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Abstract

Many of the genes disrupted in autism are identified as histone-modifying enzymes and chromatin remodelers, most
prominently those that mediate histone methylation/demethylation. However, the role of histone methylation enzymes in the
pathophysiology and treatment of autism remains unknown. To address this, we used mouse models of haploinsufficiency of
the Shank3 gene (a highly penetrant monogenic autism risk factor), which exhibits prominent autism-like social deficits. We
found that histone methyltransferases EHMT1 and EHMT?2, as well as histone lysine 9 dimethylation (specifically catalyzed
by EHMT1/2), were selectively increased in the prefrontal cortex (PFC) of Shank3-deficient mice and autistic human
postmortem brains. Treatment with the EHMT1/2 inhibitor UNC0642 or knockdown of EHMT1/2 in PFC induced a robust
rescue of autism-like social deficits in Shank3-deficient mice, and restored NMDAR-mediated synaptic function. Activity-
regulated cytoskeleton-associated protein (Arc) was identified as one of the causal factors underlying the rescuing effects of
UNCO0642 on NMDAR function and social behaviors in Shank3-deficient mice. UNC0642 treatment also restored a large set
of genes involved in neural signaling in PFC of Shank3-deficient mice. These results suggest that targeting histone methylation
enzymes to adjust gene expression and ameliorate synaptic defects could be a potential therapeutic strategy for autism.

Introduction epigenetic mechanisms have been implicated in the disease
[1-4]. Interestingly, many prominent autism risk factors are
identified as histone-modifying enzymes that mediate his-
tone methylation/demethylation [5].

Lysine (K) residues on histone proteins can be mono-, di
or tri-methylated by specific histone methyltransferases
(HMTs), which are associated with gene activation or
repression [6, 7]. H3K4 methyltransferases KMT2C
(MLL3), ASHI1L and SETDS5, H3K4 demethylase KDM5B,
H3K9 demethylases KDM3A and KDM4B, H3K27
demethylases KDM6A and KDM6B are all found to be
disrupted in autism [5]. Analyses of postmortem frontal
cortex from autism spectrum disorder (ASD) patients have
found the altered trimethylated H3K4 landscape [8]. H3K9
methyltransferase EHMT1 is causally linked to intellectual
disability in humans [9, 10]. Reduced exploration, increased
anxiety and altered social behavior are found in hetero-
zygous EHMT1 knockout mice [11]. However, the potential

Autism is a devastating neurodevelopmental disorder
characterized by impaired social interaction and repetitive
behaviors. Complicated synaptic, transcriptional, and
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of targeting histone methylation enzymes to treat autism
remains largely unknown.

In this study, we sought to explore the therapeutic
potential of targeting histone methylation for autism by
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using mouse models that exhibit the prominent “core
symptoms” of autism [12]. Haploinsufficiency of the
Shank3 gene that encodes a synaptic scaffolding protein at
glutamatergic synapses [13] contributes to ~1% of all ASD
cases [14-17]. Thus, the Shank3-deficient mice that reca-
pitulate pronounced autism-like social preference deficits
[18-20] were selected in this study for the discovery of
potential targets for autism treatment.

We focused on prefrontal cortex (PFC), a neural circuitry
that plays an essential role in mediating social cognition
[21]. It has been found that glutamatergic neurons in PFC
are severely impaired in autistic children [22] and Shank3-
deficient non-human primate [23]. Here we sought to
identify the HMTs that are altered in the PFC of Shank3-
deficient mice, and reveal the rescuing effects of pharma-
cological agents targeting these HMTs on autistic beha-
vioral and synaptic deficits in this autism model.

Materials and methods
Animals, human postmortem tissues, and reagents

All animal studies were performed with the approval of the
Institutional Animal Care and Use Committee (IACUC) of
the State University of New York at Buffalo. Shank3*/A¢
mice expressing C-terminal (exon 21) deleted Shank3
(Jackson Labs, Bar Harbor, ME) were generated and
maintained as previously described [18, 24]. Because only
heterozygous deletion or loss-of-function mutation in the
Shank3 gene has been linked to human autism and intel-
lectual disability [15, 16], and female Shank3™2C mice
lack autism-like social deficits, only male heterozygous
Shank3 A€ mice (5-8 weeks old), and age- and sex-
matched wild-type littermates, were used in this study.
Homozygous male and female Shank3°*® mice with the
loss of major isoforms of the Shank3 gene resulting from
the deletion of N-terminal exons 4-9 (kindly provided by
Dr. Yong-Hui Jiang at Duke University), were also used.
Frozen human postmortem tissues (Brodmann’s Area 9)
were provided by NIH NeuroBioBank. See Supplementary
Materials and Methods for details.

Quantitative real-time RT-PCR and western blotting
All biochemical analysis were performed as previously
described [25, 26]. See Supplementary Materials and
Methods for details.

Behavioral testing

Behavioral studies, including social preference test, social
approach test, Rota-rod test, self-grooming test, locomotion
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test and elevated plus maze test, were preformed to examine
the social behavior, motor coordination, repetitive behavior,
locomotor activity and anxiety-like behavior [18, 19].
Detailed information is included in Supplementary
Materials.

Viral gene transfer

The shRNA oligonucleotide targeting mouse Ehmtl (CGC
TATGATGATGATGAATAA), Ehmt2 (CCGAGAGAGTT
CATAGCTCTT), or Arc (GAGGAGGAGATCATTCAG
TAT) sequence was inserted to the lentiviral vector
pLKO.3 G (Addgene), which contains an eGFP reporter.
The virus production was performed as previously descri-
bed [18, 26]. Arc CRISPR activation lentiviral particle
(Santa Cruz Biotech., sc-419184-LAC) was delivered to
PFC for Arc overexpression. See Supplementary Materials
and Methods for details.

Immunohistochemistry

Immunostaining was carried out using the standard free-
floating methods. Details on staining, image acquisition and
quantification are included in Supplementary Materials.
Electrophysiological recordings in slices

Whole-cell voltage-clamp recording technique was used to
measure synaptic currents in layer V pyramidal neurons of
prefrontal cortical slices, as previously described [19, 26—
28]. See Supplementary Materials and Methods for details.

RNA sequencing and analysis

Detailed information on data acquisition and analysis is
included in Supplementary Materials and Methods.

