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Autism risk gene KMTS5B deficiency in prefrontal cortex
induces synaptic dysfunction and social deficits via alterations
of DNA repair and gene transcription
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Large-scale genetic screening has identified KMT5B (SUV420H1), which encodes a histone H4 K20 di- and tri-methyltransferase
highly expressed in prefrontal cortex (PFC), as a top-ranking high-risk gene for autism. However, the biological function of KMT5B in
the brain is poorly characterized, and how KMT5B deficiency is linked to autism remains largely unknown. Here we knocked down
Kmt5b in PFC and examined behavioral and electrophysiological changes, as well as underlying molecular mechanisms. Mice with
Kmt5b deficiency in PFC display social deficits, a core symptom of autism, without the alteration of other behaviors. Kmt5b
deficiency also produces deficits in PFC glutamatergic synaptic transmission, which is accompanied by the reduced synaptic
expression of glutamate receptor subunits and associated proteins. Kmt5b deficiency-induced reduction of H4K20me2 impairs
53BP1-mediated DNA repair, leading to the elevation of p53 expression and its target gene Ddit4 (Redd1), which is implicated in
synaptic impairment. RNA-sequencing data indicate that Kmt5b deficiency results in the upregulation of genes enriched in cellular
stress response and ubiquitin-dependent protein degradation. Collectively, this study has revealed the functional role of Kmt5b in
the PFC, and suggests that Kmt5b deficiency could cause autistic phenotypes by inducing synaptic dysfunction and transcriptional

aberration.
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INTRODUCTION

Autism is a prevalent and devastating neurodevelopmental
disorder that affects social and communicative behaviors. Strong
genetic factors contribute to the etiology of autism [1]. One of the
top-ranking autism risk factors (FDR < 0.01) identified by large-
scale whole-genome sequencing of ASD patients across multiple
cohorts is KMT5B (SUV420H1) [2-7]. KMT5B mutations discovered
in ASD patients, such as substitution splicing variants [4], missense
mutations [5], frameshift deletions [3], and nonsynonymous
substitutions [6], all result in loss of function. However, the
biological function of KMT5B in the brain, as well as how KMT5B
haploinsufficiency contributes to ASD symptoms, is largely
unknown.

Chromatin structure, and consequently the transcriptional
accessibility of the associated DNA, can be transiently modified
by histone modifications, such as histone methylation and
acetylation [8]. KMT5B is a histone methyltransferase that
mediates di-methylation of histone 4 lysine 20 (H4K20me2)
[9, 10]. This histone modification has been implicated in the
repair of DNA damage, such as double-strand breaks (DSBs)
[11, 12], which can be induced by both endogenous (e.g., gene
transcription) [13] and exogenous stimuli (e.g., chemo, radiation).
KMT5B also works with KMT5C to catalyze tri-methylation of
histone 4 lysine 20 (H4K20me3) [11], which is implicated in gene
silencing [14-16].

KMT5B expression is enriched in the prefrontal cortex (PFC) [17, 18],
a brain region that plays a major role in regulating higher-level

executive functions and social cognition [19, 20]. The PFC is also
highly implicated in ASD pathology [21, 22]. Synaptic dysfunction of
PFC pyramidal neurons has been observed in human ASD patients
[22] and in multiple ASD mouse models [23-26]. The refinement of
PFC circuitry, as well as the significant development of sociability and
other cognitive and emotional behaviors regulated by PFC, starts
around 3-5 weeks postnatal and continues for a few weeks into
adolescence (~7 weeks) [27-30]. Thus, we induced PFC-specific
knockdown of Kmt5b during this critical developmental period, and
examined behavioral and physiological consequences. We also
revealed the molecular and genomic mechanisms underlying the
social and synaptic deficits caused by Kmt5b deficiency in PFC. These
results should improve our understanding on the in vivo biological
function of Kmt5b and the mechanisms by which its disruption may
drive autistic phenotypes.

MATERIALS AND METHODS

Animals and human samples

All mice (both male and female, C57BL6/J) were group-housed
with 1-3 gender-matched conspecifics and provided standard
enrichment. All animals were maintained on a 12-h light (6:00 a.m.
to 6:00 p.m.)/dark (6:00 p.m. to 6:00 a.m.) cycle. All animal studies
were performed with the approval of the Institutional Animal Care
and Use Committee of the State University of New York at Buffalo.
Postmortem human brain tissue samples (Broadman's area 9)
were received from NIH NeuroBioBank.
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Animal surgery

Mice (3-4-week-old) received bilateral stereotaxic injection of GFP-
tagged Kmt5b shRNA AAV or a scrambled (scr.) control shRNA
AAV. Stereotaxic injection of the virus (1.5-ul total volume,
bilateral) to the medial PFC region was performed as described
previously [31]. In brief, mice were anesthetized and placed on a
stereotaxic apparatus (David Kopf Instruments). The injection was
performed with a Hamilton syringe (gauge 31) at a speed of 0.2 pl/
min, and the needle was kept in place for an additional 5 min. The
virus was delivered bilaterally to the target area using the
following coordinates: 2.0-mm anterior to bregma; 0.25-mm
lateral; and 2.0-mm dorsal to ventral. The viral expression sites
usually include the whole medial PFC (cingulate cortex, prelimbic,
and infralimbic). All behavioral, biochemical, and electrophysiolo-
gical tests were conducted 14-20 days after surgery.

