
ize new and rare mutations in MECP2 to determine their
pathogenicity. Remarkably, single-molecule imaging ex-
periments in live cells provided new insight into how
GI118E mutation alters MeCP2’s protein dynamics and
function in real time. Our findings, together with other re-
cent studies from our and other laboratories (Liu et al.
2019; Parolia et al. 2019; Piccolo et al. 2019; Chen et al.
2022), consolidate the notion that live-cell single-mole-
cule imaging is a powerful new tool to discriminate phys-
iological from pathophysiological protein dynamics in a
native cellular environment. Given that the G118E muta-
tion leads to similar changes in MeCP2 abundance in both
mouse brains and patient-derived iNeurons, the next im-
portant question is whether the G118E mutation also af-
fects MeCP2’s chromatin association dynamics in
human neurons, which would be a more disease-relevant
platform for drug discovery. Ultimately, the combination
of our live-cell imaging tool with newly established dis-
ease models provides a platform to directly screen and
evaluate new therapeutic interventions that can normal-
ize the DNA binding capacity of pathogenic MeCP2 pro-
tein. Combined with CRISPR/Cas9 genome-editing
technologies and the accessibility and versatility of
hiPSC-based disease models, our approach is highly trans-
ferable to other pathological settings.

Materials and methods

Generation of MECP2G!'8%/% ipsCs

To initiate reprogramming, primary human male dermal fibro-
blasts harboring the MECP2 G118E mutation were infected
with nonintegrating Sendai viruses expressing OCT4, SOX2,
KLF4, and C-MYC (CytoTune-iPS 2.0; Thermo Fisher). Clonal
human induced pluripotent cell (hiPSC) colonies were manually
picked and expanded under feeder-free conditions using hESC-
qualified Matrigel (Corning) and mTeSR1 medium (Stem Cell
Technologies). HSCC-103iPS clone 15 was shown to have a nor-
mal male karyotype at passage 7 and subsequently was used for
genome editing.

Genome editing of MECP2S18E/Y ipSCs

MECP2S118EY ¢lone 15 iPSCs were adapted to single-cell passag-
ing using Accutase and StemFlex medium (Thermo Fisher Scien-
tific) prior to nucleofection. On the day of nucleofection, iPSCs
were pretreated with 10 M Y-27632 for 30 min. Cells were disso-
ciated to single cells using Accutase, and 300,000 cells were
nucleofected with 200 pmol of sgRNA (Synthego) complexed to
40 pmol of Cas9 protein (TrueCut Cas9 protein v2; Thermo Fish-
er Scientific) and 50 pmol of a single-stranded DNA repair tem-
plate using the P3 primary cell 4D-nucleofector X kit S (Lonza
program CA-137). Nucleofected cells were seeded onto a Matri-
gel-coated 10-cm plate in StemFlex medium supplemented
with 10 pM Y-27632 for the first 24 h. Colonies were manually
picked and screened by genomic PCR followed by restriction en-
zyme digestion with Hhal.
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Neuron differentiation: NGN2

The iPSCs were plated in 12-well plates and first infected with
lentivirus (Addgene 66810) packaged with rtTA with hygromycin
selection and then infected with lentivirus packaged with
NGN2-EGFP with blasticidin selection (Crutcher et al. 2019).
For biochemistry assays, the cells were plated in 24-well plates
and induced into the neurons using doxycycline and neural in-
duction medium (DMEM/F12:neurobasal [1:1] supplemented
with 1x B27, 1x N2, 2 nM GlutaMax) for 4 d and neural differen-
tiation medium (neuobasal with 1x B27, 2 mM GlutaMax, 20 ng/
mL BDNF, 10 ng/mL GDNF, 10 ng/mL NT-3, 100 uM db-cAMP,
200 puM ascorbic acid) afterward. The neurons were harvested 60 d
after differentiation.

Neuron differentiation: NPCs

Differentiation and culturing of neural progenitor cells from hu-
man patient-derived induced pluripotent stem cells was per-
formed following our earlier published protocol (Jiang et al.
2017; Rousseaux et al. 2018a,b; Vazquez-Vélez et al. 2020).

Mouse generation

Animals Mice were housed in an AAALAS-certified level 3 facil-
ity on a 14-h light cycle. The mice were weaned at 21 d after birth
and housed with three to four littermates per cage. G118E mice
were generated at Baylor College of Medicine (see below), back-
crossed at least five generations, and maintained in C57B6/] back-
ground. F1 hybrids of C57B6/J and 129S1 were used for behavioral
and physiology tests. The male offspring were used for analysis.
The experimenter was blinded to the genotypes while performing
all behavior assays. Other experiments were performed without
blinding to genotypes. All procedures to maintain and use the
mice were approved by the Institutional Animal Care and Use
Committee for Baylor College of Medicine and Affiliates.

