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Abstract

Cullin 3 (Cul3) gene, which encodes a core component of the E3 ubiquitin ligase complex that mediates proteasomal
degradation, has been identified as a true high-risk factor for autism. Here, by combining behavioral, electrophysiological, and
proteomic approaches, we have examined how Cul3 deficiency contributes to the etiology of different aspects of autism.
Heterozygous mice with forebrain Cul3 deletion displayed autism-like social interaction impairment and sensory-gating
deficiency. Region-specific deletion of Cul3 leads to distinct phenotypes, with social deficits linked to the loss of Cul3 in
prefrontal cortex (PFC), and stereotypic behaviors linked to the loss of Cul3 in striatum. Correlated with these behavioral
alterations, Cul3 deficiency in forebrain or PFC induces NMDA receptor hypofunction, while Cul3 loss in striatum causes a
cell type-specific alteration of neuronal excitability in striatal circuits. Large-scale profiling has identified sets of misregulated
proteins resulting from Cul3 deficiency in different regions, including Smyd3, a histone methyltransferase involved in gene
transcription. Inhibition or knockdown of Smyd3 in forebrain Cul3-deficient mice ameliorates social deficits and restores
NMDAR function in PFC. These results have revealed for the first time a potential molecular mechanism underlying the
manifestation of different autism-like behavioral deficits by Cul3 deletion in cortico-striatal circuits.

Introduction Recurrent de novo loss-of-function mutations on the Cullin
3 (Cul3) gene were found in different cohorts of autism
Autism is a neurodevelopmental disorder diagnosed on the  patients by large-scale unbiased genetic screening [3, 4],
basis of core behavioral abnormalities like social deficits =~ making Cul3 one of the top-ranking high-risk autism factors
and stereotypic behaviors. A complex genetic framework of ~ [2, 5]. These individuals have one normal allele and one
mutations and/or chromosomal deletions/duplications have  nonfunctional allele, resulting in the capacity to make less
been linked to autism spectrum disorder (ASD) [1, 2].  Cul3. Cul3 encodes a core component of the E3 ubiquitin
ligase complex, which is responsible for the recognition and
recruitment of substrates that need to be ubiquitinylated and
degraded [6, 7]. By working with many BTB domain-
containing substrate adapters, Cul3 is involved in a plethora
Supplementary information The online version of this article (https:// of processes, including cytoskeleton organization, cell dif-
doi.org/10.1038/541380-019-0498-x) contains supplementary ferentiation, arterial pressure control, and cellular stress
material, which is available to authorized users. K
responses [6, 8, 9]. One of the Cul3 adapters, Kctd13 [7], is
04 Zhen Yan located at the 16pl1.2 gene locus, and either 16pl11.2
zhenyan@buffalo.edu deletions or duplications have been linked to autism
[10, 11] and schizophrenia [12].
Despite the discovery of Cul3 as a strong autism candi-
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behavioral, synaptic, and molecular alterations resulting
from Cul3 deficiency in the forebrain, since forebrain dys-
function has been found in patients with autism [14-16]. A
growing body of evidence points to cortico-striatal altera-
tions as being responsible for ASD symptoms [17, 18].
Thus, we also knocked out Cul3 in prefrontal cortex (PFC)
or striatum, and examined the multilevel impact.

Materials and methods
Animals, stereotaxic surgery, and viral injection

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. Cul3f1o¥fox
mice from Jackson Laboratory (stock #: 028349) were bred
with Emx1-IRES-Cre mice (stock #: 005628) to generate
forebrain-specific Cul3 knockout mice (Cul3""). Both male
and female Cul3”~ and Cul3"" mice were used in this study.
Animals were group housed with food and water ad libitum
under a 12/12-h light/dark cycle. Animals were randomly
assigned to experimental groups after genotyping. Investi-
gators were blinded to the group allocation (with no prior
knowledge about the genotypes and treatments) during
experiments. Mice were 4 weeks old at the time of surgery.
All behavioral testing, electrophysiological recording, or
tissue harvesting procedures were performed at the age of
6 weeks old.

Cul3¥™* mice were deeply anesthetized with ketamine/
xylazine (100 mg/kg; 10 mg/kg) and placed in a mouse ste-
reotaxic frame (Stoelting, USA). Under standard and sterile
surgical conditions, a 10 pl syringe (7000 series, Hamilton,
USA) attached to a micropump was lowered through to skull
burr hole into the PFC (AP + 1.8 mm, L + 0.3 mm, DV — 2.7
mm) or the striatum (AP + 1 mm, L+ 1.5mm, DV — 2.7
mm). Mice were injected with either AAV8-CaMKIla-GFP-
Cre or AAV8-CaMKIIa-GFP (1 x 10'3, UNC Viral Core,
USA) in the PFC (0.3 ul per hemisphere) or striatum (0.5 pl
per hemisphere) at a flow rate of 50 nl/min.

Behavioral procedures

Details for behavioral studies, including social preference
and social engagement tests, locomotion, open-field, rotarod
test, stereotypic self-grooming test, startle response, and
pre-pulse inhibition (PPI) test, are included in Supplemen-
tary Methods.

Electrophysiological recordings

Details for whole-cell patch-clamp recordings in brain slices
are included in Supplementary Methods.
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Immunofluorescence and confocal imaging
See Supplementary Methods for details.

Western blotting of total, synaptic, and nuclear
proteins

See Supplementary Methods for details.

Golgi staining, sholl analysis, and spine counting
See Supplementary Methods for details.

Proteomic analysis and bioinformatics

See Supplementary Methods for details.