Virus generation

We inserted Kmt5b shRNA (GTGTCAACTGGTCGAGATA) into the
GFP-tagged AAV vector (#85741, Addgene, U6 promoter), and
verified the construct by sequencing. The Kmt5b shRNA plasmid
was transfected into 80-90% confluent N2a cells with lipofecta-
mine 2000. After 48-h transfection, we collected cells, extracted
RNA, and used gPCR to measure the knockdown effect. After
knockdown verification, the KMT5B shRNA plasmid was sent to
the viral core facility of Emory university (http://neurology.emory.
edu/ENNCF/viral_vector/) for the generation of AAV.

Immunohistochemistry

Mice were anesthetized and transcardially perfused with PBS,
followed by 4% paraformaldehyde (PFA) before brain removal.
Brains were postfixed in 4% PFA for 2 days and cut into 30-um
slices. Slices were cut coronally and washed and blocked for 1 h in
PBS containing 5% donkey serum and 0.3% Triton for permeabi-
lization. After washing, slices were incubated with the primary
antibody against KMT5B (Novus Biologicals, NBP1-97312),
H4K20me2 (Abcam, ab9052), or p53 (Santa Cruz, sc-6243) for 48
h at 4 °C. After washing three times (30 min with gentle shaking) in
PBS, slices were incubated with secondary antibody (Alexa Fluor
568, Invitrogen, A10037 or ab175470, 1:1000) for 1h at room
temperature, followed by three washes with PBS. Slices were
mounted on slides with Vectashield mounting media with DAPI
(Vector Laboratories). Images were acquired using a Leica DMi8
fluorescence microscope. All specimens were imaged under
identical conditions and analyzed with identical parameters using
ImageJ software.

Behavioral testing

All behavioral testing was performed on at least three indepen-
dent cohorts. The sequence of behavioral tests was randomized
between litters. All behavioral tests were performed 24 h apart,
with one test performed per day. Sample sizes were determined
based on power analyses and were similar to those reported in
previous works [32]. All behavioral testing apparatuses were wiped
down with 75% ethanol between animals and trials. All testing
(unless otherwise indicated) was performed in a dimly lit room.
The Anymaze behavior tracking software (Stoelting, Wood Dale, IL)
was used to record footage of behavior tests. All scoring was
performed by Anymaze or manually by researchers blind to both
genotypes and treatments.

Three-chamber social preference. The three-chamber social pre-
ference test was performed as previously described [23, 25, 31, 33].
Briefly, the test mouse was first placed into a Plexiglass arena
(L: 101.6 cm, W: 50.8 cm, H: 50.8 cm) containing two empty inverted
pencil cups for a 10-min habituation period. On the following day,
the mouse was reintroduced to the apparatus for a 10-min trial in
which the pencil cups contained two identical objects. The animal
was then returned to its home cage for 5 min. The animal was then
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placed into the apparatus for a 10-min trial (social preference test),
in which one cup contained a novel object (nonsocial stimulus)
while the other contained an age- and gender-matched WT mouse
(social stimulus). The amount of time spent interacting with each
stimulus was recorded. The preference index was calculated as
(social time — nonsocial time)/(social time 4 nonsocial time).

Social approach. The test animal was habituated in a rectangular
apparatus (L: 67.7 cm, W: 50.8 cm, H: 50.8 cm) containing a capsule
(inverted pencil cup, placed in the center) for 10 min, then
returned to its home cage. A social stimulus (an age- and sex-
matched mouse) was then placed inside the capsule. The test
animal was placed into the apparatus to explore for 10 min. The
amount of time the test animal spent interacting with the social
stimulus was measured.

Self-grooming. Self-grooming is a rodent behavior linked to
repetitive behaviors in neuropsychiatric models including autism
[34]. The test mouse was placed individually into a clean cage
containing a thin layer (~1 cm) of bedding for 30 min. During the
first 20 min, the mouse was allowed to habituate to the
environment. Grooming behavior was assessed manually in the
final 10-min period. For scoring purposes, self-grooming behavior
was defined as any repetitive grooming motion (i.e., licking,
brushing) directed at the front paws, head/ears, or abdomen.

Rotarod. The test mouse was placed onto an accelerating
rotarod (SD Instruments, San Diego, CA), which slowly accelerated
from 4 to 40 revolutions per minute over a 5-min test session. The
mouse was required to walk forward in order to remain on top of
the rotating cylinder rod [31]. After a practice trial in which the
mouse was allowed to familiarize with the apparatus, two test
trials were conducted. For each trial, the amount of time that the
mouse remained on the rotarod before falling off (latency to fall)
was recorded.