Chromatin immunoprecipitation (ChiIP)

ChIP samples were prepared and ChIP assay was performed
as previously described [19, 26, 29]. Details are included
in Supplementary Materials and Methods.

Primary neuronal culture

Rat PFC cultures were prepared as described previously
[27]. See Supplementary Materials and Methods for details.

Statistics

All data were expressed as the mean + sem. No sample was
excluded from the analysis. The sample size was based on
power analyses and was similar to those reported in
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previous works [18, 19, 26, 28]. Each set of the experiments
was replicated at least 3 times. There is no variance dif-
ference between the groups that are being statistically
compared. Experiments with two groups were analyzed
statistically using unpaired Student’s r-tests. Experiments
with more than two groups were subjected to one-way
ANOVA, two-way ANOVA, two-way repeated measure
ANOVA (rmANOVA), or three-way ANOVA, followed by
post hoc Bonferroni’s multiple comparisons tests with
correction.

Results

Histone K9 dimethylation is specifically altered in
the PFC of Shank3-deficient mice and autistic
human postmortem brains

To reveal the role of histone methylation in autism patho-
physiology, we first examined lysine methyltransferases
(KMTs) that control H3K9, H3K4 or H3K27 methylation.
Heterozygous Shank3*€ mice (male, 5-6 weeks old), that
have lost full-length Shank3 expression and synaptic loca-
lization of Shank3 due to the deletion of C-terminal (exon
21) Shank3 [18] were used as a model of Shank3 hap-
loinsufficency. Among the 10 KMTs tested, the transcrip-
tion of euchromatic histone methyltransferases Ehmtl and
Ehmt2 was selectively unregulated (~40.7 and ~23.3%
increase, respectively; P =0.013 and P = 0.0058, #-test) in
the PFC of Shank3t'2€ mice, compared to WT mice
(Fig. 1a). No changes were found on the mRNA level of the
chromatin remodeler Chd8 (an autism risk factor [5])
(Fig. la). Along with the significantly increased EHMT1
and EHMT?2 protein expression in the PFC of Shank3*/A¢
mice (Fig. 1b, ~23.7 and ~28.3% increase, respectively;
P=0.019 and P=0.0097, t-test), the level of H3K9
dimethylation (H3K9me2), which is specifically catalyzed
by EHMT1/2 and is associated with gene silencing [30, 31],
was also significantly elevated (Fig. 1c, ~38.1% increase;
P=0.028, rtest), while the level of H3K4me3 and
H3K27me3 was largely unchanged (Fig. lc). Immunos-
taining of H3K9me2 and NeuN (a neuronal marker) showed
that most PFC neurons exhibited the significantly elevated
H3K9me?2 signaling (Fig. 1d and e, ~129.2% increase, P <
0.0001, t-test). In the dorsal striatum or ventral tegmental
area of Shank31'C mice, Ehmtl and Ehmt2 mRNA levels
were not altered (Fig. Sla and 1b). Consistently, immuno-
histochemical studies found that H3K9me?2 level in striatum
(Fig. S1c¢), dentate gyrus (Fig. S1d) and CA1 (Fig. Sle) was
largely unchanged in Shank3™2¢ mice.

We next investigated the potential molecular mechanism
underlying the elevation of nuclear proteins EHMT1/2 by
the loss of synaptic protein Shank3. Our previous studies

have found that Shank3 interacts with -catenin [19], a dual
function protein regulating both cell-cell adhesion and gene
transcription. Loss of Shank3 results in the translocation of
p-catenin from synapses into the nucleus [19], where
B-catenin could form complexes with transcription factor
TCF/LEF to activate target genes [32]. Multiple TCF/LEF
binding sites were identified at the promoter region of
Ehmtl and Ehmt2 (Fig. 1f). Using chromatin immunopre-
cipitation (ChIP) assays with primers against TCF/LEF
binding sites on Ehmtl and Ehmt2, we found that p-catenin
occupancy at Ehmtl and Ehmt2 promoters was significantly
increased in PFC of Shank3"2C mice (Fig. 1f, ~48.5 and
~31.6% increase, respectively; P=0.031 and P =0.033,
t-test), suggesting that Shank3 deficiency results in Ehmt1/2
upregulation via f-catenin.

To find out the validity and translational value of our
findings in the Shank3-deficient mouse model of autism, we
compared EHMT1/2 mRNA levels in the postmortem PFC
tissues (Brodmann’s area 9) from autism patients vs. age
and sex-matched control subjects. Autism patients had a
significantly higher level of FHMT2 mRNA (Fig. lg,
~89.6% increase, P =0.018, t-test), but not other tested
histone methyltransferases. Elevated levels of EHMT?2
protein (~97.9% increase, P =0.038, t-test) and euchro-
matic H3K9me?2 (~54.8% increase, P = 0.027, t-test) were
also observed in BA9 region of ASD patients (Fig. 1h).
Consistently, EHMT2 was found to be significantly ele-
vated in the peripheral blood cells of Japanese autism
subjects [33]. In addition, we observed an increased
[-catenin protein level in the nuclear fraction of postmortem
PFC tissues from autistic patients (Fig. 1h, ~85.1% increase,
P =0.009, t-test). The accumulated p-catenin in the nucleus
could form complexes with transcription factor TCF/LEF to
activate the expression of genes [32], including EHMT?2.
Taken together, these data suggest that altered histone
methylation in PFC, particularly abnormally high level of
the repressive H3K9me2, occurs in autism.