Drug administration and knockdown

Details for the administration of Smyd3 inhibitor and
Smyd3 shRNA lentivirus are included in Supplementary
Methods.

Statistics

Statistical analyses were performed with GraphPad Prism 6
(GraphPad Software, Inc., La Jolla, CA). 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 previous
works. The variance between groups being statistically
compared was similar. Each set of the experiments was
replicated at least three times. Experiments with two groups
were analyzed statistically using Student’s ¢ tests. Experi-
ments with more than two groups were subjected to one-
way ANOVA, two-way ANOVA, or two-way repeated
measure ANOVA (rmANOVA), followed by post hoc
Bonferroni tests. For data with non-normal distribution,
nonparametric statistical analysis were performed with
Kruskal-Wallis (K-W) tests to compare more than two
groups and Mann—Whitney tests to compare two groups.

Results

Brain region-specific Cul3 deficiency induces distinct
behavioral phenotypes associated with autism

Children with autism exhibit neocortical disorganization
with the clearest abnormality in the markers of deep layer
glutamatergic pyramidal neurons [16], so we generated
forebrain-specific Cul3 knockout mice by crossing Cul3™/
(loxP::frt-neo-frt::exons4—7::loxP) mice, in which a Cul3
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hypomorphic allele is converted to a null allele after Cre
recombinase exposure [19], with Emx1-IRES-Cre knockin
mice, which have endogenous Emx/ locus directing

expression of Cre recombinase to cortical excitatory gluta-
matergic neurons, but not inhibitory GABAergic inter-
neurons, and other forebrain structures, including the
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Fig. 1 Forebrain Cul3 deficiency produces autism-associated beha-
vioral phenotypes. a PCR images showing the genotyping of forebrain
Cul3 knockout mice and controls. Inset: A full immunoblot showing
Cul3 protein expression in frontal cortex of Cul3 floxed mice, Cul3"+
and Cul3”, as well as heterozygous forebrain Cul3 KO mice Cul3”
(Emx1°™*; Cul3"). b, ¢ Plots and images showing the body weight
and brain size of Cul3”~ (heterozygous forebrain Cul3 KO), Cul3 ™/~
(homozygous forebrain Cul3 KO), and Cul3’ (control) mice.
b #10)=10.6, p <0.001, ¢ test. d Representative confocal images of
Cul3 (red) and NeuN (green) staining and quantification of Cul3
expression levels in the frontal cortex of Cul3™” (n =12 slices/6 mice)
and Cul3”~ (n=8 slices/4 mice). #(18)=10.0, p<0.001, ¢ test.
e Western blot assay of the Cul3 level in cortex, hippocampus and
striatum from Cul3” (n=6-7) and Cul3’~ (n=6) mice. Cortex:
t(11)=3.5, p=0.005, ¢ test; Hippocampus: #(10)=2.5, p =0.03,
¢ test. £ Plot of total distance moved in the locomotion test of Cul3™
(n=14), Cul3”" (n=14), and Emx1-Cre (Emx1°", n=8) mice.
F24y=16.7, p=0.005, one-way ANOVA. g Plot of time in center in
open-field tests of Cul3” (n = 14) and Cul3”~ (n = 14) mice. h Plot of
time spent on repetitive grooming in Cul3” (n = 16) and Cul3"~ (n =
14) mice. i Plot of the latency to fall in rotarod tests of Cul3”" (n = 17)
and Cul3”~ (n=14) mice. j Plot of pre-pulse inhibition of startle
responses measured at three different intensities in Cul3™ n=11),
Cul3”™ (n=12), and Emx19" (n=8) mice. Fi28)genotype =49, p =
0.015; F(Z.S())prepulse =63.4, p<0.001; F(4,56)imemcti0n =32, p=0.02
two-way rmANOVA. k Plot of the time investigating social (Soc) vs.
nonsocial (NS) stimuli and social preference index in three-chamber
sociability tests of Cul3™ (n=13), Cul3"~ (n=14), and Emx1%*
(n=28) mice. Investigation time: F(70)genoype =9.8, p=0.002;
F(1,7O)slimulus =185.6, p<0.001; F(2¢70)inleracli0n =10.6, p<0.001, two-
way ANOVA; Social preference index: F(; 35y = 10.3, p <0.001, one-
way ANOVA. 1 Representative heat maps of Cul3”, Cul3”~, and
Emx 1" mice illustrating the time spent in different locations of the
three chambers from social preference tests. Locations of Soc and NS
stimuli are labeled with the circles. m Plot of the time investigating
Soc stimulus in social engagement tests of Cul3” (n = 8) and Cul3"~
(m=7) mice. #(13)=2.7, p=0.02, ¢ test. Inset: Representative
heat maps

hippocampus and amygdala [20, 21]. Representative gen-
otyping is shown in Fig. la. Cul3 floxed mice, Cul3"" and
Cul3f/+, had a similar level of Cul3 in frontal cortex
(Fig. la), so Cul3” mice were used as the control. Het-
erozygous forebrain Cul3 KO mice (Emx1¢%*; Cul3™,
referred as Cul3”") had normal growth, while homozygous
forebrain Cul3 KO mice (Emx1°¥C; Cul3" referred as
Cul3~/") had smaller body weight and brain size and died
within one week after birth (Fig. 1b, c). Thus, Cul3”™ mice
(67 weeks old) were used in this study.