Generation of G118E knock-in and Mecp2©1%E-halo mice The G118E
mutation was introduced endogenously to wild-type and previous-
ly established Mecp2-Halo mice (Piccolo et al. 2019) on a pure
C57Bl/6] background via CRISPR/Cas9-mediated gene editing.
Briefly, one sgRNA targeting the mutation site was designed
from Benchling and synthesized by IDT. The single-strand
ODNs were synthesized by GenScript. Silent mutations were
made for easy genotyping: gRNA sequence (CATCATACTTTCC
AGCAGAT) and ssODN sequence (CTCGGCTTCCCCCAAA
CAGCGGCGCTCCATTATCCGTGACCGGGGACCTATGTA
TGATGACCCCACCTTGCCTGAAGGTTGGACACGAAAGC
TTAAACAACGCAAAAGCGGAAGGAGCGCCGAAAAGTAT
GATGTATATTTGATCAAGTAAGTAAGAGCAAGTCTTGTG
TCTATAGAACAAGA).

Next, gRNA was in vitro transcribed with the MEGAshort-
script T7 transcription kit (Invitrogen). On the day of injection,
Cas9 protein (PNA Bio) and sgRNA with ssODNs were injected
(pronuclear) into ova from C57Bl/6 female mice and transferred
into oviducts of pseudopregnant females. The following primers
were used to distinguish the G118E mice: forward: GCCACTA
CAACCTTCAGCCCACCAT and reverse: TCGGCGCTCCTT
CCGCTTTTGCG.

Mecp2-Halo and Mecp2©1*%E-Halo mice were transferred to the
University of California, Berkeley, where they were mated and
used for imaging in accordance with the recommendations in the
guide for the care and use of laboratory animals of the National
Institutes of Health and following the animal use protocol
(AUP-2015-09-7988-2) approved by the Animal Care and Use Com-
mittee (ACUC) of the University of California, Berkeley.

Pathogenic mutation impairs MeCP2 nuclear dynamics

Mecp2-Halo"T /518 heterozygous females were mated with
Mecp2-Halo"™  hemizygous males to generate both
Mecp2-Halo"'™? and Mecp2-Halo®* %Y male pups in the same lit-
ter. Newborn male pups were distinguished from females by their
characteristic pigment spot on the scrotum (Wolterink-Donselaar
et al. 2009) and selected for dissection and imaging. Pups’ male
gender and the presence or absence of the G118E mutation were as-
sessed by PCR with the following primers: y-specific forward
(TGGGACTGGTGACAATTGTC), y-specific reverse (GAGTAC
AGGTGTGCAGCTCT), G118E-specific forward (CGCAAAAG
CGGAAGGAGC), G118E-specific reverse (CCAGACCTAATCC
ACCACCA), WT-specific forward (AGGAAGTCTGGCCGATC
TG), and WT-specific reverse (TGCTCAGAAGCCAAAACAGC).
Wild-type C57Bl/6] mice were also mated to perform lentiviral
transduction of wild-type neurons with Halo-NLS and H2B-Halo
constructs, which served as an imaging control (details below).

Brain lysate preparation and Western blot

Brains were dissected and homogenized in cold lysis buffer (20
mM Tris-HCI at pH 8.0, 180 mM NaCl, 0.5% NP-40, 1 mM
EDTA, 2% SDS, Complete protease inhibitor [Roche]). Lysates
were sonicated for 10 min with Biorupter Pico (Diagenode), rotat-
ed for 20 min at room temperature, and then centrifugated at
maximum speed for 20 min. The supernatant was then mixed
with NuPAGE sample and reducing buffer, heated for 10 min at
95°C, and run on a NuPAGE 4%-12% Bis-Tris gradient gel
with MES SDS running buffer (NuPAGE). Separated proteins
were transferred to nitrocellulose membrane using NuPAGE
transfer buffer for 2.5 h at 4°C. The membrane was blocked
with 5% BSA in TBS with 2% Tween-20 (TBST) for 1 h and incu-
bated with primary antibody overnight at 4°C. After three washes
with TBST, the membrane was incubated with secondary anti-
body in 0.5x Odyssey blocking buffer for 1-2 h at room tempera-
ture followed by washing. Images were acquired on a LICOR CLx
imager. Antibodies used were anti-MeCP2 (D4F3; 1:1000; Cell
Signaling Technologies 3456), anti-HaloTag (1:1000; Promega
G9211), mouse anti-GAPDH (1:10,000; Abcam ab8245), and rab-
bit anti-PCNA (Proteintech 10205-2-AP).