EHMT1/2 inhibition or knockdown in PFC rescues
autism-like social deficits and restores NMDAR
function in Shank3-deficient mice

Given the elevated EHMT1/2 expression in Shank3*/AC
mice, we next examined the therapeutic potential of
EHMT1/2 inhibitors. Systemic administration of UNC0642
(1 mg/kg, i.p., once daily for 3 days), a highly potent,
selective and brain-permeable inhibitor of EHMT1 and
EHMT?2 [34], significantly reduced the elevated level of
H3K9me?2 in the PFC of Shank3 A€ mice (Fig. 2a, ~41.9%
decrease, F|17 (geamenny = 13.38, P =0.0019, two-way
ANOVA). In the 3-chamber social preference assay, a
brief UNC0642 treatment (1 mg/kg, i.p., 3x) of Shank3 A€
mice significantly increased the investigation time on
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the social stimulus (Figs. 2b and c, ~49.2% increase,
F1,94 (interaction) — 1083, P= 0001, three-way ANOVA), as
well as the preference for the social stimulus over the non-

SPRINGER NATURE

kD B @ W @D = =
160- g s e S - W EHMT1

M control 160 J ) S B 5 @ EHMT2
EASD

15- - | =~ - - H3KOme2
92-4 BN % BB B BB (-catenin

T5- w—— —— —— 13

social object (Fig. 2d, ~117.0% increase, F| 47 (interaction) =
26.2, P<0.0001, two-way ANOVA). In the social approach
assay, UNC0642 treatment also restored the interaction time
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<« Fig. 1 EHMT1/2 and H3K9me?2 levels are specifically elevated in the

PFC of Shank3*'2€ mice and autistic human patients. a Quantitative
real-time RT-PCR data on the mRNA level of 10 histone methyl-
transferases catalyzing H3K9, H3K27 or H3K4 methylation, and Chd8
in the frontal cortical tissue from WT and Shank3*/*C mice (Ehmt1/2:
n=13-16/group; others: n=6-8/group, *P<0.05, r-test). b, ¢
Quantitation and representative immunoblots of EHMT1 and EHMT2
protein levels (b) and H3K9me2, H3K4me3 and H3K27me3 levels (c)
in the nuclear fraction of prefrontal cortical tissue from WT and
Shank3*'2€ mice (n=9-10/group, *P<0.05; **P<0.01, rtest).
d Representative confocal images of immunohistochemical staining of
H3K9me2 and NeuN in PEC of WT and Shank3 "¢ mice. e Plots
showing the level of H3K9me2 in PFC of WT and Shank3*/2€ mice.
(n = 15-30 slices/5 animals; ***P <(.001, #-test). f ChIP assay data
showing f-catenin binding at Ehmt] and Ehmt2 promoter regions in
PFC lysates from WT vs. Shank3*C mice (n = 7-8/group, *P < 0.05,
t-test). Top: schematic graph showing the location of primer covering
the TCF-LEF binding motif (labeled with vertical gray lines). g gPCR
data on the mRNA level of EHMT1, EHMT2 and several other histone
methyltransferases catalyzing H3K9, H3K27 or H3K4 methylation in
Brodmann’s Area 9 (BA9) of postmortem tissue from autistic human
patients and healthy controls (rn=7-10/group, *P<0.05, t-test).
h Quantitation and representative immunoblots of EHMT1, EHMT?2,
H3K9me2 and f-catenin levels in the nuclear fraction of BA9 from
autistic human patients and healthy controls (n = 6-9/group, *P <
0.05; **P <0.01, t-test). Data are expressed as mean + sem

with the social stimulus in Shank3*2€ mice (Fig. 2¢ and f,
~57.6% increase, F'| 37 (interaction) = 15.5, P<0.001, two-way
ANOVA). Importantly, the therapeutic effect of a single
round UNCO0642 treatment on social deficits in Shank3 /¢
mice lasted for ~15 days post-injection, and repeated
administration of UNC0642 still significantly improved
social preference (Fig. 2g), as well as the social interaction
time (Fig. S2a and S2b). Consistent with this time frame,
the reducing effect of UNC0642 treatment (i.p., 3x) on
global H3K9me?2 level in Shank3*C mice was present at
8-10 days, but not 20 days, post-treatment (Fig. S2c and
S2d). A lower dose of UNC0642 treatment (0.25 mg/kg, i.
p., 3x) of Shank3™2C mice failed to restore the social pre-
ference deficits (Fig. S2e), in agreement with its lack of
effect on H3K9me2 (Fig. S2f), thus UNC0642 (1 mg/kg)
was used in following studies. Systemic administration of
BIX01294 (1.0 mg/kg, s.c., 3x), another specific EHMT1/2
inhibitor [35], only induced a transient improvement of
social preference in Shank3 A€ mice (Fig. S2g), which is
probably because of the low potency of this compound [36].

To find out whether the therapeutic effects of UNC0642
are mediated by EHMT1/2 inhibition in the PFC, we gen-
erated shRNA lentiviruses against EHMT1 and EHMT?2,
and stereotaxically injected them into medial PFC of
Shank3™'2€ mice. In vivo knockdown of EHMTI and
EHMT?2 expression, as well as a significant reduction of
H3K9me?2, was confirmed in viral-infected PFC tissue from
WT or Shank3**€ mice (Fig. 2h, 26.9-37.0% decrease;
Fig. $3). In 3-chamber social preference assay, Shank3 ¢
mice with PFC injection of EHMT1/2 shRNA exhibited the

significantly increased social interaction time (Fig. 2i,
~67.2% increase, F| 7 (interaction) = 6.0, P = 0.017, three-way
ANOVA) and social preference (Fig. 2j, ~188.0% increase,
F1’32 (interaction) — 70, P= 0013, two-way ANOVA), com-
pared to those injected with a scrambled shRNA. In WT
mice, EHMT1/2 knockdown did not change the social
interaction time (Fig. 2i) or social preference (Fig. 2j).
Taken together, these results indicated that EHMT1/2
inhibition or knockdown could lead to a robust rescue of
autism-like social deficits in Shank3-deficient mice.

Next, we assessed the safety and potential side effects
associated with UNC0642 treatment (1 mg/kg, i.p., 3x) by
performing a general health screening and other behavioral
assays. In blood chemistry and hematological analyses of
UNCO0642-treated animals, all the indicators for liver and
kidney functions, as well as lipid and protein metabolism,
were within normal ranges (Supplementary Table 1).
UNCO0642 treatment did not have an anxiogenic effect as
measured by elevated plus maze tests (Fig. S4a). Repetitive
grooming in Shank3*AC mice was largely unaffected by
UNCO0642 treatment (Fig. S4b). Motor coordination as
measured by rotarod tests and general movement as mea-
sured by locomotion tests were not affected by UNC0642
treatment (Fig. S4c and S4d). Loss of body weight, a sign of
general health deficiency, was not observed in UNC0642-
treated animals (Fig. S4e). All these data suggest the general
safety of the UNCO0642 regimen used in our studies, con-
sistent with a lack of toxicity of UNCO0642 treatment at a
higher dose and longer duration (5 mg/kg, i.p. 5 days [37]).