To confirm Cul3 deficiency in Cul3”~ mice, we first
performed quantitative immunostaining to examine the
expression level of Cul3 in the forebrain. As shown in
Fig. 1d, the Cul3 level was significantly decreased in frontal
cortical neurons from Cul3"~ mice, compared to those from
Cul3™ control mice. Quantitative Western blotting also
showed the diminished level of Cul3 in cortical and hip-
pocampal lysates from Cul3”~ mice (Fig. le).

Behavioral assays found that Cul3”~ mice (6 week old)
displayed increased locomotion, compared to Cul3”" control
mice or Emx1-Cre mice (Fig. 1f). They had no anxiety-like

SPRINGER NATURE

behaviors in the open-field test (Fig. 1g). Repetitive grooming,
a stereotypic behavior associated with ASD, was not observed
in Cul3”~ mice (Fig. 1h). Motor coordination, as measured by
rotarod test, was normal in Cul3”~ mice (Fig. 1i).

Sensorimotor gating deficits, which are present in adults
with autism [22], were also tested by measuring PPI of the
acoustic startle, in which a weaker acoustic pre-stimulus
inhibits the reaction to a subsequent strong startling sti-
mulus. While Cul3”~ mice exhibited normal startle
responses, PPl was significantly reduced at the highest
stimulus intensity in Cul3”~ mice (Fig. 1j), compared to
Cul3™ or Emx1-Cre mice, suggesting the impairment of
sensorimotor gating by forebrain Cul3 deficiency.

In the three-chamber social preference test, Cul3”™ mice
spent significantly less time interacting with the social sti-
mulus and had a significantly lower social preference index
(Fig. 1k, 1), compared to their counterparts, Cul3” mice.
Emx1-Cre mice had normal social preference (Fig. 1k, 1). In
the direct social engagement test, Cul3”~ mice also spent
significantly less time approaching and interacting with the
social stimulus than Cul3”" control mice (Fig. 1m). These
results indicate that forebrain deletion of Cul3 leads to
the manifestation of social interaction impairment, one of
the main behavioral characteristics of ASD.

To find out the key brain regions that may mediate the
behavioral phenotypes of forebrain Cul3-deficient mice, we
used viral transfer to achieve the specific knockout of Cul3
in the PFC, a central region contributing to autism-
associated abnormalities [23-27]. To target PFC pyr-
amidal neurons specifically, a CaMKIla-driven Cre virus or
a GFP control virus was stereotaxically injected bilaterally
into the medial PEC of Cul3” mice. As shown in Fig. 2a,
most of the Cre virus-infected PFC pyramidal neurons lost
the expression of Cul3. Western blot analyses also indicated
the significantly reduced level of Cul3 in the cell lysates
from infected PFC regions (Fig. 2b).

Mice with PFC-specific deletion of Cul3, Cul3” + Cre
(PFC), spent significantly less time interacting with the
social stimulus and had a significantly lower social pre-
ference index in the three-chamber sociability test, com-
pared to GFP-injected control mice, Cul3”+ GFP(PFC)
(Fig. 2c¢, d). No change in social behaviors was found in WT
mice injected with the Cre virus (Fig. 2c), ruling out
potential non-specific effects from surgical intervention.
Cul3” 4 Cre(PFC) mice exhibited normal locomotor
activity and normal motor coordination (Supplementary
Fig. 1a and b). They had no anxiety-like behaviors or ste-
reotypic repetitive grooming behavior (Supplementary
Fig. 1c and d). Normal startle responses and PPI (Supple-
mentary Fig. le and f) were also observed in these mice.
Therefore, only the autism-like social deficits are commonly
induced by forebrain Cul3 deficiency or PFC-specific
knockout of Cul3.
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Fig. 2 Prefrontal cortex- or striatum-specific Cul3 deficiency leads to
social deficits or repetitive behaviors, respectively. a Confocal images
of Cul3 immunostaining (red) and GFP in PFC slices from Cul3™ mice
with the PFC injection of AAV8-CaMKIla-GFP-Cre (Cul3”' + Cre
(PEC)) or AAV8-CaMKIIa-GFP (Cul3" + GFP(PFC)). Arrows point
to GFP + neurons. A low-magnification image of PFC-containing slice
illustrating the viral-infected area is also shown (PrL prelimbic, IL
Infralimbic, ACC anterior cingulate cortex). b Western blot assay of
Cul3 levels in PFC lysates from Cul3”+ GFP(PEC) (n=8) and
Cul3™ + Cre(PFC) mice (n="7). #(13) =3.7, p=0.003, ¢ test. ¢ Plot
of investigation time with Soc vs. NS stimuli and social preference
index in three-chamber sociability tests of Cul3 + GFP(PFC) mice
(n =10), Cul3” + Cre(PFC) mice (n=11), and WT mice with Cre
virus injection to PFC (WT + Cre(PFC), n =7). Investigation time:
Fas0genotype = 0.5, p=0.003;  F(1 50)stimutes = 728.9,  p<0.001;
F (2 50)interaction = 22.3, p<0.001, two-way ANOVA; social preference

To further explore the behavioral consequences of region-
specific Cul3 knockout, we injected the CaMKIla-driven
Cre virus or a GFP control virus bilaterally into dorsal
striatum, an area linked to ASD-like stereotypic behaviors
[28-30]. The expression of Cul3 was greatly diminished in
Cre virus-infected striatal medium spiny neurons (Fig. 2e).
Western blotting analyses of the infected striatal regions also
found a significant reduction of the Cul3 level (Fig. 2f).

