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Autism spectrum disorder (ASD) is a prevalent and complex neurodevelopmental disorder with a strong genetic basis. Although
SH3RF3 has been identified as an ASD candidate gene, its biological function and pathophysiological mechanisms remain elusive.
Here, we reveal that SH3RF3 functions as an essential scaffold protein that facilitates presynaptic vesicle docking. Mechanistically, it
orchestrates the formation of a molecular complex between the kinase BRSK1/SAD-B and the ASD-associated active zone protein
RIM1. Genetic ablation of Sh3rf3 disrupts this protein-protein interaction, leading to reduced RIM1 phosphorylation. This
perturbation triggers synaptic dysfunctions, marked by a substantial reduction in both total synaptic vesicle (SV) density and readily
releasable pool size, coupled with delayed SV replenishment kinetics. These deficits ultimately impair excitatory synaptic
transmission in the prefrontal cortex, disturb the excitatory-inhibitory (E/I) balance, and elicit autistic-like behaviors in mice. Notably,
prefrontal cortex-specific restoration of Sh3rf3 reverses behavioral and functional deficits in knockout mice. Furthermore, our
characterization of the SH3RF3 interactome reveals a shared molecular network encompassing ASD-risk genes, indicating that

synapse-targeted therapies may have broad applicability.
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INTRODUCTION

Autism spectrum disorder (ASD) is a complex neurodevelopmental
disorder characterized by impaired social interaction, communica-
tion, and stereotyped repetitive behaviors and its prevalence has
been steadily rising in recent years [1]. Many genes linked to ASD
have been identified [2-4], and some of the animal models
harboring mutations in these genes exhibit synaptic dysfunctions
and recapitulate ASD-like behaviors [5-9]. These findings support
the hypothesis that synaptic dysfunction is a central mechanism in
ASD pathophysiology [6, 7, 9-11]. Notably, ASD mouse models
frequently display abnormal excitatory synaptic transmission and
social deficits [6, 7, 12, 13]. However, the synaptic roles of many
ASD-related genes remain uncharacterized, and a definitive causal
link between synaptic dysfunction and ASD-like behaviors remains
to be conclusively established.

Synaptic transmission is a tightly regulated process essential for
neuronal communication. Neurotransmitter release, a critical step
mediated by exocytosis, is spatiotemporally controlled [14]. This
release is restricted to presynaptic active zone- specialized
structures composed of multidomain proteins including RIM,
Munc13, RIM-BP, Piccolo/Bassoon, ELKS, and Liprin-a. [15, 16].
These protein assemblies ensure the sub-millisecond precision in
synaptic vesicle exocytosis. Among them, the ASD associated
protein, RIM1, serves dual functions: mediating synaptic vesicle

(SV) docking/priming while anchoring voltage-gated calcium
channels at the active zones [17-21]. BRSK1, also named SAD-B,
a brain-enriched serine/threonine kinase associated with active
zones, regulates synaptic vesicle release by phosphorylating
synaptic proteins such as RIM1 [22]. This phosphorylation is
crucial for maintaining synaptic plasticity and neurotransmission
fidelity [22-24].

SH3RF3 (SH3 domain containing ring finger 3, also known as
POSH2), contains four SH3 domains for protein-protein interac-
tions and a ring finger domain conferring E3 ubiquitin ligase
activity, which may target itself and other proteins for proteasomal
degradation [25]. SH3RF3 can interact with PAK2 and RAC1
through its SH3 domains and functions as a scaffold to promote
the JNK signaling pathway [25, 26]. SH3RF3 belongs to the SH3RF
family, alongside SH3RF1 and SH3RF2. Intriguingly, we have
shown that knockout of either Sh3rfl or Sh3rf2 in mice causes
autistic-like behaviors [27, 28], and mutations in SH3RF3 have also
been reported in ASD patients [29-32], strongly implicating
SH3RF3 as an ASD risk gene. However, its biological functions
and role in ASD pathogenesis remain unexplored.

Here, we show that SH3RF3 acts as a scaffold protein to
promote the interaction between BRSK1/SAD-B and RIM1 and the
phosphorylation of RIM1 by BRSK1/SAD-B. Sh3rf3 deletion reduces
RIM1 phosphorylation, diminishes readily releasable pool, and
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slows vesicle replenishment rates. These deficits may impair
excitatory synaptic transmission, disrupt excitatory-inhibitory
balance, and result in autistic-like phenotypes in mice.

MATERIALS AND METHODS

Animals

The Sh3rf3 knock-out mouse model was generated by Beijing Biocytogen
Co., Itd. To obtain GFP-labeled neurons, the Sh3rf3 KO mice were crossed
with Thy7-GFPm mice (Gift from Weixiang Guo, IGDB, CAS). Sh3rf3-3 x flag
knock-in mouse model was generated by Jiangsu GemPharmatech. All
mice were in C57BL/6 background.

Mice for behavioral tests were housed in groups on a 12 h light/dark
cycle, with free access to food and water except during behavioral testing.
All behavioral tests were performed during the light phase of the cycle
between 09:00 and 17:00. Housing temperature ranged from 21 to 23 °C.
Housing humidity ranged from 30% to 70%. Male and female mice at 6-12
weeks of age were used for the behavior tests as indicated. Experimenters
were blind to the genotype when behavioral tests were carried out. No
exclusion or additional sampling was performed prior to the experiments.
For the genotype of mice, we sequenced the mouse DNA to verify the
successful establishment of both KO and KI mouse models using CRISPR/
CASO9. Tail biopsies were used to extract genomic DNA for genotyping. The
primer sequences are listed in Table S1.

In vivo knockdown/overexpression modulation

To knock down Sh3rf3, short-hairpin  RNA (shRNA) sequence
(CCTGGCTCTCTATGCATACAA) and ctrl shNC2 RNA (CCTAAGGT-
TAAGTCGCCCTCG) were cloned into GFP-tagged adeno-associated virus
(AAV) -vector (Addgene) under the control of U6 promoter. Viral particles
(titer: 5.23 x 10'° vg/mL) were produced by the Obio Technology
(Shanghai) Corp., Ltd. To re-express Sh3rf3, the Sh3rf3 sequence
(GenelD:237353) was cloned into the pAAV-hSyn-EGFP-P2A-tWPA vector.
Viral particles (titer: 492 x 10'? vg/mL) were produced by the Obio
Technology (Shanghai) Corp., Ltd.

Sh3rf3 shRNA/overexpression AAV was bilaterally injected into the
medial PFC (2.43 mm anterior to bregma; 0.4 mm lateral; and 2 mm dorsal
to ventral; 0.5 uL each side) of WT mice (4-5 weeks old). In brief, mice were
anesthetized and placed on a stereotaxic apparatus (RWD Life Science Co.,
Ltd). The injection was carried out with a Hamilton syringe (needle gauge
31) at a speed of ~0.1 yL/min, and needles were kept in place for an
additional 10 min.

Quantitative real-time RT-PCR

RNA was extracted by Trizol, 1.5 ug RNA was employed for cDNA reverse
transcription, and SYBR Green mixture was used for the reaction system. The
specificity was determined through the melt curve. All data were normalized
by GAPDH transcript and calculated using the AACq method. Fold changes
in the target genes were determined by: Fold change = 22%), where
ACT = Gritargeyy — Criaapphy and A(AG) = AGrgs group) = ACrca group) Cr
(threshold cycle) is defined as the fractional cycle number at which the
fluorescence reaches 10 x the standard deviation of the baseline. A total
reaction mixture of 20 ul 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 30s, 51°C for 30s, and 72°C for 60s. The primer
sequences are listed in Table S2.