To determine whether the therapeutic effect of UNC0642
is generally applicable in Shank3-associated autism condi-
tions, we examined another Shank3-deficient mouse model,
Shank3°*° mice, which have lost the major Shank3 iso-
forms because of the deletion of N-terminal (exon 4-9)
Shank3 [20]. Levels of EHMT1 and EHMT?2 proteins were
significantly increased in the PFC of homozygous
Shank3%*? mice, compared to WT mice (Fig. 3a, ~42.6 and
~23.8% increase, respectively, P = 0.046, P = 0.031, t-test).
A significant increase of H3K9me?2 was also detected in the
PFC of Shank3°*~ mice (Fig. 3b, ~49.3% increase), which
was normalized by the systemic administration of
UNC0642 (1 mg/kg, i.p., 3x, Fig. 3b, ~34.7% decrease,
F5,5=6.60, P=0.009, one-way ANOVA). In the 3-
chamber social preference assay, UNC0642 treatment of
Shank3** mice significantly increased the investigation
time on the social stimulus (Figs. 3c and d, 42.3-61.0%
increase, F372 (interactiony = 9-48, P <0.0001, two-way
ANOVA), as well as the preference for the social stimu-
lus over the non-social object (Fig. 3e, 152.6-184.2%
increase, F336 = 14.0, P<0.0001, one-way ANOVA). The
rescuing effect of UNC0642 on social deficits in Shank3°*
mice was still present at day 6 post-treatment (Figs. 3d and
e), reminiscent of what was found in Shank312€ mice.

SPRINGER NATURE
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To determine the synaptic basis for the amelioration of
autism-like behaviors by EHMT1/2 inhibition, we focused
on the glutamatergic system, which is strongly linked to the
pathophysiology of autism associated with Shank3 defi-
ciency [18, 20, 24, 38]. NMDAR-mediated excitatory post-
synaptic currents (EPSC) were measured in deep layer PFC
pyramidal neurons, which were mostly affected in autistic
children [22], to examine the impact of UNC0642 treatment
on NMDAR function. As shown in Fig. 4a, the input/output
curves of NMDAR-EPSC induced by a series of stimuli of
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different intensities were significantly diminished in saline-
injected Shank3™*C mice (~28.0-30.2% decrease), and
UNCO0642 treatment (1 mg/kg, i.p., 3x) restored NMDAR-
EPSC to the control level (Fi219 (genotype x treatment) = 14.86,
P<0.0001, three-way ANOVA). In contrast, evoked
AMPAR-EPSC was unaffected by Shank3 deficiency or
UNCO0642 treatment (Fig. 4b), and the amplitude and fre-
quency of spontaneous AMPAR-EPSC showed no change
across the genotypes and treatment groups (Figs. 4c and d).
Consistent with the effect of UNC0642 on NMDAR function
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Fig. 2 EHMT1/2 inhibition or knockdown induces robust and pro-
longed rescue of autism-like social deficits in Shank3-deficient mice.
a Immunoblots and quantitation of the level of H3K9me2 in the
nuclear fraction of frontal cortical tissue from WT or Shank3 /A€ mice
injected (i.p.) with the EHMT1/2 inhibitor UNC0642 (UNC, 1 mg/kg,
3x) or saline. (n=>5-6/group, *P<0.05; **P<0.01, two-way
ANOVA). b Representative heat maps illustrating the time spent in
different locations of the 3 chambers in the social preference tests of
WT or Shank3*"A€ mice treated with UNC0642 (1 mg/kg, i.p., 3x) or
saline. Locations of social (SOC) and non-social (NS) stimuli are
labeled with the circles. ¢, d Plots showing the time spent investigating
either the SOC or NS stimulus (c) or the preference index (d) from 3-
chamber sociability testing of WT or Shank3™"2C mice treated with
UNCO0642 or saline (n=11-14/group, ¢ *P<0.05; ***P<0.001,
saline vs. UNC;""tP<0.001, SOC vs. NS, three-way ANOVA;
d ***P<0.001, two-way ANOVA). e Representative heat maps
illustrating the time spent in different locations of the apparatus from
the social approach tests of WT or Shank3™2C mice treated with
UNCO0642 or saline. Locations of SOC stimuli are labeled with the
circles. f Scatter plots showing the social interaction time in social
approach tests of all groups (n = 9-11/group, *P <0.05; **P <0.01,
two-way ANOVA). g Plots of social preference index from the
3-chamber sociability testing of Shank3 ™A€ mice treated with 2 rounds
of UNC0642 (1 mg/kg, i.p., 3x) or saline at different time points (n =
8-11/group, * P <0.05, ***P <0.001, pre- vs. post-injection, two-way
rmANOVA). h Immunoblots and quantitation of EHMT1, EHMT2
and H3K9me2 in WT mice with the stereotaxic injection of shRNA
lentiviruses against EHMT1 and EHMT2 or a scrambled shRNA
lentivirus to the medial PFC (n =3—4/group, *P <0.05; **P<0.01,
t-test). Inset: Image showing the lentiviral expression in PFC. i, j Plots
of the time spent investigating either the SOC or NS stimulus (i) and
the social preference index (j) from 3-chamber sociability testing of
WT or Shank3*'2€ mice with the prior injection of EHMT1/2 shRNA
or a scrambled shRNA lentivirus into PFC (n = 8-10/group, i **P <
0.01, scrambled vs. EHMT1/2 shRNA;""*P<0.001, SOC vs. NS,
three-way ANOVA; j ** P<0.01, two-way ANOVA). Data are pre-
sented as mean + sem

in PFC, knockdown of EHMT1/2 with the shRNA lentivirus
in PFC of Shank3™2¢ mice also led to the significant
recovery of NMDAR-EPSC (Fig. 4e, F 6 (interaction) = 11.49,
P =0.0037, two-way ANOVA). We further tested whether
UNCO0642 treatment could affect NMDAR synaptic function
in other brain regions, such as striatum (STR). H3K9me2
protein level in STR was reduced by UNCO0642 treatment
(Fig. S5a), but NMDAR-EPSC was not affected by Shank3
deficiency or UNC0642 treatment (Fig. S5b).