Mice with striatum-specific deletion of Cul3, Cul3” +
Cre(STR), exhibited no difference in social preference
index in the three-chamber sociability test, compared to
GFP-injected control mice, Cul3”' 4+ GFP(STR) (Fig. 2g).

index: Fps5)=24.3, p<0.001, one-way ANOVA. d Representative
heat maps of Cul3” + GFP(PFC) and Cul3" + Cre(PFC) mice. e
Confocal images of Cul3 immunostaining (red) and GFP in striatal
slices from Cul3”" mice with the striatal injection of AAV8-CaMKIla-
GFP-Cre (Cul3”' + Cre(STR)) or AAV8-CaMKIIa-GFP (Cul3" +
GFP(STR)). A low-magnification image of dorsal striatum-containing
slice illustrating the viral-infected area is also shown. f Western blot
assay of Cul3 levels in striatal lysates from Cul3” + GFP(STR) (n =
5) and Cul3” 4 Cre(STR) mice (n=5). #8) =3.2, p=0.01, ¢ test. g
Plot of social preference index in three-chamber sociability test of
Cul3™ + GFP(STR) (1 = 16) and Cul3" 4 Cre(STR) mice (n = 17). h
Plot of time spent on repetitive grooming in Cul3” + GFP(STR) mice
(n=15), Cul3”" + Cre(STR) mice (n=17), and WT mice with Cre
virus injection to the striatum (WT + Cre(STR), n=6). F35 = 8.2,
p=0.0012, one-way ANOVA. In all figures, *p <0.05, **p<0.01,
##%p < 0.001

However, Cul3” 4 Cre(STR) mice exhibited significantly
increased repetitive grooming (Fig. 2h), another core ASD-
like behavior. No increased grooming was found in WT
mice injected with the Cre virus (Fig. 2h). Cul3” + Cre
(STR) mice had normal locomotor activity, normal motor
coordination (Supplementary Fig. 2a and b), and no
anxiety-like behaviors (Supplementary Fig. 2¢). In addition,
these mice had normal startle responses and no PPI deficits
(Supplementary Fig. 2d and e). Cul3” + Cre(STR) mice
showed normal social interaction time (Supplementary
Fig. 2f and g). Thus, striatum-specific knockout of Cul3
only induces the autism-like stereotypic behavior.

SPRINGER NATURE
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Brain region-specific Cul3 deficiency causes NMDA we performed whole-cell patch—clamp recordings to mea-
receptor hypofunction in PFC and neuronal sure synaptic currents and action potential (AP) firing. In
excitability attenuation in striatum mice with forebrain-specific Cul3 deletion (Cul3”7), the

amplitudes of NMDAR-mediated excitatory postsynaptic
To understand the physiologic basis of the behavioral  currents (EPSC) evoked by a series of stimulus intensities in
phenotypes in mice with region-specific Cul3 deficiency,  frontal cortical pyramidal neurons were significantly
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<« Fig. 3 Cul3 deletion alters synaptic function and neuronal excitability

in a cell type-specific manner. a, b Input/output curves of NMDAR-
EPSC (a) and AMPAR-EPSC (b) in layer five frontal cortical pyr-
amidal neurons from Cul3”" and Cul3”~ mice. a F1 45)genotype = 6.9,
pP= 001, F(4,180)slimulus = 2359, p< 0001, F(4,180)inleracli0n = 46,
p=0.002, two-way rmANOVA, n=23-24 cells/6 pairs of mice;
b n=12-16 cells/4 pairs of mice. ¢ Western blot assay of NMDAR
subunits (NR1, NR2A, and NR2B) in the synaptic fraction of frontal
cortical lysates from Cul3™ (n=7-8) and Cul3’~ (n=6-8) mice.
NRI: #(14)=2.2, p=0.04, ¢ test. d, e Input/output curves of
NMDAR-EPSC (d) and AMPAR-EPSC (e) in GFP-positive layer five
PFC pyramidal neurons from Cul3” + GFP(PFC) and Cul3" + Cre
(PFC) mice. d F(1,54)genotype = 164, p< 0001» F(4,216)stimulus =260.3,
p< 0.001; F(4‘216)imeraction =125, p< 0.001, two-way rmANOVA, n=
24-32 cells/5-7 mice per group; e n = 11-12 cells/3—4 mice per group.
f, g Plot of AP frequency in response to injected currents in putative
DI-positive MSNs (e) and D2-positive MSNs (f) from Cul3” 4+ GFP
(STR) and Cul3™ + Cre(STR) mice. £ F(; 1g)genotype = 15.0, p <0.001;
F(19,342)currem =628, p<0.001; F(19,342)imeraction =17.4, p<0.001, two-
way rmANOVA, n=6 cells/3 mice, g F(i 34genotype = 1.6, p=10.2;
F(12,408)currenl =56.9, p<0.001; F(12,408)interacti0n =45, p<0.001, two-
way rmANOVA, n =14 cells/4 mice; representative traces are pre-
sented in (a, b, d, e, f, g) panels. In all figures, *p <0.05, **p <0.01,
*#%p <0.001

decreased, compared to Cul3” controls (Fig. 3a). The decay

kinetics of NMDAR-EPSC, a parameter associated with the
relative contribution of NR2A vs. NR2B subunits, was
similar in Cul3” vs. Cul3”~ mice. The input—output (I/O)
curves of AMPAR-EPSC were unchanged in Cul3”~ mice
(Fig. 3b). The paired-pulse ratio (PPR) of NMDAR-EPSC
or AMPAR-EPSC, a measure of pre-synaptic changes,
was not altered by the forebrain loss of Cul3 (Supplemen-
tary Fig. 3a and b). The frequency of synaptic-driven,
spontaneous AP (sAP) and the resting membrane potential
(RMP) were also normal in Cul3”~ mice (Supplementary
Fig. 3c).