Immunofluorescence analysis

Mice were anesthetized by tribromoethanol and perfused with a
phosphate buffer solution (PBS) followed by 4% paraformaldehyde (PFA).
Brains were postfixed in 4% PFA for 24 hours and submerged in 30%
sucrose in PBS for 48 hours. For immunofluorescence analysis, frozen PFC
sections were permeabilized with Triton X-100 (0.2% in PBS) following
blocking buffer (10% FBS and 5% BSA in PBS), incubated with primary
antibodies overnight at 4 °C, then incubated with secondary antibody in
conjunction with Alexa fluor®. The antibodies are listed in Table S3. Images
were photographed by LSM 800 (Carl Zeiss) confocal microscope and
analyzed by ImageJ (1.8.0).

Western blot
Frozen brain samples or cultured HEK293 cells kept in our lab were lysed in
ice-cold buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% NP40, 0.5% DOC,
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1 mM EDTA) with protease inhibitors. After 30 minutes on ice, samples
were sonicated (100 W, 5 s, 3 pulses). Lysates were centrifuged (13,000 X g,
15 min, 4°C), and supernatants were boiled in SDS loading buffer (95 °C,
5 min). Proteins were separated by 8 or 10% SDS-PAGE and transferred to
nitrocellulose membranes. Membranes were blocked with 5% skim milk
(1 h, RT), incubated with primary antibodies overnight at 4 °C, then with
HRP-linked secondary antibodies (1 h, RT). Signals were detected using ECL
and analyzed with SageCapture/Lane 1D software. B-actin/GAPDH served
as loading controls. The antibodies were listed in Table S4.

Immunoprecipitation/IP-MS

Frozen PFC samples were lysed in buffer (20 mM Tris-HCl pH 7.4, 10 mM
HEPES pH 7.4, 50mM NaCl, 0.5 mM EDTA, 0.5 mM EGTA, 0.5% NP-40)
containing protease inhibitors (Roche) and 1 mM PMSF (30-40 min, 4 °C),
then sonicated (100 W, 5 sec, 3 pulses). Lysates were centrifuged (13,000 X
g, 15 min, 4 °C), and protein concentrations were measured using a BCA kit
(Thermo). For immunoprecipitation, 2mg protein was incubated with
antibody-bound Protein A/G beads (pre-coupled for 2 h at 4 °C) overnight
at 4°C. Precipitates were washed six times with lysis buffer.

HEK293 cells were cultured in DMEM with 10% FBS and antibiotics (50 U/
mL penicillin, 50 ug/mL streptomycin) at 37 °C/5% CO,. Transfections used
VigoFect per protocol. Cells were collected 24 h post-transfection and lysed
in buffer (50 mM Tris-HCl pH 7.4, 100 mM NaCl, 2 mM EDTA, 1% NP-40)
containing Roche protease inhibitors and 1 mM PMSF (30-40 min, 4 °C).
Lysates were sonicated (100 W, 5 sec, 3 pulses), centrifuged (13,000 X g,
15 min, 4 °C), then incubated with anti-Flag/GFP beads (Lablead) for 2-4 h
at 4°C.

After incubation, the immunoprecipitates were washed five to six times
with cell lysis buffer. Immunoprecipitates were eluted from the agarose by
boiling in 2 x SDS Gel loading buffer (100 mM Tris-HCl, pH 6.8, 4% SDS,
0.2% romophenol blue, 20% vol/vol glycerol, 10% vol/vol 2-mercaptoetha-
nol) and resolved by SDS-PAGE and immunoblotted with the indicated
antibodies.

Subcellular fractionation

To obtain the crude membrane fractions, subcellular fractionation of the
mouse brain (0.3g) was performed as described previously with
modifications [33]. In brief, brain homogenates were centrifuged at 800
% g. The supernatant (S1) was centrifuged at 9200 x g, and the resultant
pellet was washed and homogenized in buffer A (4 mM HEPES pH 7.3,
0.32 M sucrose, and complete protease inhibitor) and then used as the
crude membrane fraction (P2) [24]. To obtain the SM3 and PSD fractions,
subcellular fractionation of the mouse brain was performed as described
previously [22, 33]. In brief, the synaptosomal membrane fraction was
centrifuged at 48,200 x g at 4 °C and purified on a set of sucrose density
gradients consisting of 0.85, 1.0, and 1.2 M sucrose. The band between 1.0
and 1.2 M sucrose was collected and used as the SM3 fraction. This fraction
contains the pre- and postsynaptic membranes plus the PSD and docked
vesicles. The SM3 fraction was treated with 1% (w/v) Triton X-100 and
further centrifuged at 48,200 x g at 4 °C. The supernatant is designated as
the PSD-S fraction, and the pellet is designated as the PSD-P fraction [24].

6plex-tandem mass tag (TMT)- labeled quantitative proteomic
analysis and phosphoproteomics assays

The samples were digested with cell lysis (0.1 M Tris-HCl pH 8.5, containing
4% sodium deoxycholate, Sigma D6750), and then sonicated (100W, 5s, 3
pulses). Lysates were centrifuged (13,000 X g, 15min, 4°C), and
supernatants were boiled in SDS loading buffer (100°C, 5min). The
protein concentrations were detected using a BCA protein assay kit
(Thermo Scientific, Rockford, IL). For volcano plot and bar plots,
differentially expressed phosphoproteins (up and down) were selected
with the criteria p<0.05 and FC>1.25 or < 0.8. Several differentially
expressed proteins that detected in 2 replicates were also included (up-2
and down-2). SynGO analysis was performed with differentially detected
phosphoproteins (up and down) based on the website tool (https:/
syngoportal.org/) [34], and the enriched GO terms were listed in Table S8.

Phosphate affinity chromatography

The samples were digested with cell lysis (50 mM Tris-HCl pH 7.4, 150 mM
NaCl, 1% NP40, 0.5% DOC, 1 mM EDTA pH 8.0, supplied with 2 mM PMSF,
protein inhibitors and phosphatases inhibitors cocktails). Keep on ice
for 30 min; ultrasonication for 100W, 5s, 3 pulses. Cell lysates were
centrifuged at 13,000 x g for 15 min at 4 °C. A homemade spin-centrifuge
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microtube unit is prepared. Place 40 L suspension (50% v/v) of Phos-
tagTM agarose (20 uL swelled gel, Zn**-boud form) into the 0.5-mL tube of
the unit. Centrifuge the spin column unit for 20s and the filtrate is
discarded. Apply 40 pL of a balancing buffer (0.10 mol/L Tris-CH3COOH (pH
7.5), 1.0 mol/L CH3COONa, and 10 pmol/L Zn(CH3COO),) in the 0.5-mL
tube. After 5 min, centrifuge the unit for 20 s. and the filtrate is discarded.
Wash the gel three times with 40 L of a binding/washing buffer (0.10 mol/
L Tris-CH3COOH (pH 7.5) and 1.0mol/L CH3COONa) by the same
centrifugal method. Apply 10 pL of a cell lysate sample, which contains
less than 20 pg proteins. After equilibration for 5 min, centrifuge the spin
column and collect a flow-through fraction as the filtrate. Wash the
phosphoprotein-bound gel with 0.10 mL of the binding/washing buffer,
centrifuge the unit for 20's to collect a washing fraction. After addition of
distilled water (40 uL or more) to the phosphoprotein-bound gel, the
whole swollen gel slurry is completely transferred to a new 1.5-mL tube.
The tube is centrifuged for 20s, and the supernatant fluid is discarded. To
the remaining gel at the bottom of the tube, 10 L of a sample-loading
SDS buffer is added. The tube is heated for 5min at 95 °C. Transfer the
whole suspension of the gel to a sample well of an SDS-PAGE gel [35, 36].

Dendritic arborization and spine morphology

For the morphometric analysis of dendritic protrusions, we used GFP as an
unbiased cell-fill. Maximum image projections and three-dimensional
projections used in spine density calculations were rendered with the
Imaris (Bitplane) from confocal z-series images. All morphological
experiments were repeated at least three times.