The synaptic plasticity gene Arc is one of the key
molecules mediating the rescuing effects of
UNC0642 in Shank3-deficient mice

Next, we sought to identify the molecular determinants
mediating the rescuing effects of EHMT1/2 inhibition on
autism-like synaptic and behavioral deficits in Shank3-
deficient mice. We speculate that the transcription of certain
genes important for neuronal signaling is downregulated in
Shank3™'A€ mice due to the abnormally high level of
repressive H3K9me2, and UNC0642 treatment restores

these genes expression by inhibiting H3K9me?2 enrichment
at their promoters. To test this, we focused on the risk
factors for autism, schizophrenia or intellectual disability
that are involved in regulating synaptic structure and
function, including ankyrin 2 (Ank2), Cortactin-binding
protein 2 (Cttnbp2), cortactin (Cttn) and activity-regulated
cytoskeleton-associated protein (Arc) [5, 39—42]. As shown
in Fig. 5a, the mRNA level of Arc was significantly lost in
the PFC of Shank3™2C mice, compared to WT mice
(~52.2% decrease), which was markedly restored by
UNCO0642 treatment (~170.7% increase, F| 31 (nteraction) =
9.07, P=0.0051, two-way ANOVA). Meanwhile the
mRNA levels of Ank2, Cttnbp2 and Cttn were not altered by
Shank3 deficiency or UNC0642 treatment. Moreover, Arc
protein expression was attenuated by Shank3 deficiency
(Fig. 5b, ~58.7% decrease), and reversed by UNC0642
treatment (~125.7% increase, F| 24 (interaction) = 12.66, P =
0.016, two-way ANOVA). Additionally, UNC0642 treat-
ment was unable to recover the mRNA level and protein
level of Shank3 (Figs. 5a and b).

To find out whether the alteration of Arc transcription by
Shank3 deficiency or UNC0642 treatment is due to the
change in repressive H3K9me?2 at the Arc promoter, we
performed ChIP assays using PFC tissue. Arc transcrip-
tional regulation depends on several enhancer elements
upstream of transcription start sites (TSS), including serum
response elements (SRE) at 0.9, 1.5, and 6.5kb [43, 44],
Zeste-like elements at 1.4 kb [43], and distal enhancer
synaptic activity-responsive element at 7 kb [45]. H3K9me2
occupancy around these active enhancer elements was
identified (Fig. 5c). Compared with WT mice, H3K9me2
enrichment at two loci of the Arc promoter was significantly
increased in Shank3**C mice (Fig. 5d), and UNC0642
treatment reversed it to the wild-type level. These results
suggest that the transcriptional regulation of Arc is depen-
dent on histone K9 dimethylation.

We further examined whether the restoration of Arc
expression was necessary for the rescuing effects of
UNCO0642 in Shank3-deficient mice. An shRNA lentivirus
was generated to knock down Arc expression. Significantly
lower expression of Arc was observed in viral-infected
cortical cultures and PFC tissues from viral-injected WT or
Shank3A€ mice (Fig. S6). In Shank3*'*C mice with the
stereotaxic injection of Arc shRNA lentivirus into the PFC,
UNCO0642 treatment (1 mg/kg, i.p., 3x) failed to restore
social preference (Fig. 5e) and social interaction time
(Flg Sf, F1372 (treatment) — 072, P= 040, three—way
ANOVA) in the 3-chamber sociability test. Arc knock-
down and Shank3 deficiency did not have additive effects
on social deficits (Figs. 5e and f). Arc knockdown in
Shank3™'€ mice also prevented the UNCO0642-induced
recovery of NMDAR-EPSC in PFC pyramidal neurons
(Fig. 5g, F1141 (treatmentx virus) = 0.02, P =0.016, three-way
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Fig. 3 Shank3**° mice exhibit H3K9me2 elevation and autism-like
social deficits, which are rescued by EHMT1/2 inhibition. a Quanti-
tation and representative immunoblots of EHMT1 and EHMT?2 protein
levels in the nuclear fraction of prefrontal cortical tissue from WT and
Shank3°*° mice (n = 6/group, *P <0.05, t-test). b Immunoblots and
quantitation of the level of H3K9me2 in the nuclear fraction of frontal
cortical tissue from WT or Shank3*° mice injected (i.p.) with
UNC0642 (UNC, 1 mg/kg, 3x) or saline (n = 6/group, *P <0.05, one-

ANOVA), and failed to induce additional reduction of
NMDAR-EPSC (Fig. 5g). These data suggest the necessity
of Arc in UNCO0642-induced rescue of social deficits and
NMDAR hypofunction in Shank3-deficient mice.

Next, we tested the impact of manipulating Arc expression
on social behaviors and NMDAR function. WT mice injected
with Arc shRNA to the PFC exhibited the significantly
diminished social preference (Fig. S5h, ~43.8% decrease, P =
0.026, r-test) and social interaction time (Fig. 5i, ~36.8%
decrease, Fi30 (interaciiony =423, P =0.049, two-way
ANOVA). Moreover, NMDAR-EPSC in PFC pyramidal
neurons was significantly smaller in WT mice injected with
Arc shRNA lentivirus than the scrambled control virus
(Fig. 5j, 24.8-26.8% decrease, F| |5 (interaction) = 15.08, P =
0.015, two-way ANOVA). These data suggest that lowering
the expression of Arc in wild-type mice is sufficient to induce
autism-like social deficits and NMDAR hypofunction. Con-
sistent with this, Arc knockout mice also exhibit disrupted
social abilities [46]. On the other hand, Shank3™'2€ mice with
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way ANOVA). ¢ Representative heat maps illustrating the time spent in
different locations of 3-chamber social preference tests of Shank3**
mice treated with UNCO0642 or saline. d, e Plots showing the time spent
investigating either the SOC or NS stimulus (d) or the preference index
(e) from 3-chamber sociability testing of Shank3** mice treated with
UNCO0642 or saline (n = 9-11/group, d *P <0.05; ***P <0.001, saline
vs. UNG;"""P<0.001, SOC vs. NS, two-way ANOVA; e ***P<
0.001, two-way ANOVA). Data are presented as mean + sem

overexpression of Arc in the PFC (Fig. S6f), exhibited the
significantly elevated social preference (Fig. 5k, ~103.8%
increase, P = 0.010, #-test) and social interaction time (Fig. 51,
~62.1% increase, F36 (interaction) = 4.5, P =10.041, two-way
ANOVA), suggesting that elevating the expression of Arc in
Shank3-deficient mice is capable of rescuing autism-like
social deficits.