To find out the molecular basis for NMDAR hypofunc-
tion in forebrain Cul3-deficient mice, we examined the
expression level of synaptic NMDAR subunits. As shown
in Fig. 3c, NR1 subunits in the synaptic fraction of frontal
cortical tissues were significantly reduced in Cul3”~ mice,
compared to Cul3” mice, while synaptosomal NR2A and
NR2B subunits were largely unchanged. It suggests that the
reduced amount of synaptic NMDARs may underlie the
reduction of NMDAR-EPSC in forebrain Cul3-
deficient mice.

In mice with PFC deletion of Cul3, Cul3™ + Cre(PFC), a
profound reduction of NMDAR-EPSC in PFC pyramidal
neurons was detected, compared to GFP virus-injected
controls, Cul3”' + GFP(PFC) (Fig. 3d). Cul3™ + Cre(PFC)
mice exhibited no significant changes in the I/O of
AMPAR-EPSC (Fig. 3e), PPR of NMDAR-EPSC, PPR of
AMPAR-EPSC (Supplementary Fig. 3d and e), or the fre-
quency of sAP and RMP (Supplementary Fig. 3f). Thus,
only NMDAR hypofunction is induced by forebrain Cul3
deficiency or PFC-specific knockout of Cul3.

In mice with striatal deletion of Cul3, Cul3” + Cre
(STR), we first examined the changes in neuronal excit-
ability. AP evoked by the injection of a series of depolar-
izing currents in striatal medium spiny neurons (MSNs)
from Cul3” + Cre(STR) mice were compared to those from
GFP virus-injected controls, Cul3” + GFP(STR). We found
two groups of MSNs with strikingly different AP thresholds
and frequencies, consistent with the electrophysiological
properties of striatonigral dopamine D1 receptor-expressing
MSNs (D14) vs. striatopallidal dopamine D2 receptor-
expressing MSNs (D2+) [31, 32]. In putative D1 + MSNSs,
which required high depolarizing currents (>250pA) for
firing AP, a huge reduction in the AP frequency was
detected in Cul3™ + Cre(STR) mice (Fig. 3f). In putative
D2 + MSNs, which required low depolarizing currents
(<50pA) for firing AP, only a small reduction in the AP
frequency evoked by large depolarizing currents was
detected in Cul3”'+ Cre(STR) mice (Fig. 3g). No sig-
nificant alteration of membrane resistance in D1+ or D2 +
MSNs of Cul3” + Cre(STR) mice was detected. These data
suggest that the excitability of D1+ striatonigral MSNs is
more prominently diminished by Cul3 deletion.

We next examined the impact of striatal deletion of Cul3
on synaptic currents in MSNs. The amplitudes of
GABA sR-mediated inhibitory postsynaptic currents (IPSC)
evoked by a series of stimulus intensities in Cul3”iCre(STR)
mice were largely unchanged, compared to GFP virus-
injected controls (Supplementary Fig. 4a). The PPR of IPSC
was also not altered (Supplementary Fig. 4b). No significant
differences were found in the frequency and amplitude of
spontaneous IPSC in MSNs from Cul3” + Cre(STR) vs.
Cul3” + GFP(STR) mice (Supplementary Fig. 4c). The
amplitudes of AMPAR-EPSC and NMDAR-EPSC, as well
as PPR of AMPAR-EPSC, were also unchanged in MSNs
from Cul3” + Cre(STR) mice (Supplementary Fig. 4d
and e). These data suggest that Cul3 deletion does not
induce significant alterations of synaptic responses in
striatal medium spiny neurons.

Forebrain Cul3 deficiency leads to increased RhoA
expression and decreased spine density in PFC

Next, we examined the impact of forebrain Cul3 deficiency
on protein expression and morphological features. One of
the substrates of Cul3 is RhoA [33], a key regulator of actin
cytoskeleton, dendrite development, spine formation, and
axonal growth [33-37]. It has been speculated that Cul3/
Kctd13-mediated RhoA ubiquitination underlies the ASD-
associated developmental deficits associated with 16p11.2
deletion or duplication [38]. Our Western blotting analyses
found that the level of RhoA was significantly increased in
frontal cortex of Cul3”~ mice (Fig. 4a), while another
member of the Rho family of GTPases, Racl, was not
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Fig. 4 Forebrain Cul3 deficiency leads to an increased level of RhoA
and reduced density of dendritic spines in PFC pyramidal neurons.
a Western blot quantifications of RhoA and Racl in PFC lysates from
Cul3™ (n =7) and Cul3”~ (n =7) mice. RhoA: #(12) =3.1, p =0.01,
t test. b Image of F-actin (phalloidin) staining and quantification of
fluorescent intensity in PEC slices from Cul3™ (n=7) and Cul3"~
(n=17) mice. ¢ Plot of dendritic branching as measured by Sholl
analysis in PFC pyramidal neurons from Cul3”" (n =24 dendrites/5
mice) and Cul3”™ (n =24 dendrites/5 mice). Representative Golgi-
stained neurons are also shown. d Plot of branch numbers, junction

significantly changed by Cul3 deficiency (Fig. 4a). How-
ever, immunostaining of F-actin with phalloidin did not find
significant changes in Cul3”~ mice, compared to Cul3”
mice (Fig. 4b).