Novel-object recognition. The test mouse was placed on a circular
open white platform (2-foot diameter) for 5 min for habituation,
then returned to its home cage. The mouse was then placed on
the platform with two identical objects for 5 min, then returned to
its home cage again. The mouse was then allowed to explore the
platform containing one of the original objects (familiar) and a
new object (novel) for 5min, during which the amount of time
spent interacting with each object was scored. Discrimination ratio
was calculated as: (novel-object time — familiar-object time)/
(novel-object time + familiar-object time).

Locomotion. Locomotor activity was measured in a rectangular
apparatus (40 x 40 x 30 cm) equipped with photo beam monitors
(AccuScan Intruments). Total distance traveled, along with the
time in center and distance traveled in center, was recorded
during a 60-min test session and divided into 30-min bins.

Startle response/pre-pulse inhibition (PPI). PPl was assessed as
previously described [26]. The acoustic startle response test was
performed in an SR-LAB startle chamber (San Diego Instruments,
San Diego, CA). The test consisted of three trial types: null trials
with only a white noise background (66 dB), pulse-only trials
with 40 ms white noise stimulus (90, 100, 110, and 120 dB), and
pre-pulse trials, where the 120-dB startle stimulus was preceded
100 ms earlier by a 20-ms pre-pulse stimulus that was either 70,
76, or 85 dB. Mice were placed into the plexiglass holder and
habituated to the apparatus for 5 min before testing. Each test
consisted of 74 trials with 30 pulse-only trials, 11 null trials, and
33 pre-pulse trials. Trial order was the same for all animals, with
ten pulse-only trials followed by combinations of the pre-pulse
and null trials, then terminating with ten pulse-only trials. The
maximum startle response was measured for each trial. PPI
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(percentage) = (1 — pre-pulse trial
response) X 100.

response/pulse-only trial

Electrophysiological recordings

Whole-cell voltage-clamp recording was used to measure synaptic
currents in layer V mPFC (prelimbic and infralimbic) pyramidal
neurons as previously described [23, 35, 36]. Mouse brain slices
(300 um) were positioned in a perfusion chamber attached to the
fixed stage of an upright microscope (Olympus) and submerged in
continuously flowing oxygenated ACSF (in mM: 130 NaCl, 26
NaHCOs;, 1 CaCl,, 5 MgCl,, 3 KCl, 1.25 NaH,PO,, 10 glucose, pH 7.4,
300 mOsm). For EPSC recordings, bicuculline (10 uM) was added to
ACSF. The pipette contained the following solution (in mM: 130
cesium-methanesulfonate, 10 CsCl, 4 NaCl, 10 HEPES, 1 MgCl,, 5
EGTA, 2 QX-314, 12 phosphocreatine, 5 MgATP, 0.5 NasGTP, 0.1
leupeptin, pH 7.2-7.3, 265-270 mOsm). Evoked synaptic currents
were generated with a pulse from a stimulation isolation unit
controlled by an S48 pulse generator (Grass Technologies, West
Warwick, Rl). A bipolar stimulating electrode (FHC, Bowdoinham,
ME) was placed ~100 um from the neuron under recording.
Stimulation pulses (0.4ms, 70 pA) were delivered at 0.05Hz.
AMPAR-EPSC was first recorded at —70 mV, then the mixture of
AMPAR- and NMDAR-EPSC was recorded at +40 mV with the same
stimulation. The peak of NMDAR-EPSC was calculated at 40 ms
from the onset of the EPSC mixture. Data analyses were performed
with the Clampfit 10.0.7 software (Molecular Devices, Sunnyvale,
CA, USA).

Western blotting

Western blots were performed using antibodies against KMT5B
(1:500, Novus Biologicals, NBP1-97312), H3 (1:1000, Cell Signaling,
4499), GIuR1 (1:500, Santa Cruz, SC-13152), GIuR2 (1:500, Abcam,
Ab20673), NR1 (1:1000, Cell Signal, D65B7), NR2A (1:500, Millipore,
07-632), NR2B (1:1000, Millipore, 06-600), PSD-95 (1:1000, Neuro-
mab, 75-028), Tubulin (1:10000, Sigma, T9026), VAMP2 (1:1000,
Proteintech, 10135-1-AP), SNAP25 (1:1000, Proteintech, 60169-1-lg),
Synaptophysin (1:500, BD Biosciences, 611880), SynGAP1 (1:1000,
Cell Signaling Technology, D88G1), yH2AX (Biolegend, #613405),
and Ddit4 (1:500, Proteintech, 10638-1-AP). Nuclear extraction was
performed as previously described [23-26].