Arc interacts with many synaptic proteins, including
receptor channels and other synapse function genes
(Fig. 6a), so we further examined whether Arc-interacting
proteins might also contribute to the rescuing effects of
UNCO0642 in Shank3-deficient mice. Quantitative PCR and
Western blots indicated that NMDAR subunits (GIuN1,
GIuN2A, GluN2B) and AMPAR subunits (GluA1, GluA2)
were unchanged in Shank3 A€ mice, but UNC0642 treat-
ment elevated Grinl and Grin2a mRNA (~94.9 and ~84.5%
increase, respectively, Fig. 6b, Grinl: F| 36 (reatmenty = 9-89,
P=0.0033; Grin2a: Fi35 (reatmenn = 8.94, P =0.0051;
two-way ANOVA) and protein levels (~58.8 and ~46.1%
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Fig. 4 EHMT1/2 inhibition or knockdown restores NMDAR function
in PFC of Shank3-deficient mice. a,b Input-output curves of NMDAR-
EPSC (a) and AMPAR-EPSC (b) in PFC pyramidal neurons from WT
or Shank3*'2€ mice treated with UNC0642 (UNC, 1mg/kg, 3x) or
saline (NMDA: n = 9-12 cells/3—4 mice each group, *P < 0.05; **P <
0.01; AMPA: n =9-12 cells/3 mice each group, P>0.05, three-way
rmANOVA). Recordings were performed at 4-5 days post-injection.
Inset: representative NMDAR-EPSC and AMPAR-EPSC traces. ¢, d
Summary graph (¢) and cumulative distribution plots (d) of

increase, respectively, Fig. 6¢c, Grinl: F| 36 reatmeny = 15.00,
P:OOOOS, Grin2a: Fl,ZS (trealmenl):28'57> P<00001a
two-way ANOVA). ChIP assays identified H3K9me2
occupancy at Grinl (~2500bp from TSS), Grin2a
(~6800bp from TSS) and Grin2b (~2400bp from TSS)
promoters (Fig. 6d). UNC0642 treatment significantly

-
20pA 80 J\ J\
| 209 HA /40pA

2s 200ms

spontaneous EPSC (sEPSC) amplitudes and frequencies in WT or
Shank37"2C mice treated with UNC0642 or saline. Inset (d): repre-
sentative SEPSC traces. e Input-output curves of NMDAR-EPSC in
PFC pyramidal neurons from Shank3 /A€ mice with the prior injection
of EHMT1/2 shRNA or a scrambled shRNA lentivirus into PFC (n =
8-10 cells/S mice each group, *P<0.05; ***P<0.001, two-way
rmANOVA). Inset: representative NMDAR-EPSC traces. Data are
presented as mean + sem

decreased H3K9me2 occupancy at Grinl and Grin2a
promoters in Shank3 ™A€ mice (~36.4 and ~30.0% decrease,
respectively; Grinl: Fioo  reatmeny = 7.35, P =0.014;
Grin2a:  Fi16 (reatmeny =9.97, P =0.027; two-way
ANOVA) without a significant effect on the Grin2b pro-
moter (Fig. 6e).
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Other than NMDARSs, we also examined synapse func-
tion genes in the Arc “interactome” that are associated with
autism and intellectual disability, including Camk2a,
Camk2b, Cytoplasmic FMR 1-interacting protein 1 (Cyfip1),
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synaptic Ras GTPase-activating protein 1 (Syngapl) and
Homerl [5, 47-49]. As shown in Fig. 6f, most of the tested
genes were not significantly changed in Shank3 ¢ mice
with or without UNC0642 treatment, while Homerl was
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Fig. 5 The synaptic plasticity gene Arc mediates the rescuing effects
of UNC0642 in Shank3-deficient mice. a qPCR data showing the
mRNA level of Arc, Ank2, Cttnbp2, Cttn, and Shank3 in PFC from
WT or Shank3 ™A€ mice treated with UNC0642 (1 mg/kg, i.p., 3x) or
saline (n=7-10/group, *P<0.05; **P<0.01, two-way ANOVA).
b Immunoblots and quantitation of Arc and Shank3 proteins in PFC
from UNCO0642- or saline-treated WT or Shank3*A¢ mice (n=6-8
/group, *P < 0.05; **P < 0.01, two-way ANOVA). ¢ Diagram showing
the locations of Arc transcription enhancers (e), SRE (gray), Zeste-like
elements (purple), SARE (orange), and primers (P1, P2, P3) used in
ChIP assays (red). d ChIP assay data showing the enrichment of
H3K9me?2 at the Arc promoter region in PEC from WT or Shank3/AC
mice treated with UNCO0642 or saline (n =5 /group, "P<0.1; *P<
0.05, two-way ANOVA). e, f Plots of social preference index (e) or the
time spent investigating either the social (SOC) or non-social (NS)
stimulus (f) from 3-chamber sociability testing of UNCO0642- or saline-
treated Shank3 /A€ mice with the prior infection of Arc or a scrambled
shRNA lentivirus (n=8-10/group, e ***P<0.001, two-way
ANOVA; f "T"P<0.001 SOC vs. NS, **P<0.01 scrambled vs.
Arc shRNA, ns: not significant, three-way ANOVA). g Summarized
input/output curves of NMDAR-EPSC in UNCO0642 or saline-treated
Shank3 A€ mice with the prior injection of Arc shRNA or a scrambled
shRNA lentivirus into PFC (n = 8-9 cells/3 mice for each group, *P <
0.05; **P<0.01; ***P<0.001, three-way rmANOVA). Right:
Representative NMDAR-EPSC traces. h, i Plots of social preference
index (h) or the time spent investigating either SOC or NS stimulus
(i) from 3-chamber sociability testing of WT mice with the prior
infection of Arc sShRNA or a scrambled shRNA lentivirus (n = 8-9/
group) (h *P <0.05, t-test; i P <0.001, SOC vs. NS, *P<0.05,
scrambled vs. Arc shRNA, two-way ANOVA). j Summarized input/
output curves of NMDAR-EPSC in WT mice with the prior injection
of Arc shRNA or a scrambled shRNA lentivirus into PFC (n = 8-9
cells/3-5 mice for each group, *P <0.05; **P <0.01; ***P <0.001,
two-way rmANOVA). Kk, 1 Plots of social preference index (k) or the
time spent investigating either SOC or NS stimulus (1) from 3-chamber
sociability testing of Shank3 "€ mice with the prior infection of Arc
activation lentivirus or a control virus (n = 9-11/group) (k *P <0.05,
t-test; 1 TTTP<0.001, SOC vs. NS, #*P<0.05, con vs. Arc, two-way
ANOVA). Data are presented as mean + sem

significantly reduced in Shank3™*€ mice (~35.7% decrease)
and restored by UNCO0642 treatment (~100.4% increase,
F 26 (treatmenyy = 18.17, P =0.0002, two-way ANOVA).