Immunofluorescence

Animals were anaesthetized with a mix of 37.6 mg mL™" keta-
mine, 1.92 mg mL™! xylazine, and 0.38 mg ml~! acepromazine
and transcardially perfused with 20 mL of PBS followed by 100
mL of cold PBS-buffered 4% paraformaldehyde (PFA). The brains
were removed and postfixed overnight in 4% PFA. Next, the
brains were cryoprotected in 4% PFA with 30% sucrose for two
additional days at 4°C and embedded in optimum cutting temper-
ature (O.C.T.; Tissue-Tek). Free-floating 40-uym brain sections
were cut using a Leica CM3050 cryostat and collected in PBS.
The sections were blocked for 1 h in 2% normal goat serum and
0.3% Triton X-100 in PBS at room temperature. Sections were
then incubated overnight at 4°C with rabbit anti-MeCP2 anti-
body (1:1000; Cell Signaling 3456). The sections were washed
three times for 10 min with PBS and incubated for 2 h at room
temperature with goat antirabbit antibody (Alexa fluor 488;
1:500; Invitrogen A-11034). For MeCP2-Halo detection, sections
were incubated with HaloTag ligand TMR (Promega G8252)
without secondary antibody incubation. Sections were washed
three times for 10 min with PBS and mounted onto glass slides
with VectaShield mounting medium with DAPI (Vector
Laboratories).
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Gene expression analysis by gqRT-PCR

Total RNA was extracted from different brain regions of adult
mice using a Qiagen RNeasy mini kit, and 3 pg was used to
synthesize cDNA by M-MLYV reverse transcriptase (Life Techno-
logies). qPCR was performed in a CFX96 real-time system (Bio-
Rad) using PerfeCTa SYBR Green fast mix (Quanta Biosciences).
Sense and antisense primers were selected to be located on differ-
ent exons and the RNA was treated with DNase to avoid false-
positive results caused by DNA contamination. The specificity
of the amplification products was verified by melting curve anal-
ysis. All qPCR reactions were conducted in technical triplicates,
and the results were averaged for each sample, normalized to
GAPDH levels, and analyzed using the comparative AACt meth-
od. The following primers were used in the RT-qPCR reactions:
MECP2 (common to humans and mice; forward: 5-TATTTGAT
CAATCCCCAGGG-3' and reverse: 5-CTCCCTCTCCCAGTT
ACCGT-3'), Gapdh (mouse-specific; forward: 5-GGCATTGCT
CTCAATGACAA-3" and reverse: 5-CCCTGTTGCTGTAGCC
GTAT-3'), and GAPDH (human-specific; forward: 5-AAAGGGT
CATCATCTCCGCC-3' and reverse: 5-TCATGGATGACCTT
GGCCAG-3).

Chromatin immunoprecipitation

ChIP was performed as previously described (Ito-Ishida et al. 2018)
with minor modifications. Frozen tissue was cross-linked by incu-
bating in 1% PFA (Fisher 28906) in PBS for 10 min at room temper-
ature. The fixation was quenched with 125 mM glycine in ice-cold
PBS, and then the samples were homogenized in hypotonic solu-
tion (10 mM Tris at pH 7.5, 0.5% Igepal CA-630, 10 mM NaCl,
30 mM MgCl,, 1:1000 RNase cocktail [Ambion 2286], 1 mM
PMSEF, 1x CPI). Nuclei were collected at 3000 rpm in a tabletop
centrifuge and resuspended in nucleus lysis buffer containing
50 mM Tris (pH 8), 10 mM EDTA, 1% SDS, 1 mM PMSF, and
1x CPL The sample was incubated in the nucleus lysis buffer for
15 min on ice and sonicated by Bioruptor Pico (Diagenode) for 10
cycles (30 sec off/ 30 sec on) to obtain DNA fragments of 100-
500 bp. The chromatin samples were flash-frozen in liquid nitro-
gen and stored at —80°C until needed. To perform ChIP, chromatin
samples were first diluted based on their DNA concentration, fur-
ther diluted in ChIP dilution buffer (0.01% SDS, 1.1% Triton-X,
1.2 mM EDTA, 16.7 mM Tris at pH 8.1, 167 mM NaCl), and pre-
cleared with Protein A Dynabeads (Invitrogen) for 1 h. Approxi-
mately 5 pg of chromatin was incubated overnight at 4°C with
anti-MeCP2 antibody per the manufacturer’s recommendation
(Abcam ab2828). An aliquot of 10% of the precipitated chromatin
was stored as input. The next day, 40 pL of Protein A Dynabeads
was added, and the sample was rotated for 3 h at 4°C. The beads
were then washed in 700 pL each of low-salt buffer (0.1% SDS,
1% Triton-X, 2 mM EDTA, 20 mM Tris at pH 8.1, 150 mM
NaCl), high-salt buffer (0.1% SDS, 1% Triton-X, 2 mM EDTA,
20 mM Tris at pH 8.1, 500 mM NaCl), and LiCl wash buffer (250
mM LiCl, 1% Igepal-CA630, 1 mM EDTA, 10 mM Tris at pH
8.1) and twice with TE+NaCl buffer (10 mM Tris HCI, 1 mM
EDTA, 50 mM NaCl) for 5 min each at room temperature. The
beads were eluted twice in 250 uL of elution buffer (1% SDS, 100
mM NaHCOQ;) for 15 min each at 65°C. Precipitated chromatin
and input samples were reverse-cross-linked and treated with pro-
teinase K. ChIP DNA and input DNA were recovered using a PCR
purification kit (Qiagen) and used for qPCR. The following primers
were used for ChIP-qPCR experiments: Major satellite repeat (for-
ward 5-CATCCACTTGACGACTTGAAAA-3, reverse 5'-GAGG
TCCTTCAGTGTGCATTT-3') and Bdnf (forward 5-GGATTCC
CTTCATCCTCAGAT-3, reverse 5-CCAAAGAGTAAGTGTG
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CCCTTC-3). Enrichment over input (percentage) was plotted in
graphs. Statistical analyses were performed using ACt values.