Quantitative real-time RT-PCR

Total RNA was isolated from mouse PFC punches (GFP+ regions)
using Trizol reagent (Invitrogen) and treated with DNase |
(Invitrogen) to remove genomic DNA. Then the SuperScript llI
first-strand synthesis system for RT-PCR (Invitrogen) was used to
reverse-transcribe mRNA into cDNA, followed by the treatment
with RNase H (2 U/I) for 20 min at 37 °C. Quantitative real-time RT-
PCR was performed using the iCycler iQ™ Real-Time PCR Detection
System and iQ™ Supermix (Bio-Rad), according to the manufac-
turer’s instructions. In brief, GAPDH was used as the housekeeping
gene for quantitation of the expression of target genes in samples
from GH vs. SI group. Fold changes in the target genes
were determined by: fold change =272} where ACG;=Cr
(target) — CT(GAPDH): and A(ACT) = ACT(SI group) — ACT(GH group)*
Cr (threshold cycle) is defined as the fractional cycle number at
which the fluorescence reaches 10x the standard deviation of the
baseline. A total reaction mixture of 20 pl was amplified in a 96-well
thin-wall PCR plate (Bio-Rad) using the following PCR cycling
parameters: 95 °C for 5 min followed by 40 cycles of 95 °C for 30,
55°C for 30s, and 72°C for 60s. The primer of DNA-damage-
inducible transcript 4 (DDIT4) is: forward: CTGGACAGCAGCAAC
AGTGG, reverse: AGCAGCTGCATCAGGTTGG.

RNA sequencing (RNAseq) and bioinformatic analysis

PFC samples were obtained from three mice injected with a scr.
shRNA AAV and three mice injected with Kmt5b shRNA AAV. We
generated strand-specific RNA libraries from 1pug purified RNA
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using TruSeq stranded total RNA plus Ribo-zero kits (lllumina). The
sequencing was performed at the Genomics and Bioinformatics
Core of State University of New York at Buffalo. Single end reads
per sample were obtained using the HiSeq 2500 platform from
lllumina. Reads were first trimmed using Cutadapt to remove the
3" end adapters and trailing sequences, followed by aligning to
mouse RefSeq mRNAs using TopHat2. Transcript counts were
estimated using HTSeq. Differences in gene expression levels
between samples were assessed with edgeR and calculated as
log2 fold change. DEGs were selected based on the criteria: p (adj)
<0.01, |FC| (fold change) > 1.5, and average count per million >
300. Functional protein classification analyses were undertaken
using Panther. Cytoscape software was used to generate
interactome networks.

Statistical analyses

All statistical analyses were performed with GraphPad Prism and
Minitab 18. Experiments with more than two dependent variables
were subjected to two-way ANOVA with Bonferroni correction for
multiple post hoc comparisons. Experiments with two groups
were analyzed statistically using two-tailed unpaired t-tests. All
data are presented as the mean = SEM. Data points identified as
statistically significant outliers (determined by the Grubb’s test, p
<0.05) were removed from the analyses. Sample sizes were
determined based on power analyses and were similar to those
reported in previous works [23, 25, 26, 32, 33, 35-371.

RESULTS

Kmt5b deficiency in PFC induces social deficits

To examine the biological function of KMT5B in the brain, we
generated Kmt5b shRNA to knockdown Kmt5b expression in the
PFC of mice at juvenile age (~3-4 weeks), a critical period to initiate
the maturation of PFC structure and the development of sociability
[27-30]. The knockdown effect of Kmt5b shRNA was first confirmed
in the mouse neuronal N2A cell line, in which we observed a ~40%
reduction of Kmt5b mRNA expression (Fig. 1A, n=3/group, tg4, =
7.25, p<0.01, t-test). The AAV carrying GFP-tagged Kmt5b shRNA
was then injected into the PFC of wild-type mice (Fig. 1B). After
2-3 weeks of viral expression, Western blotting and immunostaining
were performed to verify the in vivo knockdown. A significant
reduction of Kmt5b protein level was observed in the nuclear
fraction of PFC from mice injected with Kmt5b shRNA AAV,
compared to those injected with a scr. control shRNA AAV (Fig. 1C,
n=7 pairs, tg=7, p<005, ttest). The knockdown of Kmt5b
expression was also evident in GFP-positive cells in PFC slices from
Kmt5b shRNA-injected mice (Fig. 1D, n = 11 slices/3 mice/group, t 14
=5.58, p <0.001, t-test), while no differences were observed in the
fluorescence intensity of GFP (p =0.56, t-test) or DAPI (p=0.62,
t-test). Moreover, the level of H4K20me2, the primary histone
modification catalyzed by Kmt5b, was significantly reduced in PFC
cells injected with Kmt5b shRNA AAV, as shown by Western blotting
(Fig. 1E, n=15 mice/group, tg = 2.4, p < 0.05, t-test) and immunos-
taining (Fig. 1F, n=12 slices/3 mice/group, t;7=10.6, p <0.001,
t-test), suggesting that Kmt5b shRNA effectively exerted the
transcriptional repression and functional inhibition of Kmt5b.

