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Abstract 

Background  Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized primarily by social def-
icits and repetitive behaviors. The mechanisms of ASD are complex and are not yet fully understood, although many 
ASD risk genes and mouse models have been reported. It has been suggested that deletion of PRRG4 (proline-rich 
and Gla domain 4) deletion may contribute to autism symptoms in patients with WAGR (Wilms’ tumor, aniridia, gona-
doblastoma, mental retardation) syndrome. The mouse model with PRRG4 gene deletion has not been reported so far. 
This study investigated whether brain-specific conditional knockout of PRRG4 induces ASD-like symptoms in mice 
by crossing the PRRG4fl/fl mice with Emx1-Cre mice, which express Cre in the cerebral cortex and hippocampus.

Results  The PRRG4 brain-specific knockout (PRRG4fl/fl-Cre+, PRRG4-CKO) mice exhibited social deficits, repeti-
tive behaviors, and anxiety-like symptoms compared to PRRG4fl/fl control mice according to the results of various 
behavioral tests. PRRG4 knockout led to the increase in total dendritic length, branching, and dendritic spine density 
in the pyramidal neurons of the cerebral cortex and hippocampus, as well as enhanced levels of synaptic proteins 
including SYP and PSD95. Immunoprecipitation experiment with PRRG4 antibodies showed dramatic decreased 
interaction of PRRG4 and MAGI2 proteins in brain tissues from PRRG4-CKO mice compared to PRRG4fl/fl control mice. 
GST-RBD pull-down assay showed a significant decrease in RhoA-GTP levels in the cerebral cortex and hippocampus 
of PRRG4-CKO mice.

Conclusions  Brain-specific conditional knockout of the PRRG4 in mice leads to ASD-like symptoms. PRRG4 protein 
may regulate dendritic and synaptic development in mice by activating RhoA through interaction with MAGI2. These 
findings provide evidence for a comprehensive understanding of PRRG4 function in vivo and support the association 
between PRRG4 loss and ASD phenotypes observed in WAGR syndrome.
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Introduction
Autism spectrum disorders (ASD) are widely recognized 
as a series of disorders caused by abnormalities in brain 
neurodevelopment [1]. The core symptoms of ASD are 
social deficits and repetitive behaviors [2]. ASD is often 
associated with comorbidities, such as intellectual dis-
ability and anxiety [3]. The global prevalence is approxi-
mately 1%, with male patients being 4–5 times more 
prevalent than females [2]. ASD typically begins to mani-
fest before the age of 3 and may persist throughout life. 
The pathogenesis of ASD is highly complex [4, 5]. Most 
research on ASD has focused on genetic mutations, 
and several risk genes associated with ASD have been 
identified.

It has been reported that the proline-rich and Gla 
domain 4 (PRRG4) gene may play a role in the develop-
ment of autism and neurodevelopment. WAGR (Wilms’ 
tumor, aniridia, gonadoblastoma, mental retardation) 
syndrome is a rare chromosomal disorder caused by a 
deletion of 11p14-p12, with clinical features including 
Wilms tumor, aniridia, genitourinary malformations, and 
intellectual disability. Over 20% of patients have autistic 
symptoms [6]. It is known that Wilms tumor/genitouri-
nary malformations and aniridia are caused by deletions 
of the WT1 and PAX6 genes, respectively, but the causes 
of intellectual disability and autistic symptoms remain 
unclear [6]. Some literature has speculated that autis-
tic symptoms may be related to deletions of SLC1A2 at 
11p13, PRRG4 at 11p13, or BDNF at 11p14.1 by compar-
ing the different phenotypes of individuals with different 
fragment deletions in 11p14-p12 (31 cases) [6]. Another 
literature has found that severe developmental disabili-
ties and autistic behaviors of WAGR syndrome are only 
shown when PAX6 or PRRG4 at 11p13 is deleted, by 
comparing the different phenotypes of individuals with 
different fragment deletions in 11p14-p12 (2 cases) [7]. 
Therefore, PRRG4 deletion is very likely to be the cause 
of autistic symptoms in patients with WAGR syndrome.

PRRG4 protein is one of the four members of PRRG 
family [8]. The PRRG family transmembrane proteins 
have a characteristic Gla (γ-carboxyglutamic acid) 
domain in the N-terminal extracellular region [8]. The 
intracellular region of PRRG4 protein mainly includes an 
SH3 domain binding motif and two WW domain bind-
ing motifs (PY motifs) [8, 9]. The PY motif of PRRG4 can 
bind to various WW domain-containing proteins, such as 
membrane-associated guanylate kinase 1 (MAGI1) [10], 
but the functional significance of the interaction between 
PRRG4 and MAGI1 is still unclear. PRRG4 and Dros-
ophila Comm are considered as functional homologs 
[11]. Although the overall amino acid sequence homol-
ogy between human PRRG4 and Drosophila Comm 
is low, their WW domain binding motifs are identical. 