In brief, coronal brain sections (100 pm) were prepared from Sh3rf3 KO
mice with Thy1-GFPm and littermate controls. The investigator was blind to
genotype during image acquisition and analysis of spine morphology.
Synapse density is presented as the number of above-threshold puncta per
10 um of dendrite. For dendritic analysis, both apical and basal processes
of PFC pyramidal neurons were analyzed. Three-dimensional (3D)
reconstructions of entire dendritic trees of each GFP™ neuron were
analyzed for total dendritic length and dendritic complexity by Sholl
analysis. Spine density was measured as described previously using the
measurement tool in ImageJ software. Spines were classified into four
groups based on the algorithm as follows: mushroom: length (spine) <
3 um and mean width (head) = mean width (neck) x 2; stubby: length
(spine) < 1um; long thin: mean width (head) > mean width (neck);
filopodia: length (spine) > 2 um.

Transmission electron microscopy (TEM) and statistical
analysis

Transmission EM was performed in the PFC area of Sh3rf3 KO mouse and
its control littermate (both at P45-50), using standard fixation and resin
embedding procedures as previously described [37]. Coronal brain sections
(200 um thickness) containing the PFC were prepared and transferred to
freshly prepared solution containing 2.5% glutaraldehyde and 2%
paraformaldehyde for at least 1 h at room temperature. The fixed sections
were stored in 4 °C refrigerator overnight. On the next day, the sections
were trimmed into ~ 0.2 mm? cube containing the PFC under a
stereoscope. The sections were postfixed in 1% osmium tetroxide for
1.5 h, dehydrated in an ascending series of ethanol [30, 50, 70, 85, 95, and
100% (vol/vol)], and stored in epoxy (EPON 812) overnight. The sections
were then embedded in epoxy resin at 60 °C for 48 h of polymerization.
The semithin sections (500 nm thickness) were stained with Toluidine blue
and the layer 2/3 of the PFC was confirmed by bright-field microscope.
Then the resin was further trimmed until only the layer 2/3 of the PFC was
included. The ultrathin sections (50 nm thickness) were cut by Leica EM
UC6 tramicrotome and mounted on Formvar-coated slot grids. After
poststaining with 2% (w/v) uranyl acetate and 8% (w/v) lead citrate, the
ultrathin sections were examined on a Tecnai Spirit TEM (FEI) at 120 kV.
Imaging was focused on asymmetric synapses, which are known to be
glutamatergic, based on their morphological hallmarks: a prominent
postsynaptic density and spherical synaptic vesicles. Data were analyzed
with IMOD 4.11 (University of Colorado).

Brain Slice Preparation

Brain slices were prepared from control and Sh3rf3 KO mice. Coronal slices
containing the PFC (200 um thick) were prepared from mice from 8 to
11 weeks by using a vibratome slicer (Leica, Germany) in a chilled (0-4 °C)
cutting solution containing 120 mM Choline-Cl, 28 mM NaHCO3, 1.25 mM
NaH2PO4, 2 mM KCl, 25 mM glucose, 1 mM CaCl2, 8 MM MgCl2, bubbled
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with 95% 02 and 5% CO2. Slices were transferred to artificial cerebrospinal
fluid (@CSF) containing 125 mM NaCl, 2.5 mM KCl, 2mM CaCl2, 1 mM
MgS04, 1.25 mM NaH2PO4, 26 mM NaHCO3, and 20 mM glucose bubbled
with 95% 02 and 5% CO2 and incubated at 34°C for 45 min. After
recovery, brain slices in aCSF were kept at room temperature for at least
30 min before electrophysiological recording [38].

Electrophysiology
The electrophysiology was adapted as described previously [12, 39].
Visually guided (infrared DIC video microscopy and water-immersion X40
objective) whole-cell recordings were obtained from visually identified
layer 5 pyramidal neurons of the PFC, with patch pipettes (2.5-4.5 MQ)
pulled from borosilicate capillary glass using a Sutter P97 puller (Sutter
Instrument, Novato, CA, USA). Recordings were obtained with an EPC10
amplifier (HEKA Elektronik, Lambrecht, Rhineland-Palatinate, Germany) or
Multiclamp 700B amplifier, Digidata 1550B converter and pClamp
10.7 software (Axon Instruments), sampled at 20 or 50 kHz. All data were
analyzed with Igor Pro-6.2 (WaveMetrics). During recordings, the chamber
containing brain slice was continuously perfused with aCSF solution
bubbled with 95% 02 and 5% CO2 at room temperature.

mEPSC, sEPSC, evoked EPSCs, paired-pulse ratio, I/E ratio and a train of
EPSCs were recorded with an internal solution containing (in mM): 140 Cs-
gluconate, 15 HEPES, 0.5 EGTA, 2 TEA-CI, 2 MgATP, 0.3 NaGTP, 10
phosphocreatine, 2 QX 314-Cl, pH was adjusted to 7.2 with CsOH. mEPSC,
SEPSC, evoked EPSCs, paired-pulse ratio and a train of EPSCs were recorded
with membrane potential clamped at —70 mV in the present of 20 uM
picotoxin (PTX) in aCSF to block GABAergic synaptic transmission. An
additional 1 pmol/L tetrodotoxin was added to aCSF for recording mEPSC.
Electrical stimulation was delivere via a bipolar electrode positioned in
layer 2/3 of the PFC. Electrical output was controlled by a programmable
pulse stimulator (Master-8, A.M.P.l.) For measuring the paired-pulse ratio,
double stimulation pulses were delivered at varying interpulse intervals of
20 ms, 50 ms, 100 ms, and 500 ms. For measuring I/E ratio, EPSCs and IPSCs
were recorded at holding potential of —30mV and 0 mV respectively. A
train of EPSCs were recorded under 20Hz stimulation. sIPSCs were
recorded with an internal solution containing (in mM): 140 CsCl, 1 BAPTA,
10 HEPES, 5 MgCl2, 5 Mg-ATP, 0.3 Na3GTP, 10 QX 314-Cl, pH was adjusted
to 7.3 with CsOH. 50 uM D-(-) — 2-amino-5-phosphonopentanoic acid (D-
APV) and 10uM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) were
applied in aCSF to block AMPAR- and NMDAR-mediated synaptic
transmission with holding potential of -70 mV. Action potentials were
evoked by postsynaptic current injection (500 ms duration, ranging from
-100 pA to 300 pA in 20 pA increments) with an internal solution
containing (in mM): 125 K-gluconate, 20 KCI, 4 MgATP, 10 Na2-
phosphocreatine, 0.3 GTP, 10 HEPES, and 0.5 EGTA (pH 7.2 adjusted
with KOH).

Behavioral tests

Three-chamber test. The three-chamber apparatus consisted of a trans-
parent acrylic box with a removable floor and partitions dividing the box
into three equally sized chambers. Each chamber could be closed and
opened with a door. Age-matched wild-type mice of the same sex were
used as Strangers 1 and 2. The test mice were put in the middle chamber
and left to habituate for 10 min, while Stranger 1 was introduced into a
wire cage in the left chamber and an empty wire cage on the right
chamber. Then the test mice were allowed to explore freely all three
chambers for a 5-minute session. Following this, Stranger 2 was introduced
into the previously empty wire cage and the test mouse was allowed to
explore all three chambers for a 5 min session freely. Time spent in each
chamber was recorded.