To find out behavioral alterations by PFC knockdown of Kmt5b, we
first examined social behavior in Kmt5b shRNA-injected mice via the
three-chamber social preference test [33]. As shown in Fig. 2A, Kmt5b
shRNA-injected mice spent significantly less time interacting with the
social stimulus, compared to the scr. shRNA-injected mice (n=11
mice/group, Fi 40 (nteraction) = 10.26, p = 0.003, two-way ANOVA), and
displayed a significantly reduced social preference index (t;q = 3.27,
p=0.004, t-test). In the social approach test, Kmt5b shRNA-injected
mice also spent less time interacting with the social stimulus than
control animals (Fig. 2B, n =11 mice/group, t;3=2.06, p=0.06, t-
test), albeit being close to but not reaching the defined significance
(p<005). In the locomotion test, Kmt5b shRNA-injected mice
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Fig. 1 KMT5B knockdown in PFC. A Bar graph of Kmt5b mRNA level in N2A cells transfected with Kmt5b shRNA or a scrambled control shRNA
(scr.). **p < 0.01, t-test. B Immunofluorescent image showing the location of Kmt5b shRNA AAV (GFP-tagged) expression in the PFC of a virus-
injected mouse. € Quantitation of Kmt5b protein levels (normalized to total H3 levels) in the nuclear fraction of PFC dissected from mice
injected with Kmt5b shRNA or scr. shRNA AAV. *p < 0.05, t-test. Insets: representative immunoblots. D Bar graphs of fluorescence intensity of
Kmt5b, GFP, and DAPI signal in the PFC of mice injected with Kmt5b shRNA or scr. shRNA AAV. Inset: representative confocal images. ***p <
0.001, t-test. E Quantitation of H4K20me2 levels (normalized to total H3 levels) in the nuclear fraction of PFC dissected from mice injected with
Kmt5b shRNA or scr. shRNA AAV. *p < 0.05, t-test. Insets: representative immunoblots. F Bar graph of fluorescence intensity of H4K20me2 signal
in the PFC of mice injected with Kmt5b shRNA or scr. sShRNA AAV. Inset: representative confocal images. ***p < 0.001, t-test.

displayed no change in total distance traveled (Fig. 2C, n =7 mice/ two-way ANOVA), suggesting the lack of sensorimotor gating deficits.
group, F112 (reatmenty = 0.06, p = 0.81, two-way ANOVA), or activity at Collectively, these data indicate that Kmt5b deficiency in the PFC
the center (distance traveled in the center: F; 15 reatmeny =031, p= selectively impairs sociability, a core symptom of autism.
0.59; time spent in the center: F; 15 (interaction) = 0-30, p = 0.59, two-way
ANOVA). They also showed no deficits in the rotarod test of motor Kmt5b deficiency in PFC impairs glutamatergic transmission
coordination (Fig. 2D, n=12-14 mice/group, Fi12 (treatmeny = 0.80, Next, we examined the functional impact of Kmt5b deficiency on
p =0.38, two-way ANOVA). synaptic transmission, as glutamatergic neurons in deep layers of
Self-grooming, a behavior that is thought to model the PFC are severely impaired in autistic patients [22]. Synaptic
repetitive behaviors observed in human ASD patients [34], was dysfunction in PFC has been linked to social deficits in several
not altered in Kmt5b shRNA-injected mice (Fig. 2E, n=11-14 preclinical autism mouse models [23-26]. To do so, we performed
mice/group, tps) =035, p=0.73, t-test). In the novel object whole-cell patch-clamp recordings in layer V PFC pyramidal
recognition test, Kmt5b shRNA-injected mice spent less time than neurons of mice injected with Kmt5b shRNA AAV. As shown in
controls interacting with the novel object (Fig. 2F, n = 8-10 mice/ Fig. 3A, B, spontaneous excitatory postsynaptic current (sEPSC)
group, Fireatment (1,32) = 6.73, p = 0.014, two-way ANOVA), but they frequency was significantly reduced in PFC neurons expressing
maintained a significant preference for the novel object over the Kmt5b shRNA, and a trend of reduction was also detected with
familiar object, thus did not differ from controls in the SsEPSC amplitude, compared to those expressing a scr. control
discrimination ratio (f14=1.26, p=0.23, t-test). In addition, Kmt5b shRNA, (scr. shRNA: 16.1+0.9pA, 5.08+0.46Hz, n=9; Kmt5b
shRNA-injected mice displayed normal startle responses (Fig. 2G, shRNA: 13.9+ 0.7 pA, 3.01 £0.31 Hz, n=10; amp, t150 =20, p=
n=8 mice/group, Finteraction (342)=2.18, p=0.11, two-way 0.07; freq. t4.4y = 3.8, p = 0.002, t-test). The amplitudes of AMPAR-
ANOVA) and PPI of startle responses (Finteraction 2,28y = 0-33, p=0.72, and NMDAR-mediated EPSC evoked by electrical stimulations
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Fig. 2 Behavioral changes in mice with Kmt5b deficiency in PFC. A Bar graphs showing the time spent in investigating the social (S) or
nonsocial (NS) stimulus and the social preference index in three-chamber social preference tests of mice with PFC injection of scr. or Kmt5b
shRNA AAV. Investigation time: ***p < 0.001 (scr. vs. Kmt5b), +-+-+p < 0.001, +p < 0.05 (Soc. vs. NS), two-way ANOVA. Preference index: **p <
0.01, t-test. Inset: representative heat maps. B Bar graphs showing the time spent in investigating the social stimulus (S) in social approach
tests of mice with PFC injection of scr. or Kmt5b shRNA AAV. Inset: representative heat maps. C Bar graphs showing the distance traveled (total
and in center), as well as the time in center in locomotion tests of mice with PFC injection of scr. or Kmt5b shRNA AAV. Bar graphs showing the
latency to fall in rotarod tests (D), the time spent in self-grooming (E), the time spent in investigating novel (Nov.) and familiar (Fam.) objects
and the discrimination ratio in novel object recognition (NOR) tests (F) of mice with PFC injection of scr. or Kmt5b shRNA AAV. NOR:
investigation time: *p < 0.05 (scr. vs. Kmt5b), +++p < 0.001, 4+p < 0.05 (Nov. vs. Fam.), two-way ANOVA. G Bar graphs showing startle responses