To evaluate whether the RhoA increase in Cul3”~ mice
might induce morphological changes in dendrites and
spines, we performed Golgi staining. Layer 5 PFC pyr-
amidal neurons, which show the clearest deficits in autistic
children [16], were examined. Sholl analyses of these
neurons from Cul3”~ mice did not find significant changes
in dendritic arborization (Fig. 4c), or the number and length
of dendritic branches (Fig. 4d). However, the density of
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198, p=0.1; thin spines: U= 131.0, p =0.04, Mann—Whitney test.
Representative images of dendritic spines are also shown. Black
arrowheads: mushroom spines; fuchsia arrowheads: thin spines; white
arrowheads: stubby spines. In all figures, *p <0.05, **p <0.01

total spines was significantly reduced in Cul3”" mice
(Fig. 4e). By classifying the spines into three subtypes:
mushroom, thin and stubby, we found a trend of reduction
in the density of mushroom spines and a significant
reduction of the density of thin spines in Cul3”~ mice
(Fig. 4e).

Brain region-specific Cul3 deficiency leads to large-
scale alterations of protein expression

Since Cul3 is a core component of the E3 ubiquitin ligase
complex, loss of Cul3 can result in the alteration of multiple
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changes of protein expression. a Heat maps of differentially expres-
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compared to respective controls (Cul3™ (n = 6), Cul3” 4+ GFP(PFC)

proteins, which may collectively contribute to the structural
and functional changes and behavioral phenotypes associated
with autism. To test this, we performed high-throughput
proteomic analysis to identify differentially expressed proteins
in mice with forebrain Cul3 deficiency, as well as in mice
with PFC- or striatum-specific deletion of Cul3.
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(n=6), and Cul3”+GFP(STR) (n=7) mice). b Biological
processes-based GO analysis of the misregulated proteins in Cul3"",
Cul3™ + Cre(PFC), and Cul3” + Cre(STR) mice. ¢ Molecular func-
tion classification of the upregulated (Up) and downregulated (Down)
proteins in Cul3"~, cul3” + Cre(PFC), and Cul3” + Cre(STR) mice

As shown in Fig. 5a, forebrain Cul3 deficiency led to
15 upregulated and 29 downregulated proteins in frontal
cortex from Cul3"™ mice, compared to Cul3” mice
(Supplementary Table 1); PFC-specific deletion of Cul3
generated 72 upregulated and 93 downregulated proteins
in PFC from Cul3”"+ Cre(PFC) mice, compared to
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Cul3” + GFP(PFC) mice (Supplementary Table 2); while
striatum-specific deletion of Cul3 produced 37 upregu-

lated and 11 downregulated proteins in striatum from
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Cul3” 4+ Cre(STR) mice, compared to Cul3”" + GFP
(STR) mice (Supplementary Table 3). This proteomic
analysis has revealed multiple new targets of Cul3,
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<« Fig. 6 Inhibition or knockdown of the upregulated Smyd3 in forebrain

Cul3-deficient mice ameliorates social deficits and restores NMDAR
function. a Western blot assay of Smyd3 level in the nuclear fraction
of frontal cortical lysates from Cul3™ (n=15)and Cul3~ (n=15) mice.
1(8) =2.4, p=0.04, t test. b Plot of the social interaction time and
social preference in three-chamber sociability tests of Cul3™ and Cul3"~
mice treated with a specific Smyd3 inhibitor BCI-121 (Smyd3;) or
vehicle control. Social Investigation time: F 3 g)interaction = 7-3, P <
0.001; Social preference index: F(j41jinteraction = 9.8, p = 0.003,
n=11-12 each group, two-way ANOVA. ¢ Representative heat maps
for social preference tests of the four groups. d Plot of pre-pulse
inhibition measured at three different intensities in the four groups.
F6 78)interaction = 1.0, p=0.5, n=9-11 each group, two-way rmA-
NOVA. e Input/output curves of NMDAR-EPSC in PFC pyramidal
neurons from Cul3"~ mice treated with either BCI-121 (Smyd3;) or
vehicle control and vehicle-treated Cul3" mice. F 2 44)gr0up = 9.6, p<
0.001, n=14-18 cells/3-4 mice per group, two-way rmANOVA.
f qPCR data showing the knockdown of Smyd3 mRNA by a
Smyd3 shRNA lentivirus injected into the medial PFC of Cul3™ or
Cul3”~ mice, compared to those injected with a scrambled shRNA
lentivirus. Cul3™: #(7) = 4.6, p = 0.03; Cul3"~: 110) = 4.6, p <0.001,
n =4-6 each group, ¢ test. g Plot of social investigation time and social
preference in three-chamber sociability tests of Cul3” and Cul3?~
mice with PFC injection of Smyd3 shRNA or scrambled shRNA
lentivirus. Social investigation time: F(336)interaction = 4.3, p = 0.01;
Social preference index: F; ig)interaction = 8.2, p = 0.01, n=15-6 each
group, two-way ANOVA. h Representative heat maps for the social
preference tests of the four groups. i Input/output curves of NMDAR-
EPSC in PFC pyramidal neurons from Cul3”~ mice injected with
Smyd3 shRNA or scrambled shRNA lentivirus. F; goyreament = 43.7,
p<0.001, n =34-37 cells/3—4 mice per group, two-way rmANOVA. j
Plot of PPR of NMDAR-EPSC in PFC pyramidal neurons from the
two groups. Representative traces are shown in panels (e, i, and j). In
all figures, #p <0.1, p<0.05, “p<0.01, “p <0.001

including those linked to neurodevelopmental disorders,
such as ASD, fragile X syndrome (FXS), and intellectual
disability (ID).