Habituation-Novelty recognition task. Social recognition deficits in ASD
often manifest as impaired face identity recognition, particularly with
delayed intervals (seconds to minutes). To model this, we assessed social
recognition in juvenile mice (P55-60) using a 10-minute inter-trial interval,
mirroring patient study timescales. A home cage-like environment
(without grid, food, or water) was used. Mice were acclimated for 30 min
pre-test. A novel same-sex mouse was introduced for 1-minute interaction,
repeated at 10-minute intervals. In the 5% trial, a new novel mouse
replaced the prior stimulus. For the social stimulus, the interaction was
scored when the experimental mouse initiated the action and when the
nose of the animal was oriented toward the social stimulus mouse only.
The interaction time was used to calculate the recognition index as:
(Interaction trial 5) - (Interaction trial 4) [40].
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Tube test. The tube test assay was applied as described before [41].
Before the start of tube tests, mice were trained to go through the tube for
10 trials per day for 3 days. In test days, each pair of mice was released
from the two ends of a tube (30 cm in length, 3 cm in diameter), met in the
middle, and the mouse that retreated first from the tube is designated as
the “loser”. The other mouse is the winner. When no mouse retreats within
6 minutes, a side reversal repeated test will be initiated. The tubes are
cleaned with 75% ethanol between trials. When compared with the
chance-expected outcome (i.e., a 50:50 win-loss result), a chi-square test is
applied to determine the significance of the test scores between the mice.

Marble burying test. Fill standard rodent cages with 5cm of fresh,
unscented bedding. Arrange 18 glass marbles in 6 rows (3 marbles/row) on
the bedding surface. Clean marbles before each test: wash with mild
detergent, rinse exhaustively in distilled-deionized water, and dry prior to
each use. Deprive mice of food/water during the test. Place a single mouse
in a cage corner (away from marbles) and secure the filter-top lid. Start a
30-minute timer. Allow undisturbed exploration. Count marbles buried
(= 2/3 surface area covered by bedding) by an observer blinded to
experimental groups.

Von-frey test. On the day of the experiment, turn off the lights one hour
prior and maintain a quiet environment. At the start of the experiment,
illuminate the area with red light to minimize stimulation and place the
test mice into the testing chamber for a 10-minute acclimation period until
they calm down. Use Von Frey filaments of varying diameters and stiffness
(0.04 g, 0.07 g, 0.4 g, and 2 g) to stimulate the plantar surface of the mice’s
paws gently. Each filament is applied for 1-2s until it slightly bends.
Stimulate each paw five times on each side, with a 6-second interval
between stimulations, testing in ascending order of filament force.
Observe the mice’s responses and assess their behavioral scores, summing
up the total score from the five stimulations. A score of 2 is given for
immediate licking of the stimulated paw area or sharp withdrawal or
jumping of the paw; a score of 1 is given for immediate searching of the
stimulated area with the paw; and a score of 0 is given for normal walking
behavior.

Rearing test. To assess motor stereotypy, the repetitive rearing behavior
was quantified. Each mouse was placed individually into a standard clean
home-cage and allowed to habituate for 20 minutes. Its behavior was then
recorded for a 10-minute test session. The total number of rearing (defined
as the mouse raising its forepaws off the cage floor and standing upright
on its hind legs) was manually scored by a researcher blinded to the
genotype using Limelight software.

Open-field test. Mice were allowed to explore an open field arena (40 x
40 cm area, 35 cm high walls) for 10 min using a video tracking system
(Limelight), followed by quantification of the distance moved and percent
time spent in the center region (20 x 20 cm area).

Novel object recognition. The novel object recognition test is conducted
in an open field. On the first day of the experiment, the experimental mice
were allowed to freely explore two identical objects (left/right) in an open
field for 10 minutes. After 24 h, replace one object with a novel one. Record
the time spent interacting with each object over 10 minutes. The criterion
for object contact is defined as the direct contact of the mouse’s whiskers
with the object.

Morris water maze. The water maze consisted of a circular water tank
(120cm diameter and 40cm height) that contained a 6cm circular
platform and water rendered opaque by the addition of white nontoxic
paint. This test contains three phases: pre-training to a visible platform;
acquisition training to a hidden platform in the following 5 days (four trials
per day); a probe test was performed on the 6™ day with the removal of
the platform. During the training phase, mice were given 60s to find the
platform, guided to the platform if necessary and remained on the
platform for 30 s followed by 1 h rest before next trial. For the probe trial,
mice were given 60s to swim and the percent time spent in the target
quadrant was recorded.

Quantification and statistical analysis. Sample sizes were selected based
on prior similar studies. Data were reported as mean + standard error of
the mean (SEM). The statistical methods were individually annotated in
the corresponding figure legends, including two-tailed Student's t test,
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two-way repeated-measures ANOVAs, Chi-square test, two-tailed Mann-
Whitney test. For two-way ANOVA, multiple comparison was performed
followed by FDR adjustment with BH methods. All the data for two-way
ANOVA passed at least one of normality tests (D'Agostino-Pearson
omnibus, Anderson-Darling, Shapiro-Wilk, Kolmogorov-Smirnov). Spear-
man’s test for heteroscedasticity was also performed. GraphPad Prism
Software was used for all analyses and p < 0.05 was considered statistically
significant. Significance was reported as *p < 0.05, **p < 0.01, ***p < 0.001,
***¥p < 0.0001 and n. s., no significance.

RESULTS

Sh3rf3 knockout mice display autistic-like behaviors

SH3RF3 is a strong ASD candidate gene in humans (Fig. STA). To
determine whether mice with Sh3rf3 deletion exhibit autistic-like
behaviors, we generated Sh3rf3 knockout (KO) mice (Fig. S1B) and
performed an array of behavioral assays on adult male and female
littermates. In the three-chamber sociability test (Fig. 1A), both
male and female wild-type (WT) or KO mice preferred the chamber
containing a stranger mouse over an empty cage (Fig. 1B, C).
However, KO mice showed deficits in social novelty discrimination,
failing to show increased interaction with the novel versus familiar
mice (Fig. 1D-F). In a five-trial social habituation/recognition task,
KO mice displayed significantly reduced interaction time with
stranger mice and a decreased social cognitive index (WT:
22.09+2929 vs. KO: 1263+2877s for male mice; WT:
15.77 £2.36 vs. KO: 6.141+£3.086s for female mice; Fig. 1G-I).
The tube test revealed that WT mice outperformed KO mice in
social hierarchy dominance (male: 70.59 vs. 29.41%; female: 72.73
vs. 27.27%; Fig. 1J, K).

In the open-field test, KO mice displayed less time in the center
of the cage, implicating heightened anxiety levels (Fig. S2A, B). The
marble burying test revealed increased repetitive digging in KO
mice (WT: 6.417 £0.9517 vs. KO: 10.73 £ 0.6754 for male mice; WT:
3.727 £0.8101 vs. KO: 7.273 + 1.236 for female mice; Fig. 1L, M).
Furthermore, when assessing spontaneous behavior in the home-
cage, we observed that KO mice displayed a marked increase in
repetitive rearing episodes (Fig. 1N), further supporting the
presence of stereotypic behavior (WT: 25.41+2317 vs. KO:
33.68+2.236). Female KO mice exhibited hypersensitivity to
tactile stimuli in Von Frey tests (Fig. 10-Q). Approximately 33%
of ASD patients have co-occurring intellectual disability [42].
Nevertheless, novel object recognition and Morris water maze
tests showed no learning/memory deficits in KO mice (Fig. S2C-D).
Collectively, Sh3rf3 KO mice recapitulate core autistic-like beha-
viors, including social deficits, anxiety and repetitive/stereotyped
behavior, and sensory abnormalities.