and pre-pulse inhibition of mice with PFC injection of scr. or Kmt56 shRNA AAV.

were also significantly decreased in Kmt5b-deficient PFC neurons
(Fig. 3C, AMPAR-EPSC, scr. shRNA: 241.1 £22.3 pA, n=9, Kmt5b
shRNA: 1735+ 156pA, n=10, tnse =25 p=0.03, ttest;
NMDAR-EPSC, scr. shRNA: 142.2 £ 13.0 pA, n =9, Kmt5b shRNA,
103.5+11.9 pA, n =10, tyee = 2.3, p = 0.04, t-test).

Considering the impairment of glutamatergic synaptic func-
tion in Kmt5b shRNA-infected neurons, we further assessed the
expression of several synaptic proteins in the PFC with Kmt5b
deficiency. As shown in Fig. 3D, the level of AMPAR subunit
GIluR2, NMDAR subunits NR2A and NR2B was significantly
reduced in Kmt5b shRNA-injected mice (n=5-8 mice/group,
GIUR2: t(10) = 2.28, p = 0.046; NR2A: to)=3.17, p = 0.012; NR2B:
tz)=3.24, p=0.015; t-test). A trend of reduction was also
observed with the postsynaptic density marker PSD-95 (ts) =
2.05, p=0.097, t-test). However, the level of presynaptic
markers, VAMP2, SNAP25, and Synaptophysin, as well as the
PSD protein SynGAP, was unchanged in Kmt5b shRNA-injected
mice (Fig. 3E, n =9-11 mice/group, VAMP2: t(;4) = 0.86, p = 0.40;
SNAP25: t(15 =0.79, p =0.44; Synaptophysin: t;5 =091, p=
0.37; SynGAP: t15 =0.19, p =0.85; t-test). These data indicate
that Kmt5b deficiency in the PFC leads to the diminished

Neuropsychopharmacology (2021) 0:1-10

glutamate receptor expression and glutamatergic synaptic
transmission in pyramidal neurons.

Kmt5b deficiency in PFC induces alterations in DNA repair
KMT5B is a histone methyltransferase that mediates H4K20me2
[9, 10], which is implicated in DNA damage response by providing
a binding platform for the p53-binding protein 1 (53BP1) to
facilitate DNA repair [11, 12]. Kmt5b deficiency-induced decrease
of H4K20me2 may impair the DNA repair process by reducing
53BP1 foci formation [38, 39]. To test this, we examined the level
of yH2AX (the Ser-139 phosphorylated form of histone variant
H2AX), which is a highly specific and sensitive molecular marker
for monitoring DNA damage and repair [40]. As shown in Fig. 4A,
the level of yH2AX in PFC from Kmt5b shRNA-injected mice was
significantly higher than that from scr. shRNA-injected mice (n =
4-5/group, tzq) =42, p<0.05 ttest), suggesting that Kmt5b
deficiency disrupts the DNA repair and causes the accumulation of
DNA DSBs.