UNCO0642 treatment restores the expression of a
large set of genes in the PFC of Shank3-deficient
mice

In order to determine whether UNCO0642 treatment exerts
genome-wide effects on Shank3 A€ mice, we performed
RNA sequencing to analyze the gene expression profile in
the PFC of WT and Shank32¢ mice treated with saline
(Het + SAL) or UNC0642 (Het+ UNC) (Fig. 7a). Com-
pared to WT mice, 434 genes showed a down-regulated
change in expression (>1.2 fold and P <0.05, Supplemen-
tary Table 2) and 383 genes showed an up-regulated change
in expression (>1.2 fold and P <0.05, Supplementary
Table 3) in saline-treated Shank3™'C mice. Among these
altered genes, 58 overlapped with ASD susceptibility genes
(Supplementary Table 4) including Homerl.

In UNC0642-treated Shank3 '€ mice, many of these
down-regulated genes were elevated to near control levels,
compared to saline-treated Shank3™A¢ mice (n =107
genes, >1.1 fold and P<0.05, Fig. 7b, Supplementary
Table 2), or WT mice (n =414 genes, —1.3 < fold change <
1.3 and P> 0.05, Supplementary Table 5). Moreover, many
of these up-regulated genes were reduced to near control
levels by UNC0642 treatment, compared to saline-treated
Shank3™2€ mice (n =284 genes, >1.1 fold and P <0.05,
Fig. 7b, Supplementary Table 3), or WT mice (n =350
genes, —1.3 <fold change < 1.3 and P> 0.05, Supplemen-
tary Table 6). We further selected several differentially
expressed genes from the top list of RNAseq results, and
confirmed with qPCR experiments that they were indeed
down-regulated in Shank3*'*€ mice and recovered by UNC
treatment (Fig. S7c).

Heatmaps generated with the expression values for the
107 down-regulated genes (Fig. 7c) and the 84 up-regulated
genes (Fig. 7f) showed that saline-treated Shank3t/AC
samples clustered separately from WT samples, and
UNC0642-treated Shank3 ™A€ samples were closer to those
from WT samples than saline-treated Shank3™'2C samples.
Functional protein classification analysis indicated that
many of the 107 down-regulated genes (Fig. 7d) and the 84
up-regulated genes (Fig. 7g) fell into the categories
including signaling molecules, nuclei acid binding proteins,
and enzyme modulators.

Gene Ontology Biological Process analyses revealed that
the 107 down-regulated genes are mostly involved in
cytoskeleton organization, positive regulation of transcrip-
tion, cell adhesion, phosphorylation regulation and devel-
opmental processes (Fig. 7e), while the 84 up-regulated
genes are largely involved in regulation of cell morpho-
genesis, axon development, and protein kinase activity
(Fig. 7h). Protein-protein interaction (PPI) network model-
ing indicated that 73 out of the 107 down-regulated genes
and 49 out of the 84 up-regulated genes showed high PPI
connectivity within and between several functional clusters
including signaling molecules, receptors, transcription fac-
tors, proteases, and cell adhesion molecules (Fig. S7a and
S7b). These results suggest that UNC0642 treatment can
affect the expression of a large set of genes in Shank3-
deficient mice, which may collectively contribute to the
therapeutic effects of UNC0642 on social deficits.

Discussion

Genetic screening has identified many synaptic, transcrip-
tional and chromatin remodeling genes as autism risk fac-
tors [5]. However, their interconnections and functional
roles in autism are largely unknown. Here we have dis-
covered that aberrant histone methylation, particularly the
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abnormally high levels of EHMT1/2 and H3K9me?2, occurs synaptic plasticity gene Arc and its interacting partners.
in the PFC of Shank3-deficient mice, resulting in the dis- EHMT1/2 inhibition restores Arc expression, as well as
rupted transcription of a number of genes, including  many other genes involved in the regulation of synaptic
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<« Fig. 6 Arc-interacting proteins contribute to the rescuing effects of

UNCO0642 in Shank3-deficient mice. a Arc-interacting protein net-
works derived from CYTOSCAPE. b, ¢ qPCR and immunoblotting
data showing the mRNA (b) or protein (c) level of Grinl (GluN1),
Grin2a (GluN2A), Gria2b (GluN2B), Grial (GluAl), Gria2 (GluA2),
and Shank3 (Shank3) in WT or Shank3*'AC mice treated with
UNCO0642 or saline (n = 6-11/group, *P <0.05; **P<0.01; ***P<
0.001, two-way ANOVA). d Diagram showing the location of primers
used in ChIP assays (red). e ChIP assay data showing the enrichment
of H3K9me?2 at Grinl, Grin2a and Grin2b promoters in PFC from WT
or Shank3*"*€ mice treated with UNC0642 or saline (n = 5-6/group
*P<0.05; **P<0.01, two-way ANOVA). f qPCR data showing the
mRNA level of Camk2b, Camk2a, Cyfipl, Syngapl and Homerl in
WT or Shank3™C mice treated with UNCO642 or saline (n = 6-8/
group, *P<0.05; ***P<0.001, two-way ANOVA). Data are pre-
sented as mean + sem

function, transcription and development, leading to the
recovery of NMDAR function in PFC pyramidal neurons
and the prolonged rescue of autism-like social deficits
(Fig. S8).