Sh3rf3 deficiency reduces excitatory synaptic strength in the
prefrontal cortex

To determine the brain region underlying the ASD-like behavior,
we inspected the Sh3rf3 level in Sh3rf3*" (heterozygote, HET) brain
with LacZ antibody, as its first exon was replaced by (-
galactosidase gene (Fig. S1B). Immunofluorescence and RT-PCR
results revealed that Sh3rf3 was broadly expressed both tempo-
rally and spatially, especially in excitatory neurons and some
interneurons (Fig. S3A-D). Since the prefrontal cortex (PFQ)
regulates social behavior [43-47], we prioritized PFC for investiga-
tion. To test whether PFC-specific Sh3rf3 knockdown induces
autistic-like behavior, we delivered Sh3rf3 shRNA AAV (GFP-
tagged) bilaterally to the medial PFC of 4-week-old mice. The
knockdown efficiency was confirmed by significantly reduced
Sh3rf3 mRNA levels (~70%; Fig. 2A). Three weeks post-injection,
mice underwent the habituation-novelty recognition task. Knock-
down mice exhibited significantly reduced interaction time with
stranger mice and a lower social cognition index (WT: 18.5 + 2.975
vs. KD: 2.782 + 0.8448 s; Fig. 2B), indicating the social withdrawal of
knockdown mice. However, knockdown of Sh3rf3 specifically in
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Fig. 1 Sh3rf3 deletion results in autistic-like phenotypes in mice. (A-C) Three-chamber sociability test. Diagram of the test (A). Bar graphs
showing the performance of male (B) or female mice (C), including the time spent in different chambers (Left), and the interaction time during
the sociability test (Right). E, empty chamber; M, middle chamber; S1, stranger 1. n = 14 (WT), n = 15 (KO) for males and n =10 (WT), n=11
(KO) for females, two-way ANOVA. (D-F) Three-chamber social novelty test. Diagram of the test (D). Bar graphs showing the performance of
male (E) or female mice (F), including the time spent in different chambers (Left), and the interaction time during the social novelty test
(Right). S2: stranger 2. n = 14 (WT), n = 15 (KO) for males and n =10 (WT), n = 11 (KO) for females, two-way ANOVA. (G-l) Habituation/novelty
recognition task behavioral paradigm. Diagram of the test (G). Statistical graphs showing the performance of male (H) or female mice (l),
including the social interaction time with stranger mice (Left), two-way ANOVA; and the social recognition index (Right), t-test. n =17 (WT),
n =18 (KO) for males and n=15 (WT); n= 16 (KO) for females. (J) Schematic diagram of the tube-dominance test. (K) Statistical graph of
victory rates between male (Left) or female (Right) mice. WT and KO mice; n =17 (WT), n =17 (KO) for males and n=11 (WT), n =11 (KO) for
females. Chi-square test. (L) Representative results in the marble burying test. (M) Bar graphs showing the buried marbles of male (Left) or
female (Right) mice, t-test. n=12 (WT), n=11 (KO) for male mice and n=11 (WT), n=11 (KO) for female mice. (N) Bar graph of rearing
episodes in the home-cage, t-test. n =17 (WT), n = 19 (KO). (O) Diagram of mouse anatomy. pF: paws Front, pB: paws Behind. (P, Q) Statistical
graphs of Von Frey scores for male (O) or female (P) mice. n =12 paws/6 mice (WT), n =12 paws/6 mice (KO) for males and n =30 paws/
15mice (WT), n =28 paws/14 mice (KO) for females; two-way ANOVA.
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Fig. 2 Sh3rf3 deficiency leads to a decline in excitatory synaptic transmission in PFC. (A) A confocal image showing the viral-infected PFC
region (stained with DAPI) from a mouse with the stereotaxic injection of Sh3rf3 shRNA AAV (GFP-tagged). Scale bar: 500 pm. Quantitative PCR
data showing the Sh3rf3 mRNA levels in PFC injected with Sh3rf3 shRNA or scrambled (sc) shRNA. n = 3/group, t-test. (B) Statistical graphs of
the social interaction time of control and Sh3rf3 knockdown mice with the stranger mice; two-way ANOVA; and the social recognition index for
male mice, n =25 (Ctrl); n =28 (KD), t-test. (C) Representative traces of sEPSCs recorded in the PFC in the presence of PTX (Left). Amplitude
(Medium) and frequency (Right) of sEPSCs recorded in PFC layer 5 neurons. n = 29 neurons/5 mice (WT), n = 16 neurons/3 mice (KO), t-test.
(D) Representative traces of sIPSCs recorded in the PFC in the presence of CNQX and D-APV (Left). Amplitude (Medium) and frequency (Right)
of sIPSCs recorded in PFC layer 5 neurons. High-Cl intracellular pipette solution was used to record inward sIPSCs at holding potential of -70
mV. n = 18 neurons/3 mice (WT), n =15 neurons/3 mice (KO), t-test. (E) Representative traces of evoked EPSCs recorded in the PFC in the
presence of PTX (Up); and statistical graph of evoked EPSCs amplitudes (Down); n =30 neurons/5 mice (WT), n =17 neurons/3 mice (KO),
two-way ANOVA. (F) Representative traces of EPSC (at holding potential of -30 mV) and IPSC (at holding potential of 0 mV) recorded from the
same neuron; statistical graphs of evoked EPSC amplitudes and IPSC amplitudes and the EPSC/IPSC ratio; n = 20 neurons/4 mice (WT), n=17
neurons/4 mice (KO). t-test.
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Fig.3 The loss of Sh3rf3 results in a decrease in RRP size and priming rate in the PFC. (A) Representative traces of EPSCs evoked by a train
of fiber stimulation (20 Hz) in acute PFC slices from littermate WT and Sh3rf3 KO mice at P42-P55 (Left). Statistical graph showing the
amplitudes (Middle) and normalized amplitudes (Right) of EPSCs recorded during a train of stimulation. (B) Statistical graph showing the
cumulative amplitudes of EPSCs recorded during train stimulation of the presynaptic terminal. (C) Statistical graphs of the readily releasable
pool, release probability and priming rate. n =29 neurons/3 mice (WT), n = 17 neurons/3 mice (KO), t-test. (D) Representative transmission
electron microscopy (TEM) micrographs of the PFC, scale bar, 200 nm. Statistical graphs showing the synaptic vesicles (SVs) within 200 nm
from the active zone and length of the active zone (AZ) in the PFC. n = 86 profiles/5 mice (WT), n = 88 profiles/5 mice (KO), t-test. (E) Quantity
of SVs within different distances from AZ and normalized quantity of SVs within 200 nm from the AZ in the PFC. n = 86 profiles/5 mice (WT),
n = 88 profiles/5 mice (KO), Mann-Whitney test. (F) Statistical graph of SVs within 10 nm from the active zone in the PFC. n =86 profiles/5
mice (WT), n = 88 profiles/5 mice (KO), t-test.