CUT&RUN

CUT&RUN |(cleavage under targets and release using nuclease)
was performed as published previously (Skene and Henikoff
2017; Bajikar et al. 2022) with a few modifications. See the Sup-
plemental Material for a detailed description.

Isolation of primary cortical neurons

Mouse primary neurons were isolated and cultured as previously
described (Zhou et al. 2022) with minor modifications. PO-P2
Mecp2-HaloW™ and Mecp2-Halo% '8 males were sacrificed by
decapitation, and cortices were dissected from brains under a stereo
microscope (AmScope SM-1TSZZ-144S-10M) with sterile surgical
tools in ice-cold Hank’s balanced salt solution with no Ca** or Mg>*
(Invitrogen 14110-172) added and 5 mL/L penicillin/streptomycin
antibiotics (Invitrogen 15140-122). Meninges were removed from
cortices, and the dissected tissue was transferred to 500 uL of equil-
ibrated complete neurobasal media (CNB) composed of neurobasal
media (Invitrogen 21103049), 1x B27 supplement (Invitrogen
17504-044), 0.5x GlutaMax (Invitrogen 35050-061), and 5 mL/L
penicillin/streptomycin. Neurons were dissociated from cortical
tissue with the Papain dissociation system kit, prepared according
to the manufacturer’s instructions (Worthington LK003153). CNB
was carefully removed from the tissue and replaced with 500 pL
of pre-equilibrated Papain solution. Cortices were digested in a ther-
momixer at 1000 rpm for 45 min at 37°C. Papain was replaced with
500 pL of pre-equilibrated inhibitor followed by incubation in a
thermomixer at 1000 rpm for 5 min at 37°C. The inhibitor was re-
placed with 1 mL of equilibrated CNB, and the dissociated tissue
was triturated to a single-cell suspension by vigorous pipetting.
Cells were passed through a prewetted 40-um cell strainer to re-
move cell clumps and counted in Trypan Blue (Sigma T8154-20
ML) with a hemocytometer. Cells were plated in 12-well plates
onto 18-mm high-precision microscope cover glasses (no. 1.5H;
Marienfeld ES0117580, distributed by Azer), which were plasma-
cleaned (Diener electronic Femto plasma system) prior to coating
for 1 h at 37°C with a poly-D-lysine solution (2.5 mg/mL final in wa-
ter; Sigma-Aldrich P6407). After coating, cover glasses were rinsed
three times with sterile water and dried in the laminar hood before
cells were seeded onto them (seeding density 6 x 10° cells per well).
Neurons were allowed to attach to the cover glasses for 2 h in a reg-
ular cell culture incubator at 37°C and 5% CO, before the media
was gently replaced to remove unattached glial cells. Dissected
neurons were matured in culture for 10-15 d prior to staining and
imaging, with half of their media changed every 4 d.

Live-cell staining of primary cortical neurons

Halo-fused proteins were stained with cell-permeable HaloTag li-
gands conjugated to bright JaneliaFluor (JF) dyes with different
spectral, biophysical, and chemical properties (all kindly provided
by Luke Lavis). All incubations were done in a regular cell culture
incubator.

For confocal superresolution imaging, neurons were stained
with the JFX549 dye (50 nM in CNB) for 30 min. After two quick
washes in CNB, cells were incubated with 500 nM SiR-DNA live-
cell nuclear stain (Cytoskeleton CY-SCO00) in conditioned CNB
for 1 h.

For fast single-molecule tracking (fast-SMT), neurons were
sequentially stained with photoactivatable PA-JF646 Halo ligand
(25 nM in CNB) to track single molecules, and JFX549 Halo ligand
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(5 nM in CNB) to create nuclear masks for analysis (see below).
Each dye was incubated with cells for 30 min and quickly washed
twice before the next incubation. Cells were destained in condi-
tioned CNB for 1 h prior to imaging.