DNA DSBs activate p53 [41], one of the major responding
molecules to cellular disturbances [42]. p53-dependent biological
processes are integrated by the pivotal DSB repair regulator
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Fig. 3 Decreased synaptic transmission in Kmt5b-deficient PFC. Bar graphs and cumulative probability plots of spontaneous EPSC (sEPSC)
amplitude (A) and frequency (B) recorded from pyramidal neurons in the PFC of mice injected with Kmt5b6 shRNA or scr. sShRNA AAV. Inset:
representative sEPSC traces. C Bar graphs of evoked AMPAR- and NMDAR-EPSC amplitudes recorded from pyramidal neurons in the PFC of
mice injected with Kmt5b shRNA or scr. sShRNA AAV. Inset: representative eEPSC traces. D, E Bar graphs showing the expression level of
synaptic proteins (normalized to tubulin) in the PFC from mice injected with Kmt5b shRNA or scr. sShRNA AAV. Inset: representative Western

blotting images. In all figures, *p < 0.05, **p < 0.01, t-test.

53BP1 [43]. We found that the level of p53 in PFC was significantly
elevated by Kmt5b deficiency (Fig. 4B, n = 8-9 slice/3 mice/group,
t(13) = 43, p< 0.001 , t'test).

Upon activation, p53 acts as a transcription factor to regulate
downstream target genes that are involved in various signaling
pathways [44, 45]. One downstream target of p53 is DDIT4, which
is also called REDD1 (regulated in development and DNA-damage
responses 1) [46]. DDIT4 (REDD1) elevation is directly linked to
synaptic dysfunction and synaptic loss after chronic stress [47]. We
found that Ddit4 mRNA exhibited the trend of increase in Kmt5b-

SPRINGERNATURE

deficient PFC (Fig. 4C, n = 6-7/group, t( o) = 2.17, p = 0.056, t-test),
and Ddit4 protein level was significantly elevated by Kmt5b
knockdown (Fig. 4D, t4) = 2.78, p < 0.05, t-test). Interestingly, the
mMRNA level of DDIT4 (REDD1) was also significantly elevated in the
postmortem PFC tissue from ASD human patients (Fig. 4E, n=
7-8/group, t-test, tg =2.34, p<0.05, t-test). Collectively, these
data suggest that KMT5B deficiency-induced loss of H4K20me2
increases DNA damage, leading to the activation of p53 and the
increased expression of its target gene Ddit4 (Redd1), which may
contribute to synaptic and social deficits.
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Increased DNA damage, p53, and Ddit4 expression in Kmt5b-deficient PFC. A Bar graphs and representative Western blots of yH2AX in
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shRNA AAV. E Bar graphs of DDIT4 mRNA in the PFC of postmortem human control vs. ASD patients. In all figures, *p < 0.05, ***p < 0.001, t-test.

Kmt5b deficiency in PFC induces transcriptional alterations
KMT5B also catalyzes H4K20me3 [11], a histone modification
implicated in transcriptional repression [14-16]. In order to
identify the genes regulated by Kmt5b in vivo, we performed
RNAseq to assess the downstream transcriptomic changes by
Kmt5b deficiency in PFC. Among the differentially expressed genes
(DEGs) in PFC with Kmt5b knockdown, 135 were significantly
upregulated and 16 were significantly downregulated (Fig. 5A and
Supplementary Table 1). The heat maps (Fig. 5B) generated with
the expression values for DEGs demonstrated that the Kmt5b
shRNA AAV-injected samples clustered together and separated
from control samples injected with a scr. shRNA AAV. The majority
of DEGs in Kmt5b-deficient PFC displayed the transcriptional
upregulation, consistent with Kmt5b’s role as a histone methyl-
transferase catalyzing the repressive H4K20me3.

To identify functional gene classes regulated by Kmt5b, we
performed gene ontology (GO) analysis to classify upregulated
DEGs in Kmt5b-deficient PFC. The top-four highly enriched
biological process categories included protein folding, translation,
covalent chromatin modification, and ubiquitin-dependent cata-
bolic process (Fig. 5C).

To further interrogate the upregulated and downregulated DEGs
and their relationships, we created interactome networks based on
GO classification with co-expression and co-localization data
(Fig. 5D, E). Heat-shock proteins (Hsp), including Hspd1, Hspel,
Hspa8, and Hsp90aal, which are related to cell stress or damage
[48], are the major upregulated hub genes in “protein folding”

Neuropsychopharmacology (2021) 0:1-10

class. Multiple eukaryotic translation initiation or elongation
factors, including Eif4al, Eif2s3x, and Eeflg, form the upregulated
hub genes in “translation” class. Smarca5, a hub gene in “covalent
chromatin modification” class, encodes a chromatin remodeling
protein that is involved in the regulation of gene transcription. The
upregulated hub genes in “ubiquitin-dependent protein catabolic
process” class include Ube2s, which encodes an E2 ubiquitin-
conjugating enzyme, as well as Psma3 and Psma5, both of which
encode essential proteasome subunits that contribute to the
complete assembly of 20S proteasome complex.