Molecular Psychiatry SPRINGER NATURE



Y. Yuan et al.

6 Detected in Syn1 Hnrnpl Ercz=Dnm Rasgrp1
2 replicates TIn2 Exocd
Cas9/gRNA — 3 replicates .
9 % % 4 replicates Anks =Ank2 Delkz  Caskin Epha4 CdkI5 Myo1c
Genome 4 Kif2a
= Fnbp1l Ighg1 Tnr Arhgef7 Vesicle
I Dhx9 Kalrn : Clasp2
- Rims1 Tpm1 Lasp1 Sh3rf Nfasc Actr2 Dhal 3Shank3 localization
z naja [ ]
£2 Abr Fnbp1l
Vector T Lgit Digap4 *Cnksr2 Tubata Cnksr2s, napse Maciz
3 x Flag Hnrnph2 Ngef organization ¢ 9
7777777777777777777777777777777777 (] y Dnm3  Ap3di
0 Sorbs1
Arhgap39 Dnm1
WT Ki 0.0 0.2 0.4 0.6 AvgP Ank3 c2 Dnm1i Synaptic%Wesicle
FLAG Synapse organization Gphn ® ® recycling
-100 Input Protein localization to cell periphery Ptprd Camk2b Cacnb4 Synaptic vesicle cycle
- Dendritic spine development Cttn
55 Sorbs2 -
B-actin E Regulation of GTPase activity Ppp1r9a Bsnvesicle .med'a‘Gd Prkch
Vesicle-mediated transport in synapse transport iny synapse syt7
- i icl I .
130 Synaptllc vesicle cycle padjust Bint Size of
. Vesicle localization GO terms
—100 IP:FLAG s ; . " 0.020 .
ynaptic vesicle recycling Rims1 °
KDa Adult behavior Akap5 10
KI: Sh3rf3 - 3 x FI Peptidyl-serine phosphorylation 9.005 lgsect @ 20
’ ° ag Count0 10 20
Input P Input P
- Input IP: FLAG Input IP: FLAG
Vector + - + - Vector + - + - __nput IP:FLAG
WT Ki WT KI WT KI
- - + - + Flag-Sh3rf3 + - + -
HA-Erc2 + HA-Syn1la + 100
-70 -130 -130
-130 —130 FLAG -, FLac =2 | 100
FLAG FLA -100 KDa KD:
*}130 KD GAPDH| ow e |_35 GAPDH IZ]—% a
B-actin E| a B-actin E|
Input IP Input P PSD Liprin a3 SH3RF3
Vector + - + Vector + - + - Hom S1 P2 P2CCSMCSVSM3 S P RiM1 w ERC2
-130 £ SYN1 Vesicle
Flag-Sh3rf3 - + + Flag-Sh3rf3 + + FLAG| wen s s mem -~
—100
RIM1  + Liprin a3-HA  +
RIM1 b p— - . —250
RIM1 —250
-130
-130 -130 PSD95 -
ol =]l EE = =l
-100 -100
KDa KDa SYP - ..
KDa

Fig. 4 SH3RF3 interacts with presynaptic proteins. (A) Schematic representation of the construction strategy for Sh3rf3-3 x flag mice (Top),
Enrichment of adult WT and Sh3rf3-3 x flag mouse PFC tissue samples using FLAG beads (Bottom). (B) Analysis of IP-MS data. Dot graph
showing the binding probabilities of prey proteins, with a dashed line indicating the threshold of MaxP = 0.5 (Left-top). Bar graph showing
the GO-BP enrichment terms of repeatedly detected prey proteins with MaxP > 0.5 (Left-bottom). Network diagram of some significantly
enriched GO-BP terms and proteins in them (Right). AvgP, average binding probability; MaxP, maximum binding probability. (C) Exogenous
immunoprecipitation analysis demonstrated that SH3RF3 is capable of interacting with ERC2, Synapsin1, RIM1 and Liprin 3. (D) Interaction
between SH3RF3 and presynaptic proteins ERC2, Synapsin1, RIM1 and liprin a3 was detected in mouse PFC. (E) Subcellular distribution. Mouse
brain homogenates were subjected to subcellular fractionation, and an aliquot of each fraction (10 pg) was analyzed by western blotting with
the indicated antibodies. The results are representative of three independent experiments. Hom, homogenate; S1, crude synaptosomal
fraction; P2, crude membrane fraction; P2C, synaptosomal fraction; CSM, crude synaptic membrane fraction; CSV, crude SV fraction; SM3,
synaptosomal membrane; PSD, postsynaptic density fraction; S, 1% (w/v) Triton X-100-soluble fraction of PSD; P, 1% Triton X-100-insoluble
fraction of PSD. (F) lllustrative diagram of SH3RF3 interacting with presynaptic proteins.

the mPFC does not induce anxiety-like or repetitive stereotyped

behaviors in mice (Fig. S4A-D).

We next evaluated synaptic function in the PFC layer 5

suggest that Sh3rf3 is required for normal excitatory synaptic
function.

pyramidal neurons using whole-cell patch-clamp recordings.
Spontaneous excitatory postsynaptic current (SEPSC) frequency,
but not amplitude, decreased significantly in KO mice (WT:
2.553+0.1563 vs. KO: 1.334+0.1288 Hz for frequency; Fig. 2C).
Meanwhile, the amplitude of the evoked EPSC (eEPSC) signifi-
cantly declined, while the amplitude and frequency of sponta-
neous inhibitory postsynaptic current (sIPSC) were unchanged
(Fig. 2D, E). Consistently, recording EPSC and IPSC from the same
neuron revealed significantly reduced EPSC amplitude but
unchanged IPSC amplitude (WT: 0.8324+0.07357 vs. KO:
0.5227 +0.04816 nA for EPSC amplitude; Fig. 2F), indicating the
disruption of excitation/ inhibition (E/I) balance (WT:
0.6008 + 0.06409 vs. KO: 0.3582 +0.03468; Fig. 2F). These results

SPRINGER NATURE

Sh3rf3 loss decreases the readily releasable vesicle pool and
attenuates vesicle replenishment

To investigate the cause of defective excitatory synaptic
transmission in PFC, we quantified the dendritic complexity and
spine density in both WT and KO neurons. Sholl analysis of cortical
pyramidal neurons cultured in vitro for 14 days showed no
changes in the dendritic complexity (Fig. S5A). Thy1-GFPm-labeled
PFC pyramidal neurons in KO mice displayed a trend toward
reduced spine density (WT: 10.1 +0.4182 vs. KO: 9.108 £ 0.3136
per 10um) and no difference in spine subtypes (Fig. S5B).
Consistently, excitatory (VGIuT1+, encoded by Sic17a7) or
inhibitory (VGAT +, encoded by S/c32al) synapse counts and
ratios were unchanged (Fig. S5C). Neuronal excitability as a
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measurement of neuronal firing frequency, and the total protein
levels and phosphorylation levels of the AMPA receptor subunits
were unaffected (Fig. S6A, B). Consistently, miniature EPSC
(mEPSC) amplitudes were normal (Fig. S6C), suggesting post-
synaptic function is not affected in KO neurons.

We went on to inspect the presynaptic function in PFC using
paired-pulse ratio (PPR) of various inter-stimulus intervals (ISIs) and
found no significant differences (Fig. S6D). However, high-
frequency stimulation revealed a smaller size of the readily
releasable pool (RRP) (WT: 7.547 £0.85 vs. KO: 5.069 + 0.6591 nA)
and slower replenishment rate (WT: 0.2412 +0.04265 vs. KO:

Molecular Psychiatry

0.1243 £0.01693 nA/stimulus) in KO mice, with no change in
release probability (Fig. 3A-C), implicating the disturbance of
synaptic vesicle distribution. Through transmission electron
microscope (TEM), we observed that significantly changed
distribution and decreased number of synaptic vesicles within
200 nm from the presynaptic active zone (AZ) in KO terminals
(WT: 27.90+£0.9515 vs. KO: 17.95+0.7287), particularly within
10nm (WT: 2.116+£0.1981 vs. KO: 0.8636 +0.09169), despite
normal AZ length (Fig. 3D-F). These results suggest that Sh3rf3
loss alters synaptic vesicle distribution, impairing the excitatory
transmission.
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10