For fluorescence recovery after photobleaching (FRAP) of wild-
type and G118E mutant MeCP2 proteins, neurons were simulta-
neously stained for 30 min with JFX549 and JEX650 (Grimm et al.
2021) dyes (50 nM each in CNB). After two quick washes in CNB,
cells were destained in conditioned CNB for 1 h prior to imaging.

All coverslips were mounted in conditioned CNB in an imaging
chamber with a stainless steel bottom (ALA Scientific Instru-
ments MS-508S) and subjected to live-cell imaging.

Lentiviral transduction of primary cortical neurons

Neurons were cultured for 1 wk prior to infection with a lentiviral
vector expressing a HaloTag fused to c-Myc nuclear localization
signal (NLS) or a C-terminally Halo-tagged H2B driven by an
L30 promoter followed by an IRES and an antibiotic resistance
gene (puromycin or neomycin) at a multiplicity of infection
(MOI) of 1. Media was replaced 24 h after infection. The lentiviral
vectors were a pHAGE backbone (Pan et al. 2008) packaged in
HEK293T cells by calcium phosphate transfection with the sec-
ond-generation packaging plasmids pCMVR8.74 (Addgene
22036) and pMD2.G (Addgene 12259) and were titrated in
HEK293T cells.

Live-cell imaging of primary cortical neurons

Superresolution imaging and FRAP of live cortical neurons were
performed on a Zeiss LSM 900 laser-scanning microscope with an
inverted Axio Observer equipped with an Airyscan 2 detector, a mo-
torized stage, and an incubation chamber maintaining the sample at
37°C and 5% CO,, operated by Zen 3.1 blue edition software.

Superresolution images of MeCP2-Halo and SiR-DNA staining
were acquired using a 63x plan-apochromat NA1.4 oil immersion
objective at 8.8x zoom, corresponding to a 44-nm XY pixel size.
JEX549 was excited with a 561-nm diode laser set at 0.8% with
a master gain of 850 V, and SiR-DNA was excited with a 640-
nm diode laser set at 0.2% with a master gain of 850 V. The
two channels were acquired sequentially. Detection was per-
formed on an Airyscan 2 detector consisting of 32 GaAsP photo-
multiplier tube detectors with a detector range of 566-630 nm for
JEX549 and 645-700 nm for SiR-DNA. For each cell and channel,
27-46 Z-planes were acquired with a Z interval of 180 nm.

Superresolution images of Halo-NLS, H2B-Halo, and SiR-DNA
staining were acquired with a 40x plan-apochromat NA1.3 oil im-
mersion objective at 4x zoom, corresponding to a 78-nm XY pixel
size. Excitation and detection were as described above for
MeCP2-Halo. For each cell, a single plane was acquired. Airyscan
deconvolution was performed with Zen 3.1 blue edition software
with default settings.

FRAP movies were acquired in confocal mode using a 40x plan-
apochromat NA1.3 oil immersion objective at 13.3x zoom, corre-
sponding to a 105-nm XY pixel size. JEX549 was excited with a
561-nm diode laser set at 0.25% with a master gain of 850 V, and
the detector range was set at 566-635 nm. A 3D FRAP approach
(Lemcke et al. 2016) was used to track the mobile MeCP2-enriched
chromocenters, which would have otherwise moved out of focus
from a single Z-plane during the long acquisition time. A circular
bleach spot (r=1 pm) was chosen to contain a nonsaturated chro-
mocenter in its entirety. After acquiring five frames to measure
baseline fluorescence, bleaching was obtained with two iterations
of the 561-nm laser at maximal intensity. Bleaching was intention-
ally partial in order to track the target chromocenter any time after
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the bleaching step. Fluorescence recovery was recorded every
~6.15 sec for ~10 min, acquiring 13 Z-planes per frame (330-nm
Z interval). We selected cells with similar MeCP2 expression levels
in WT and G118E neurons so we could use the same illumination
settings for both while avoiding signal saturation in WT cells. We
analyzed data from 23 neurons dissected from five Mecp2-Halo"™"¥
pups, 23 neurons dissected from 10 Mecp2-Halo®**E” pups, nine
wild-type neurons infected with the Halo-NLS lentiviral vector dis-
sected from two pups, and seven wild-type neurons infected with
the H2B-Halo lentiviral vector from a single dissected pup.