DISCUSSION
KMT5B is one of the most strongly implicated autism risk factor
genes based on large-scale genetic screenings [2-7]. To under-
stand its biological function in the brain related to autism, we have
examined the behavioral, physiological, molecular, and genomic
consequences of Kmt5b deficiency in mouse PFC, a brain region
that exhibits high Kmt5b expression [17, 18] and strongly
implicated in autism [22]. We chose to knockdown Kmt5b during
the juvenile to adolescent period (3-7 weeks old), because this is a
critical time window for the refinement of PFC circuitry, as well as
the significant development of sociability and other executive
functions mediated by PFC [27-30].

PFC-specific Kmt5b deficiency induces autism-like social deficits,
which is linked to glutamatergic synaptic deficits in the PFC, a
physiological phenotype commonly found in mouse models of
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autism [23, 24, 26, 35]. The link is supported by postmortem
studies of autistic humans showing the clearest deficits in PFC
deep layer pyramidal neuron markers [22]. Moreover, human
patients with social dysfunction display reduced activity in the
frontal cortex in response to social stimuli [49]. The reduced
glutamatergic transmission in Kmt5b-deficient mice is correlated
with the diminished expression of AMPAR and NMDAR subunits,
including GIuR2, NR2A, and NR2B, while some synaptic markers are
unchanged, suggesting that Kmt5b-mediated effects may target
synaptic and intracellular pools of these glutamate receptors. One
possibility is that Kmt5b deficiency causes the change in key
regulators that control the synaptic delivery, synthesis, or degrada-
tion of glutamate receptors.

One important question is that how Kmt5b deficiency induces
the autism-associated physiological and behavioral aberrations.
KMT5B catalyzes H4K20me2, which recruits the DNA repair factor
53BP1 to DSBs by forming direct 53BP1/H4K20me2 complex to
facilitate DNA repair via nonhomologous end joining [11, 12, 50],
one of the DNA repair pathways in nonreplicating neurons. We
have found the increased accumulation of DNA DSBs with the
molecular marker yH2AX and the increased p53 expression by
Kmt5b deficiency, suggesting the critical role of Kmt5b in DNA
repair process. The increased P53 is also detected in postmortem
brain tissue from idiopathic ASD patients [51-53], implicating the
importance of P53 in general pathology of ASD. As a transcription
factor, p53 can activate or repress a number of downstream target
genes that are involved in various cellular functions [44, 45]. We
have found that Kmt5b deficiency induces an increase of the
downstream target of p53, Ddit4 (Reddl) [46]. DDIT4 (Ddit4) is
elevated in depressed humans and chronically stressed mice,
leading to synaptic loss in PFC [47]. It is thus likely that the
increased DDIT4 contributes to the loss of synaptic transmission
and synaptic proteins, including glutamatergic receptors and the
anchoring protein PSD-95, in Kmt5b-deficient PFC.

KMT5B also catalyzes H4K20me3, a histone modification linked to
transcriptional repression. Kmt5b deficiency drives the loss of
H4K20me3, which could result in the upregulation of genes. Indeed,
our RNAseq data indicate that the majority of DEGs are upregulated,
with the top GO categories including protein folding, translation,
covalent chromatin modification, and ubiquitin-dependent catabolic
process. These biological processes are directly involved in the
regulation of protein synthesis, gene expression, and protein
degradation. Emerging genetic screening and functional studies
have linked the compromise of these processes to the manifestation
of synaptic and behavioral aberrations associated with ASD
[3, 7, 23, 25, 54, 55].

Interactome networks show that hub genes in “protein folding”
class are primarily comprised of Hsp, which are broadly implicated in
the cellular stress response [48]. Their upregulation suggests that
Kmt5b deficiency may compromise cell viability, which is supported
by the perinatal lethality of Kmt5b/c homozygous knockout mice [9].
The upregulated hub genes in “translation” class contained multiple
eukaryotic translation initiation or elongation factors, as well as
Rbm3, a stress-induced RNA-binding protein that has antiapoptotic
effects [56]. One upregulated hub gene in “covalent chromatin
modification” class was Smarca5, which encodes an ATP-dependent
chromatin remodeling protein that is critical for brain development
[57] and is closely related to several other SWI/SNF proteins
implicated in neurodevelopmental disorders [58]. One upregulated
hub gene in “ubiquitin-dependent protein catabolic process” class,
Ube2s, encodes an E2 ubiquitin-conjugating enzyme, which is
essential for elongating K11-linked polyubiquitin chain on substrates
for 26S proteasome-mediated degradation [59]. These altered genes
could collectively contribute to the diminished synaptic function
and proteins in Kmt5b-deficient PFC.

In summary, the findings reported here suggest that Kmt5b
deficiency in the PFC causes the alteration of DNA repair pathway
and transcriptional activation of genes involved in cellular stress,

Neuropsychopharmacology (2021) 0:1-10

Autism risk gene KMT5B deficiency in prefrontal cortex induces synaptic...
Z-) Wang et al.

resulting in impairment of glutamatergic transmission and social
deficits (Fig. 5F). Our results provide a framework for under-
standing the molecular link between Kmt5b haploinsufficiency
and autism spectrum disorders.
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