Histone methylation plays a key role in maintaining
transcriptional homeostasis via the activation and repression
of gene transcription [6, 7]. Disrupted function of EHMT]1
or EHMT?2 has been implicated in neurodevelopmental
disorders [9, 10, 37]. De novo copy number variants were
found to affect EHMTI in schizophrenia patients, and
EHMTI has been implicated as a schizophrenia suscept-
ibility gene [40]. Forebrain neuron-specific EHMT1 or
EHMT?2 knockout mice exhibit abnormal cognition and
adaptive behaviors that resemble mental retardation syn-
drome [50]. Our results suggest that the elevation of
EHMT1/2 and H3K9me?2 in PFC may play a key role in
transcriptional dysregulation in autism. Region-specific
genetic and epigenetic changes have been found in autis-
tic brains [51], which may be due to the distinct transcrip-
tional programs in different cell types [52]. Since deep
cortical layer (layer V) pyramidal neurons show the most
prominent deficits in autistic children [22], we mainly
focused on these neurons in electrophysiological record-
ings. Upper cortical layer 2/3 neurons have also been
implicated in psychiatric disorders [53, 54], and their
functional changes associated with autistic phenotypes
await to be further examined.

EHMT1/2-mediated H3K9me?2 deposition is associated
with the transcriptional regulation of genes involved in
synaptic networks [29, 55, 56]. In Drosophila, EHMT1
directly regulates components in postsynaptic signaling
complexes at the postsynaptic density [57]. One of the key
molecular targets identified in this study is Arc, a prominent
synaptic plasticity gene regulating cognitive processes such
as learning and memory consolidation [58—60]. While Arc
is involved in regulating AMPA receptor trafficking [61—
63], Arc overexpression in neuronal cultures also induces an
increase of GIuN1 puncta [63], consistent with our finding

that knockdown of Arc in WT mice induces NMDAR
hypofunction. Interestingly, genetic studies have found
enriched mutations among glutamatergic postsynaptic pro-
teins comprising Arc and NMDAR complexes in schizo-
phrenia [39]. Arc knockout mice exhibit a full spectrum of
schizophrenia-like behaviors including impaired social
ability [46], suggesting that Arc is linked to the regulation
of social behaviors. In this study, we have revealed that
knockdown of Arc in Shank3-deficient mice prevents
UNCO0642 from restoring NMDAR function and social
preference, implicating the key role of Arc in autism treat-
ment by EHMT1/2 inhibition.

The transcriptional level of Arc gene is regulated by
synaptic activity [58]. Direct suppression of neuronal
activity by TTX significantly decreases Arc protein, while
elevation of neuronal activity by bicuculline or BDNF
enhances Arc expression [62, 64, 65]. Transcriptional reg-
ulation of the Arc gene is through several transcription
enhancer elements located at proximal and distal promoter
regions [43—45]. Our ChIP data have discovered an altera-
tion of H3K9me2 occupancy around the distal enhancer
element of the Arc gene by Shank3 deficiency or EHMT1/2
inhibition, which correlates well with the alteration of Arc
gene expression.

Given the interaction of Arc with glutamate receptors
and other synaptic proteins, restoration of Arc expression by
UNCO0642 treatment of Shank3-deficient mice may facilitate
the recovery of the NMDAR-Arc complex at the synaptic
membrane. An additional contributing factor to overcome
NMDAR hypofunction is the removal of repressive
H3K9me?2 to elevate the transcription of NMDAR subunits
by EHMTI1/2 inhibition. Indeed, we have found a
UNCO0642-induced transcriptional increase of Grinl, a tar-
get of EHMT?2 [35], and Grin2a in Shank3-deficient mice.
These data are consistent with our previous finding that
NMDAR hypofunction in Shank3 ™A€ mice is not due to the
loss of NMDAR expression, but due to the disrupted
synaptic delivery of NMDARSs resulting from aberrant actin
regulators [18]. It is likely that UNC0642 rescues NMDAR
function via multiple mechanisms. One is to facilitate
NMDAR trafficking by rescuing actin regulators and
synaptic scaffolding proteins, such as Arc and Homerl. The
other is to boost the overall expression of NMDAR subunits
to compensate for the diminished NMDAR trafficking.

The UNC0642-induced recovery of Homerl, a Shank3
binding partner and one of the autism risk genes [47], sug-
gests that metabotropic glutamate receptor signaling may
also play a role in the behavioral rescue [66]. Furthermore,
genome-wide studies have revealed the alteration of addi-
tional genes involved in a multitude of neuronal functions
in Shank3™*¢ mice. By targeting EHMT1/2-mediated
H3K9me?2, we are able to restore a number of genes with a
broad range of biological functions, which may collectively
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contribute to the therapeutic effects of UNC0642 (Fig. S7).  H3K9me2 levels, while the up-regulated genes could be
The down-regulated genes in Shank3 ™A€ mice revealed by  indirectly caused by the loss of silencers/repressors resulting
RNAseq could be the direct effect of the increased  from increased H3K9me?2.
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<« Fig. 7 UNC0642 treatment induces genome-wide restoration of genes

involved in neural signaling in PFC of Shank3-deificient mice.
a Volcano plot of differentially expressed genes between wild-type
(WT), Shank3*'2€ mice treated with saline (Het + SAL) or UNC0642
(1 mg/kg, i.p., 3x) (Het + UNC). Het + SAL vs WT: fold change > 1.2
and P <0.05; Het + UNC vs Het + SAL: fold change>1.1 and P<
0.05; Het+ UNC vs WT: P<0.05. b Venn diagram displaying the
overlap between genes down-regulated in the PFC of Shank3 € mice
(Het + SAL vs. WT) and up-regulated by UNCO0642 treatment (Het +
UNC vs. Het + SAL) (top), as well as genes up-regulated in SAL and
down-regulated in UNC (bottom). ¢, f Heatmaps of the 107 genes
down-regulated (c) and the 84 genes up-regulated (f) in saline-treated
Shank3*'2¢ mice (SAL) and normalized in UNC0642-treated
Shank3*'2€ mice (UNC). d, g Functional protein classification ana-
lysis for the 107 down-regulated genes (d) and the 84 up-regulated
genes (g). e, h Enrichment analysis for the 107 down-regulated genes
(e) and the 84 up-regulated genes (h)

Taken together, these results have not only revealed a
novel molecular mechanism underlying the pathophysiol-
ogy of autism, but also suggested a potential intervention
avenue for the treatment of this disease. While epigenetic
drugs offer the advantage of having broad, multi-functional
actions and being able to normalize a network of genes
important for neuronal functions, it is important to be cau-
tious about potential off-target side effects. Given the het-
erogeneity of autism, the general applicability of this
treatment strategy also awaits to be further tested.

Data availability

Genomic data will be deposited in a public repository. The
access number and the dataset will be available for access.
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