Fast-SMT was performed on a custom-built Nikon microscope
equipped with a 100x/NA1.49 oil immersion TIRF objective, an
Andor iXon ultra EM-CCD camera, a perfect focus system, a mo-
torized TIRF illuminator to achieve highly inclined and laminated
optical sheet illumination (Tokunaga et al. 2008) an incubation
chamber at 37°C with 5% CO,, and a heated objective (details de-
scribed in Hansen et al. 2017). JFX549 was excited with a 561-nm
laser (1 W; Genesis Coherent) to locate and focus cells, and PA-
JF646 was photoactivated with a 405-nm laser (140 mW; OBIS, Co-
herent) and excited with a 639-nm laser (1 W; Genesis Coherent) to
track single molecules. Fluorescence emission light was filtered us-
ing a Semrock 676/37-nm bandpass filter. The microscope, camer-
as, and hardware were controlled through NIS-Elements 4.60
software (Nikon). A region of interest (ROI) of 16 pm x 16 pm (100
pixelsx 100 pixels), including the whole nucleus, was selected,
and excitation and activation lasers were pulsed. Each frame con-
sisted of a 7-msec camera exposure time followed by an ~447-
psec camera “dead” time. In the first and last 20 frames, the 561-
nm laser was pulsed for 7 msec to generate nuclear masks (see “Im-
age Analysis”), taking advantage of JFX549 bleed-through in the
646 channel, while in the central 5000 frames the 633-nm excita-
tion laser and the 405-nm activation laser were pulsed for 2 msec
at the beginning of the camera exposure time and during the cam-
era “dead” time, respectively. The photoactivation laser power was
optimized to keep an average molecule density of approximately
one localization per frame. Cells with spontaneous PA-JF646 acti-
vation were bleached with a short pulse (~5 sec) of the 633-nm laser
prior to acquisition. We recorded movies from a minimum of 20
cells per dissected animal from nine Mecp2-Halo"™¥ animals
(206 cells; 279,505 total trajectories), nine Mecp2-Halo“ 85" ani-
mals (201 cells; 231,950 total trajectories), one wild-type animal in-
fected with the H2B-Halo lentiviral vector (38 cells; ~35,000 total
trajectories), and two wild-type animals infected with the Halo-
NLS lentiviral vector (39 cells; ~22,400 total trajectories).

Our live-cell imaging approach could not discriminate between
different neuronal subtypes in the primary cultures, so our mea-
surements were blind to the neuronal subtype and the maturation
level of the cultured neurons, both of which might have impacted
MeCP2 dynamics. However, we note that fast-SMT measure-
ments probed >200 cells dissected from nine animals and a
wide protein concentration range; thus, it is unlikely that they
were biased by neuronal subtype and maturation state.

Raw images and movies are available in the Zenodo data repos-
itory (Zenodo, https://about.zenodo.org) under the following acces-
sion IDs: LSM900 Airyscan2 images (doi:10.5281/zenodo
.7011051), 3D FRAP movies (doi:10.5281/zenodo.7017487),
Mecp2-HaloW'™ fast SPT (doi:10.5281/zenodo.7023479), Mecp2-
Halo®"8El fast SPT (doi:10.5281/zenodo.7033279), H2B-Halo
fast SPT (doi:10.5281/zenodo.7038507), and Halo-NLS fast SPT
(doi:10.5281/zenodo.7048108).

Image analysis

LSM 900 images were processed with Airyscan in 2D (H2B-Halo)
or 3D (MeCP2-Halo) using Zen 3.1 blue edition software. For
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display purposes, minimum and maximum intensity values cor-
responding to the minimum/maximum values of the image with
the broader intensity range were set equal for all images in each
channel independently. Sixteen-bit images of either single planes
or maximum intensity projections of 3D Z-stacks were converted
to RGB and saved as .TIFF files.

To analyze 3D FRAP movies of WT and G118E MeCP2-Halo
neurons, we first generated maximum intensity projections of Z-
stacks. Z-projections were further projected in time, and an ROI
enclosing the targeted chromocenter (including its movements
in Z and time) was manually drawn (Supplemental Fig. S7B,C).
This combined ROI was used to measure area and Z-projected
(sum) mean fluorescence intensity of the target chromocenter at
each time frame, which was used for fluorescence recovery calcu-
lations. We reasoned that this approach would give reasonable es-
timations of the fluorescence recovery of the moving MeCP2-Halo
foci in Z and time. We used the same maximum Z/t projection ap-
proach to generate a mask comprising the whole nucleus and to se-
lect a dark region to measure background fluorescence. Nuclear
masks were used to measure area and Z-projected (sum) mean nu-
clear fluorescence intensities of the whole nucleus at each time
frame, which was used for photobleaching correction. Background
regions were used to measure Z-projected (sum) mean background
fluorescence intensities, which were used for background subtrac-
tion. For each cell and time frame, we subtracted the background
fluorescence from both the chromocenter and the nuclear fluores-
cence. We then internally normalized the chromocenter and nu-
clear fluorescence intensities to the mean fluorescence intensity
of the first five frames before bleaching. We finally corrected
each cell for acquisition photobleaching by dividing the normal-
ized chromocenter fluorescence intensities by the normalized nu-
clear fluorescence intensities frame by frame. Corrected FRAP
curves from each single cell were averaged to generate a mean
FRAP recovery, which was used to calculate the bleach depth (min-
imal intensity fluorescence [Ini,]), the maximal recovery (maximal
intensity fluorescence [Inax)), and the time to half-recovery (t; ) as
tip= Imin + (Imax — Imin) % 1/2