Gene ontology analyses indicated that these misregulated
proteins by region-specific Cul3 deficiency had different
profiles of over-representation in biological processes
(Fig. 5b). In forebrain Cul3-deficient mice (Cul3”), the
differentially expressed proteins were enriched in processes
like protein methylation and maintenance of protein loca-
tion. In mice with PFC deletion of Cul3, Cul3" + Cre
(PFC), the differentially expressed proteins were highly
involved in the acetylcholine receptor pathway, extra-
cellular matrix disassembly, neural nucleus development,
oligodendrocyte differentiation and myelination. In mice
with striatal deletion of Cul3, Cul3" + Cre(STR), the dif-
ferentially expressed proteins were enriched in processes
like negative regulation of cell differentiation and regulation
of proteolysis.

Molecular function (MF) classification of these mis-
regulated proteins by region-specific Cul3 deficiency
revealed distinct and convergent patterns (Fig. 5c). In
forebrain Cul3-deficient mice (Cul3f/ 7), cytoskeleton,
signaling and ubiquitination-related proteins represented

~1/2 of the upregulated proteins, while signaling, RNA/
DNA regulation, ubiquitination-related proteins and
transcription factors represented ~1/2 of the down-
regulated proteins. In mice with PFC deletion of Cul3,
Cul3"” + Cre(PFC), differentially expressed proteins were
scattered among multiple groups, with signaling and
ubiquitination-related proteins making up ~1/3 of the
upregulated proteins, and signaling and RNA/DNA reg-
ulation proteins making up ~1/3 of the downregulated
proteins. In mice with striatal deletion of Cul3, Cul3” +
Cre(STR), the upregulated proteins were mainly related to
signaling, transport/transfer, ubiquitination and RNA/
DNA regulation, while the downregulated proteins were
mainly under the same categories in addition to hydro-
lases and cytoskeleton-related proteins.

To further understand the impact of Cul3 deficiency on
cell physiology, we performed an interactome network
analysis, based on identified and predicted interactions
between the misregulated proteins and key intermediaries.
The interactome networks were built using differentially
expressed proteins in region-specific Cul3-deficient mice as
main nodes (clustered based on MF classification).

In Cul3”" mice, the upregulated proteins had a lower
connectivity than downregulated proteins (Supplementary
Fig. 5a and b). A high degree of connectivity was found in
upregulated proteins like Ncor2, Syapl, Sunl, and Lgalsl,
and in downregulated proteins like ERCC2, Nrpl, and
UNC119. In Cul3” 4 Cre(PFC) mice, the degree of con-
nectivity was higher in upregulated proteins, despite the
bigger number of downregulated proteins (Supplementary
Fig. 5c and d). High connectivity was found in upregulated
proteins like Grbl0, Lamcl, Lamal, and Bad, and in
downregulated proteins as Hspg2, Ercc2, Bclllb, Lyst,
Prom1, Mbp, V1dIr, Efnb2, and Plp1. In Cul3”f + Cre(STR)
mice, the connectivity was substantially higher in the
upregulated proteins, compared to the downregulated pro-
teins (Supplementary Fig. Se and f). High connectivity was
found in upregulated proteins like Statl, Grb10, Psmel,
Btbd10, and Lambl. These analyses give us a more com-
prehensive view of how Cul3 deletions could influence
protein interactions, which may underlie the behavioral
abnormalities associated with ASD.

Inhibition of the upregulated Smyd3 in forebrain
Cul3-deficient mice rescues social deficits and
NMDAR hypofunction in PFC

Large-scale proteomic studies have provided non-biased
analysis of protein changes, which correlates with beha-
vioral and electrophysiological alterations. Next, we sought to
find out the causal role of identified top candidates in autism
pathophysiology. From the proteomic data, one of the upre-
gulated proteins by forebrain Cul3 deficiency is Smyd3, a
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histone methyltransferase catalyzing H3K4me3, which is
linked to gene activation. The upregulation of Smyd3 protein
level in Cul3”~ mice was confirmed by Western blot analyses
of frontal cortical tissue (Fig. 6a). It is of particular interest,
because postmortem frontal cortex from autism patients
exhibits altered trimethylated H3K4 landscapes [39]. Histone-
modifying enzymes that mediate post-translational lysine
methylation/demethylation modifications of histones have
been identified as the most prominent autism risk factors [2].
The upregulated Smyd3 could contribute to the dysregulation
of gene expression, leading to molecular alterations and
behavioral deficits in Cul3-deficient mice.

To test this, we examined the impact of Smyd3 inhibition
on behavioral phenotypes in Cul3”~ mice. One specific
Smyd3 inhibitor is the small molecule compound BCI-121,
which competes against histones for Smyd3 binding,
reduces H3K4 di- and tri-methylation and downregulates
Smyd3 target genes transcription [40]. The systemic
administration of BCI-121 (1 mg/kg, i.p., once daily for
3 days) significantly reduced the level of H3K4me3 in PFC
(Supplementary Fig. 6), suggesting the effectiveness of this
compound in regulating histone methylation in the brain.
Cul3”~ mice treated with the Smyd3 inhibitor BCI-121
(Smyd3;, 1 mg/kg, i.p., 3x) exhibited significantly improved
social behaviors, as indicated by the increased time inter-
acting with the social stimulus and the higher social pre-
ference index in three-chamber sociability tests, compared
to vehicle-treated Cul3?~ mice (Fig. 6b, c). However, the
Smyd3 inhibitor failed to rescue PPI deficits in Cul3”~ mice
(Fig. 6d). Moreover, electrophysiological studies found that
PEC pyramidal neurons from Smyd3;-treated Cul3”~ mice
had significantly elevated NMDAR-mediated synaptic cur-
rents (Fig. 6e), indicating the rescue of PFC NMDAR
hypofunction, which is probably linked to the amelioration
of social impairment.