Fig. 5 The loss of Sh3rf3 diminishes the phosphorylation of RIM1 by SAD-B/BRSK1. (A) Volcano plot for differential analysis of quantitative
protein phosphorylation profiling of mouse PFC (Left); statistical graphs of the number of proteins with altered phosphorylation levels
(Middle) and SH3RF3-interacting proteins with altered phosphorylation levels (Right). Dashed lines represent the FC > 1.25 or FC< 0.8 and
p-value threshold of 0.05. FC, fold change. n = 3 replicates per condition. (B) Sunburst plot representing biological process enrichment results
of changed phosphorylated proteins by Sh3rf3 deficiency. Higher red intensities are associated with more significant enrichments. (C) A
protein interaction network diagram was constructed by combining the results of SH3RF3 immunoprecipitation mass spectrometry and
quantitative phosphorylation mass spectrometry analysis. Blue lines indicate interactions confirmed by interaction mass spectrometry, while
gray lines represent predicted or previously reported interactions. Red circles signify an upregulation of phosphorylation levels, blue circles
indicate a downregulation of phosphorylation levels, and green circles represent both upregulation and downregulation of phosphorylation
levels simultaneously. (D) Overall phosphorylation levels of RIM1 and ERC2 in PFC. Total protein and enriched phosphorylation levels (Left)
and statistical graph of phosphorylation levels of RIM1 and ERC2 (Right); n =4 (WT), n =4 (KO), t-test. (E) Interaction between SH3RF3 and
BRSK1 in mouse PFC (Left); Exogenous immunoprecipitation demonstrated that SH3RF3 is capable of interacting with BRSK1 (Right). (F) The
interaction between RIM1 and BRSK1 inspected in the PFC of WT and KO mice. A statistical graph showing the ratio of gray values between IP
samples and their corresponding Input samples, n =4 (WT), n =4 (KO), t-test. (G) Expression of SH3RF3, RIM1, and BRSK1 in HEK293 cells to
examine the effect of SH3RF3 on the interaction between RIM1 and BRSK1 (Left). Statistical graph of the grayscale value ratio of IP samples to

:orresponding input samples, n =6 (Ctrl), n =6 (Sh3rf3 OE) (Right), t-test, Ctrl: control, OE: over-expression.

Newly identified SH3RF3-interacting proteins indicate
presynaptic roles

To delve into the underlying mechanisms for impaired excitatory
transmission, we performed immunoprecipitation mass spectro-
metry (IP-MS) in Sh3rf3-3xflag knock-in mice and identified 167
potential SH3RF3-interacting proteins, 22% of which are asso-
ciated with ASD based on SFARI database [48] (Fig. 4A, Fig. S7A, B,
Table S5). Gene Ontology analysis of proteins that interacted with
SH3RF3 indicated that they were highly associated with synaptic
transmission and vesicle recycling (Fig. 4B). We uncovered
intriguing interactions between SH3RF3 and a cohort of pre-
synaptic active zone proteins, namely RIM1, Liprin-a3, ERC2, and
Synapsinl and confirmed that by both endogenous and
exogenous co-IP experiments (Fig. 4C, D). Notably, RIM1, Liprin-
a3, and ERC2 serve as pivotal components within the presynaptic
AZ [18, 49, 50].

Our above findings indicate SH3RF3’s important role in the
presynaptic landscape (Fig. 4F). We performed western blot
analysis of PFC subcellular fractionations and confirmed the
SH3RF3’s presynaptic localization, colocalizing with RIM1 in crude
synaptic membrane (CSM) fraction, and with synaptic vesicle
marker SYN in crude synaptic vesicle (CSV) fraction (Fig. 4E). This
cumulative evidence highlighted the presynaptic localization and
function of SH3RF3.

Sh3rf3 KO attenuates the phosphorylation of RIM1 by BRSK1/
SAD-B

The functions of presynaptic active zone proteins are highly
dependent on phosphorylation [24, 51-53]. Since our IP-MS results
indicate that SH3RF3 interacts with specific protein kinases and
phosphatases, we conducted both 6Plex-tandem mass tag (TMT)-
labeled quantitative proteomics and phosphoproteomic assays in
WT and KO PFC (Table S6, 7). The 6Plex-TMT and western blot
analyses revealed unchanged overall expression of SH3RF3-
interacting proteins (Fig. S7A-C), whereas the phosphorylation
levels of 900 proteins were altered, including 53 SH3RF3-
interacting proteins (Fig. 5A). SynGO analysis on the differentially
expressed phosphoproteins indicated the preferentially enriched
GO term in synaptic organization and process in the presynaptic
functions, especially synaptic vesicle cycle and synaptic vesicle
exocytosis (Fig. 5B). Of note, the significant changes in the
phosphorylation of newly identified SH3RF3-interacting protein
RIM1, in KO mice (Fig. 5C), implicating the role of SH3RF3 in
regulating synaptic function via protein phosphorylation.

To further validate this finding, we employed a phos-tag-based
magnetic-bead method to rapidly and selectively enrich phos-
phorylated proteins. This revealed a~50% reduction in RIM1
phosphorylation levels in KO PFC, while ERC2 remained unchanged
(Fig. 5D). This suggests that Sh3rf3 KO reduces RIM1 phosphoryla-
tion, potentially impacting presynaptic vesicle number and
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distribution. To explore the mechanism, we focused on kinases
known to phosphorylate RIM1: BRSK1/SAD-B, PKA, and SRPK2 [22,
52, 53]. Reviewing our SH3RF3 IP-MS data, we identified potential
interactions with BRSK1 and SRPK2 (Table S5). Subsequent
exogenous and endogenous co-IP experiments confirmed that
SH3RF3 interacts with BRSK1/SAD-B, but not SRPK2 or PKA (Fig. 5E).
BRSK1/SAD-B, a presynaptic serine/threonine kinase regulating
the releasable vesicle pool, can phosphorylate RIM1 in vitro [22].
Given that SH3RF3 interacts with both RIM1 and BRSK1, we
hypothesized that SH3RF3 facilitates the phosphorylation of RIM1
by BRSK1. Examining BRSK1-RIM1 interaction in WT and KO PFC,
we found a significant reduction (~80%) in their association in KO
tissue (Fig. 5F). Conversely, Sh3rf3 overexpression significantly
enhanced this interaction (~200%) in HEK293 cells (Fig. 5G).
Together, these data demonstrate that SH3RF3 acts as a scaffold
protein to mediate BRSK1-dependent phosphorylation of RIM1.

Re-expression of Sh3rf3 in PFC can rescue the social and
functional deficits in Sh3rf3 KO mice

Significantly reduced RIM1 phosphorylation in KO mice may result
in @ marked decrease in vesicles docked at the active zone,
causing E/I imbalance and autistic-like behaviors in mice. To
determine whether Sh3rf3 re-expression could rescue social
dysfunction in KO mice, we injected Sh3rf3-overexpressing virus
(AAV-hSyn-EGFP-P2A-Sh3rf3-tWPA) and control virus into the PFC
of WT or KO mice. Three weeks post-injection, qPCR analysis
showed that following Sh3rf3-overexpressing virus injection,
Sh3rf3 mRNA increased in both WT and KO mice, reaching similar
high expression levels. (Fig. 6A).

We evaluated social behavior using a habituation-novelty
recognition task across four groups: WT and KO mice injected
with the control virus, and WT and KO mice injected with the
Sh3rf3-overexpressing virus. KO mice injected with control virus
showed significantly shorter social interaction time with stranger
mice than other groups (Fig. 6B). In contrast, Sh3rf3 re-expression
in KO mice restored social interaction time to levels similar to
controls, with consistent results in social recognition index
(Fig. 6B). Furthermore, overexpression of Sh3rf3 significantly
increased the frequency of sEPSCs in KO mice, while having
minimal effect on their amplitude (Fig. 6C). Moreover, it
significantly enhanced RIM1 phosphorylation, restoring it to levels
comparable to those in controls (Fig. 6D). These findings indicate
that Sh3rf3 re-expression can rescue social and functional deficits
in KO mice and underscores its essential role in maintaining PFC
function.