We note that because our frame rate (~6 sec) was long compared
with the time scale of molecular diffusion, it was not possible to
accurately estimate the bound and free fractions from our FRAP
curves. Also, we refrained from kinetic modeling of our FRAP
curves to estimate MeCP2 residence times due to the complex
nature of chromocenters: Heterochromatic foci are dense and
heavily methylated; thus, the apparent fluorescence recovery
was likely a combination of long binding events and MeCP2 mol-
ecules that repeatedly unbound and rebound to chromatin before
leaving the bleached chromocenter. We finally note that ~30% of
the acquired cells were not included in the analysis due to exces-
sive nuclear movement, which caused chromocenters to either
contact each other or move out of the focal plane during acquisi-
tion. The concentration of MeCP2-Halo at chromocenters and
their appreciable movement also prevented FRAP measurements
of MeCP2-Halo outside chromocenters. Therefore, drift correc-
tion and tracking of a bleached spot in the nucleoplasm in 3D
would have been challenging and most likely inaccurate.

Fast-SMT movies were first processed with Fiji (Schindelin
et al. 2012) with a custom macro to generate nuclear masks inter-
secting maximum Z projections of the first and last 20 frames ac-
quired with 561-nm illumination. Masked movies were analyzed
with the Quot package (https://github.com/alecheckert/quot) to
localize single-molecule spots and connect them over time to
generate trajectories with the following settings: [filter] start=
20, end=5019, method=“identity,” chunk_size=100; [detect]
method="“1lr,” k=13, w=15, t=18.0; [localize] method=
“ls_int_gaussian,” window_size=9, o=1.0, ridge=0.001, max_
iter=10, damp=0.3; and [track] method=“euclidean,” pixel_
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size_um=0.160, frame_interval =0.00748, search_radius=1,
max_blinks =0, min_I0=0.0, scale = 7.0. Movies with more than
three average detections per frame were not included in down-
stream analyses.

Selected Quot output files were fed to the Spot-On package
(https://spoton.berkeley.edu; Hansen et al. 2018) to obtain the
distribution of single molecules’ jump lengths (i.e., the distance
travelled by each molecule in a one-frame time interval).

Quot trajectories were then analyzed with the SASPT package
(https://github.com/alecheckert/saspt) to infer the diffusion coef-
ficient distribution of the experimental trajectories grouped by ei-
ther animal or genotype (wild type or G118E) using the SASPT
StateArrayDaset API with the following settings: pixel_size_um
=0.16, frame_interval =0.00748, focal_depth=0.7, sample_size =
1000000, likelihood_type = “rbme,” and other default parame-
ters. SASPT uses state arrays, a kind of variational Bayesian
framework, to calculate the likelihood of diffusion coefficients
for each trajectory, accounting for localization error and defocal-
ization (for a detailed discussion, see Heckert et al. 2022).

The fraction of Halo-tagged proteins engaged in chromatin in-
teractions (fraction bound) was calculated as the percent of mol-
ecules with a diffusion coefficient of <0.1 ym?/sec.

Scripts used for SMT and FRAP image analysis are available on
request.

Behavioral assays

All data acquisition and analyses were carried out by an individ-
ual blinded to the genotype and treatment. All behavioral studies
were performed during the light period. Mice were habituated to
the test room for 30 min before each test. At least 1 d was given
between assays for the mice to recover. All tests were performed
as previously described (Chao et al. 2010; Zhou et al. 2022) with
few modifications. A detailed description is provided in the Sup-
plemental Material.