To confirm that these rescue effects were unequivocally
related to Smyd3 inhibition and not an off-target effect of
BCI-121, we knocked down Smyd3 expression in PFC of
Cul3”~ mice by injecting lentiviral particles containing a
shRNA sequence against Smyd3, and examined social
behavior and NMDAR function. Compared to a scram-
bled control shRNA, the Smyd3 shRNA caused a sig-
nificant in vivo reduction of Smyd3 expression in PFC
(Fig. 6f). In Cul3”" mice with PEC injection of
Smyd3 shRNA, significant improvements were observed
in the social interaction time and social preference index
(Fig. 6g, h), as well as NMDAR-EPSC amplitudes
recorded in PFC pyramidal neurons (Fig. 6i). The PPR of
NMDAR-EPSC was unchanged by Smyd3 knockdown
(Fig. 6j). Taken together, it suggests that Smyd3 could be
one of the major downstream targets of Cul3 that controls
the manifestation of some autistic phenotypes by Cul3
deficiency.
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Discussion

In this study, we have provided the first pre-clinical evi-
dence that Cul3 deficiency can produce two main beha-
vioral abnormalities observed in ASD: impaired social
interaction and repetitive behaviors, supporting the identi-
fication of Cul3 as one of the high-confidence risk genes for
autism [2, 38]. Interestingly, different behavioral deficits are
manifested in mice with brain region-specific deletions of
Cul3. The ASD-like social deficits are mainly linked to
Cul3 deficiency in the forebrain or PFC, a brain region
critical for social cognition and social preference
[24, 41, 42]. On the other hand, the elevated repetitive
grooming behavior is primarily associated with Cul3 defi-
ciency in the striatum, a brain region important for habit
formation and stereotypic behaviors [28-30, 43]. These
results have identified Cul3 as a key molecule that may be
responsible for the involvement of these brain regions in
distinct behavioral phenotypes.

Electrophysiological changes in synaptic function and
neuronal excitability induced by region-specific Cul3 deletion
correlate well with the behavioral phenotypes. Cul3 defi-
ciency in the forebrain or PFC has led to NMDAR hypo-
function, a synaptic change often found in other genetic
models of autism, such as those with Shank3 or Shank2
deficiency [24, 42, 44] and 16p11.2 deletion mice [45]. Cul3
deficiency in the striatum has led to the reduced AP firing
frequency of MSNs, most prominently the putative DI1-
positive striatonigral MSNs. Other than these functional
alterations, forebrain Cul3-deficient mice exhibit decreased
spine density, which could be due to the elevated RhoA
expression, since RhoA activity negatively regulates spine
formation [36]. Mice with the deletion of Kctd13, one of
the Cul3 adapters, also have increased RhoA [46]. However,
Kctd13 knockout mice do not exhibit ASD-like core beha-
vioral symptoms [46], suggesting that RhoA aberration alone
is not sufficient to generate ASD phenotypes.

As a core component of the E3 ubiquitin ligase complex,
Cul3 can be involved in the degradation of many proteins
by pairing with ~90 distinct substrate adapters [6, 47].
Although Cul3 is ubiquitously expressed, our proteomic
analyses have revealed different sets of proteins mis-
regulated by Cul3 deficiency in different brain regions at
different time points. Forebrain deletion of Cul3 during
embryonic stages led to the upregulation of proteins like
histone methyltransferase Smyd3 and transcription factor
Ncor2, both of which can generate broad changes in gene
expression. It also produced the downregulation of proteins
linked to ID, autism, and neuronal development like Ercc2,
Stard9, Tbc1d23, Lrba, Pafl, MSK1, and Dusp15.

PFC-specific deletion of Cul3 at postnatal stages led to the
upregulation of proteins related to cholinergic signaling
(Chrml and Agrn), cortical development (Plsl, Lamb2, and
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Lamcl1) and DNA modulators (Polr2a and Glyrl), as well as
the downregulation of proteins related to autism, FXS and ID,
such as Ercc2, Dockl, Ermn, Kentl, Pcdh19, and Trim33.
Striatum-specific deletion of Cul3 produced the upregulation
of transcriptional regulators like Statl and Ubtf, as well as
RNA processing and transport proteins like Prpf3 and Stau2.

Given the substantial differences in neuronal composition
and connectivity between PFC and STR, the different profiles
of misregulated proteins by Cul3 deficiency are within
expectation. However, many of these differentially expressed
proteins also have common molecular functions, such as cell
signaling, protein ubiquitination, and gene transcription. These
proteomic data suggest that Cul3 deficiency could have a
broad impact in brain physiology by affecting multiple pro-
teins, and manipulation of an individual or a few misregulated
proteins is unlikely to completely ameliorate the behavioral
and physiological effects of Cul3 deletion. However, some key
molecules that are multifunctional or have broad interactions
with other differentially expressed proteins may play more
prominent roles in controlling different symptoms. Our data
with Smyd3 inhibition is promising. More studies will be
carried out to examine the impact of region-specific normal-
ization of key proteins in Cul3 networks.

Overall, this study has provided the first evidence regard-
ing the involvement of Cul3 in core behaviors of ASD. We
have also revealed the Cul3 deficiency-induced changes in
cortico-striatal neuronal functioning that correlate with the
behavioral outputs. Proteomic analysis has identified the
network of proteins altered by Cul3 deletion, which offers
both mechanistic insights into the role of Cul3 in autism and
potential molecular targets of Cul3 for therapeutic
interventions.

Data availability

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