DISCUSSION
The pathogenic mechanisms underlying ASD exhibit considerable
heterogeneity across diverse genetic contributors. Elucidating
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Fig. 6 Sh3rf3 re-expression in the PFC of Sh3rf3 KO mice can rescue their social and functional deficits. (A) A confocal image showing the
viral-infected PFC region (stained with DAPI, blue) from a mouse with the stereotaxic injection of Sh3rf3 overexpression AAV (GFP-tagged).
Scale bar: 500 pm. Quantitative PCR data showing Sh3rf3 mRNA levels in PFCs injected with Sh3rf3 overexpression or control virus. n =4/
group, t-test. (B) Statistical graphs of the social interaction time of subject mice with the stranger mice; two-way ANOVA; and the social
recognition index for male mice, one-way ANOVA, n =10 (WT CTRL); n =8 (WT OE); n = 14 (KO CTRL); n = 14 (KO OE). CTRL: control, OE: over-
expression. (C) Representative traces of SEPSCs recorded in the PFC in the presence of PTX (Left). Amplitude (Medium) and frequency (Right)
of sEPSCs recorded in PFC layer 5 neurons. n=17 neurons/4 mice (KO CTRL), n=18 neurons/4 mice (KO OE), t-test. (D) Overall
phosphorylation levels of RIM1 in PFC. Total protein and enriched phosphorylation levels (Left) and statistical graph of phosphorylation levels
of RIM1 (Right); n = 5/group, t-test. (E) At the pre-synapses, SH3RF3 serves as a scaffold protein, mediating the interaction between serine/
threonine protein kinase BRSK1 and the constitutive core protein RIM1 in the active zone, thereby regulating the phosphorylation of RIM1.
The absence of SH3RF3 results in a reduced interaction between BRSK1 and RIM1, leading to the reduced phosphorylation of RIM1. This
impacts the docking of vesicles to the presynaptic membrane, reduces excitatory presynaptic synaptic transmission, disrupts the E/I balance,
and ultimately leads to autism-like behaviors in mice.

genotype-specific pathophysiological mechanisms would facilitate
a holistic understanding of ASD etiology, laying the groundwork
for novel therapeutic strategies. Our study demonstrates the
causal link between the deficiency of SH3RF3 and autistic-like
phenotypes in mice. Using multimodal analyses including electron
microscopy, electrophysiology, quantitative proteomics, and
phosphoproteomics, we identify SH3RF3 as a novel molecular
scaffold that bridges ASD-risk components, connecting BRSK1/
SAD-B kinase activity to active zone machinery (via RIM1
phosphorylation) to regulate vesicle dynamics (Fig. 6E).
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Social cognition emerges from distributed neural networks
incorporating cortical regions (e.g, mPFC, anterior cingulate
cortex, and insular cortex) and subcortical nuclei (e.g., nucleus
accumbens, basolateral amygdala, and ventral tegmental area),
modulated by diverse neuromodulatory systems [54]. The mPFC
serves as a critical integration hub, coordinating cross-regional
information flow to regulate social-emotional processing, deci-
sion-making, and mnemonic functions [54-56]. Although SH3RF3
demonstrates pan-cerebral expression, its specific knockdown
in the mPFC significantly reduces social interaction time, and

SPRINGER NATURE

11



Y. Yuan et al.

12

mPFC-specific re-expression rescues the social deficits in KO mice,
underscoring its regionally pivotal role.

The excitatory/inhibitory (E/I) imbalance constitutes a charac-
teristic neurobiological feature of ASD [57]. In our mouse model,
we observed a reduction in the E/I ratio in the prefrontal cortex.
Reduction in oscillatory power within the low-gamma frequency
range in Sh3rf3 KO mice was also observed by in vivo electro-
physiological recordings of mPFC (Fig. S8A, B), further suggesting
the disruption of E/I balance. This finding aligns with some autism
mouse models [12, 13, 58], although others show an increased E/I
ratio [59, 60]. While synaptic dysfunction frequently mediates this
imbalance, conventional paradigms typically implicate postsynap-
tic alterations such as aberrant mEPSC amplitude or inhibitory
transmission [12, 13]. Notably, our Sh3rf3 KO mice exhibit
unchanged mEPSC amplitude and intact postsynaptic ultrastruc-
ture, including unaltered dendritic arborization, spine density, and
glutamatergic/GABAergic synaptic puncta, distinguishing it from
canonical ASD models with postsynaptic pathophysiology. Altera-
tions in presynaptic function can also contribute to ASD, though
most of the evidence reflects changes in excitability or the
number of synapses [8, 61-63]. Only a few of them identified
impaired vesicle recycling as the trigger of ASD [64, 65]. Our
investigation reveals a novel presynaptic etiology: diminished
readily releasable vesicle pool size specifically compromises
excitatory neurotransmission, thereby reducing the E/I ratio. This
discovery elucidates a previously underappreciated presynaptic
contribution to ASD pathophysiology, establishing vesicle
dynamics regulation as a critical mechanism in E/I imbalance.
The distinct presynaptic pathology observed in our model
provides unique insights into the mechanistic diversity underlying
ASD-related synaptic dysfunctions.

SH3RF3 has been previously identified as an E3 ubiquitin ligase,
but our KO mice showed no significant changes in presynaptic
protein levels, nor did it affect the ubiquitination of its interacting
proteins, including BRSK1 and RIM1 (Fig. S7D, E). Thus, its function
as a scaffold protein appears to play a dominant role in the KO
mouse phenotype. Mechanistically, we identified 167 SH3RF3-
interacting proteins, 22% of which are associated with ASD based
on the SFARI database [48]. These include presynaptic regulators
of cytoskeleton (ANK2 and TRIO) [66, 67], cell adhesion and
signaling (CTNND1 and PTPRD) [68, 69], local mRNA translation
(SYNCRIP) [70], and neurotransmitter release (RIM1 and SYN1) (Fig.
S9A, B) [17, 71]. As a scaffold protein, SH3RF3 may form distinct
complexes across brain regions, positioning it as a synaptic hub in
the ASD-risk network. Omics analysis revealed minimal changes in
protein expression but significant phosphorylation state altera-
tions, suggesting SH3RF3 as an important phosphorylation
regulator. We confirmed SH3RF3's interaction with both BRSK1/
SAD-B and ASD-associated active zone protein RIM1, and its role in
RIM1 phosphorylation. RIM1 is well established to regulate
synaptic vesicle priming and tether presynaptic voltage-gated
calcium channels (VGCCs) to vesicles [18]. The decreased
colocalization between Ca,2.1 and the synaptic vesicle protein
VGIuT1 (Fig. S10A, B) further supports RIM1 dysfunction caused by
the KO of Sh3rf3. The decrease in synaptic vesicles adjacent to
VGCCs suggests impaired vesicle docking/priming, which is
consistent with the results of electrophysiology (Fig. 4A-C) and
electron microscopy (Fig. 4D-F) and further links SH3RF3 loss to
impaired excitatory transmission. Besides, a previous study had
identified human RIM1 aa1135-1206 as the potential target of
SAD-B, and this region is correlated to RIM1 aa906-977 in mouse
[22], which might be the target region of mouse SAD-B.

Our study provides a comprehensive framework linking Sh3rf3
loss to autistic-like behaviors through behavioral, synaptic, and
molecular mechanisms. While Sh3rf3 is widely expressed, we
hypothesize region- and developmental stage-specific roles.
Future work should explore its functions in other social-behavior
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circuits (e.g., nucleus accumbens, amygdala) and their circuit-level
interactions. Whether additional pathways contribute to autistic
behaviors warrants further investigation.

In summary, this study establishes SH3RF3 as a critical regulator
of presynaptic function in the mPFC, linking its loss to autism-like
behaviors via disrupted BRSK1/RIM1 signaling and vesicle
dynamics. Departing from the field’s conventional focus on
postsynaptic mechanisms, the work uncovers a presynaptic origin
of excitatory/inhibitory (E/I) imbalance and proposes innovative
therapeutic strategies targeting synaptic vesicle release pathways
to restore neuronal communication.
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