LTP test Induction and recording of hippocampal synaptic plas-
ticity in vivo were conducted as previously published with a
few modifications (Tang and Dani 2009; Hao et al. 2015, 2021).
Mice were secured on a stereotaxic frame (David Kopf) and anes-
thetized with 1%-2% isoflurane. Under aseptic conditions, the
recording electrode (Teflon-coated tungsten wire, bare diameter
50 um; A-M Systems) was surgically aimed at the dentate gyrus
(1.8-2.0 mm posterior and 1.4-1.6 mm lateral of bregma, 2.1-
2.2 mm below the skull), while a concentric stimulating elec-
trode (same sort of tungsten wire as for recordings) was implanted
ipsilaterally in the medial perforant path (0.2 mm posterior and
2.8-3.0 mm lateral of \, 1.0-1.3 mm below the dura). Evoked po-
tentials of the performant path recorded in the dentate gyrus were
used to guide the final positions of both electrodes. A cortical sil-
ver ball placed contralaterally served as ground. Dental cement
was used to anchor the electrodes and the connecting device for
chronic recordings. After at least 2 wk of recovery from surgical
implantation, mice were transported and habituated to the re-
cording system during each of the 4 d prior to starting the LTP
test. Signals were picked up with a preamplifier (Pinnacle), ampli-
fied (100x), filtered (bandpass, 0.1-5 kHz), digitized at 10 kHz, and
stored on disk for offline analysis (pClamp10 and 1440A; Molec-
ular Devices). The time course of LTP tests was across 7 d (day —1
to day 5). Test responses elicited by monophasic pulses (0.1-msec
duration) were recorded for 20-min periods on consecutive days at
an intensity that evoked 40%-50% of the maximal population
spike. Following 2 d of stable baseline, a tetanus (6 burst stimula-
tion [TBS]) was delivered to the perforant path for LTP induction.
Pulse width was doubled during tetani, which consisted of six
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series of six trains of six stimuli at 400 Hz with 200 msec between
trains and 20 sec between series. Responses were measured for 60
min after tetanus and again for 20 min at 24, 48, and 120 h after
tetanus. Since the latency of the population spike usually de-
creased following LTP induction, it was impractical to compare
the initial slope of the fEPSP (field excitatory postsynaptic poten-
tial) before and after LTP induction in awake animals (Jones et al.
2001; Malleret et al. 2001). Accordingly, we quantified the ampli-
tude of the population spikes (Tang and Dani 2009; Hao et al.
2015, 2021). Data were averaged every 5 min and normalized to
the baseline measured over the 10 min before tetanic stimulation
and are presented as mean + standard error of mean. Two-way re-
peated measures ANOVA (between groups) or one-way ANOVA
(within group) was used for data analysis.

Video-EEG and data analysis Mice were anesthetized with 2% iso-
flurane and mounted in a stereotaxic frame (David Kopf Instru-
ments). Under aseptic conditions, each mouse was implanted
with cortical recording electrodes (Teflon-coated silver wire,
bare diameter 125 pm; A-M Systems) aimed at the subdural space
of the somatosensory cortex (0.8 mm posterior and 1.8 mm lateral
to bregma) and the frontal cortex (1.8 mm anterior and 1.5 mm
lateral to bregma), respectively. The reference electrode was
then positioned in the occipital region of the skull. The third re-
cording electrode (constructed with Teflon-coated tungsten wire,
bare diameter 50 pm; A-M systems) was stereotaxically implant-
ed in the CA1 of the hippocampus (1.9 mm posterior, 1.0 mm lat-
eral, and 1.3 mm ventral to bregma) (Paxinos and Franklin 2001)
with reference to the ipsilateral corpus callosum for local field po-
tential (LFP) recordings. All electrode wires were attached to a
miniature connector (Harwin Connector). After 2 wk of postsur-
gical recovery, EEG and LFP signals (filtered between 0.5 Hz and 1
kHz; sampled at 2 kHz) were amplified (100x) by a 1700 Differen-
tial AC amplifier (A-M Systems) and recorded by a DigiData
1440A and pCLAMP 10 data acquisition system (Molecular De-
vices, LLC) for offline data analysis. The synchronized mouse
behavior was recorded with an ANY-maze tracking system
(Stoelting Co.). The video-EEG/LFP recordings were conducted
for 2 h per day over 3 d (Wang et al. 2022).

Abnormal synchronous discharges were manually identified
when the sharp positive deflections exceeded twice the baseline
and lasted 25-100 msec (Roberson et al. 2011). The numbers of
abnormal spikes over the recording period were counted using
Clampfit 10 software (Molecular Devices, LLC). The spike num-
bers across sessions were averaged per animal and statistically
compared between genotypes.

Statistical analysis Statistical significance was analyzed using
GraphPad Prism. The number of animals (n) and the specific stat-
istical tests for each experiment are indicated in the figure leg-
ends. Sample size for behavioral studies was determined based
on previous reports using transgenic mice with the same back-
ground. Mice were randomly assigned using Excel software to
generate a table of random numbers, and the experimenter was al-
ways blinded to the treatment. For behavioral assays, all popula-
tion values appeared to be normally distributed. Equal variances
were never assumed, and the Geisser-Greenhouse correction for
sphericity was always applied when using ANOVA.

Data and material availability

All data needed to evaluate the conclusions in this study are pre-
sent in here and/or the in the Supplemental Material. Raw imag-
ing data are available in the Zenodo data repository (see the
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Materials and Methods). CUT&RUN raw sequencing reads and
processed data were deposited to GEO (GSE243009).
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