Comm protein can regulate the extension and guidance 
of neuronal axons in Drosophila embryonic development 
[11], suggesting that the function of PRRG4 may be also 
required for embryonic neurodevelopment.

In this study, we investigated whether brain-specific 
conditional knockout of PRRG4 induces ASD-like symp-
toms and explored the underlying mechanisms by gen-
erating the PRRG4 brain-specific conditional knockout 
(CKO) mouse model.

Methods
Generation of PRRG4 Brain‑Specific Conditional Knockout 
Mice and Housing of the Experimental Mice
PRRG4fl/+ mice with a C57BL/6 background with LoxP 
sites flanking exon 3 of PRRG4 were generated by Gem-
Pharmatech Co., Ltd (Nanjing, China) using CRISPR-
Cas9 technology. Emx1-Cre mice (C57BL/6) were kindly 
provided by Dr. Jieguang Chen at Wenzhou Medical 
University. In this study, the Emx1 promoter was used 
to drive Cre expression in the cerebral cortex and hip-
pocampus. Studies have reported that the Emx1 pro-
moter specifically drives expression in the cerebral cortex 
and hippocampus of mice [12]. PRRG4fl/fl mice were 
obtained by mating PRRG4fl/+ mice with each other. 
PRRG4fl/+-Cre+ mice were obtained by mating Emx1-
Cre mice (i.e., Cre+ mice) with PRRG4fl/fl mice. PRRG4fl/

fl-Cre+ (PRRG4 brain-specific conditional knockout, 
referred to as PRRG4-CKO) mice and normal control 
PRRG4fl/fl mice were obtained by mating PRRG4fl/+-
Cre+ mice with PRRG4fl/fl mice. Mice were housed under 
12 h light/dark cycle, temperature 20℃−25℃, humid-
ity 40%−60%, with sufficient water and food. At the end 
of the experiment, all mice were euthanized using CO2 
followed by cervical dislocation. All animal experiments 
were approved by the Animal Care and Use Committee 
and Ethics Committee of Wenzhou Medical University 
(wydw2023-0214).

PCR Genotyping of Mice
Tail specimens were clipped from mice at 7–10 days after 
birth, DNA was extracted, and genotypes were identified 
by conventional PCR. To identify whether the PRRG4 
gene carries LoxP sites, a pair of primers F1/R1 was 
designed upstream and downstream of the 5’LoxP site. 
To identify Cre+ mice, in addition to F1/R1 primers, a 
pair of primers F2/R2 located upstream and downstream 
of the Cre gene was designed. Primer sequences from 5’ 
to 3’: F1: CTG​CCA​GGA​AAG​AAG​AGT​AGG​ACA​, R1: 
TTA​CCC​ATT​CAG​CTG​TCT​CCCCA, F2: ATG​TCC​
AAT​TTA​CTG​ACC​G, R2: CGC​CGC​ATA​ACC​AGT​GAA​
AC.
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qPCR Detection of PRRG4 mRNA Expression in Mouse Brain
Mice at postnatal day 10 were anesthetized by inhalation 
of 1.5% isoflurane, and the cerebral cortex and hippocam-
pus tissues were immersed in an appropriate amount of 
RNA Keeper Tissue Stabilizer (Vazyme, Nanjing, China) 
to inactivate endogenous RNase in the tissues. RNA was 
extracted after homogenization. The extracted RNA was 
reversely transcribed into cDNA for qPCR. A pair of 
qPCR primers was designed upstream and downstream 
of the third exon of PRRG4 mRNA. Reaction conditions: 
95℃ 10 s, 55℃ 30 s, 95℃ 5  s, 40 cycles. qPCR primer 
sequences from 5’ to 3’: PRRG4-F: CCA​CTT​CTG​ATC​
GTA​CTC​AGCC, PRRG4-R: GCG​GTG​CAT​AAA​GAT​
GTT​TGCT, GAPDH-F: TGG​CCT​TCC​GTG​TTC​CTA​C, 
GAPDH-R: GAG​TTG​CTG​TTG​AAG​TCG​CA.

Immunofluorescence Detection of PRRG4 Protein Level 
in Mouse Brain
Mice at postnatal day 0 were anesthetized by inhalation 
of 1.5% isoflurane, perfused with 4% paraformaldehyde 
solution, and the complete brain tissue was separated and 
fixed in 4% paraformaldehyde solution at 4℃ overnight. 
The required parts were cut along the coronal plane with 
a brain mold, dehydrated with 30% sucrose solution, 
embedded in OCT embedding agent, snap-frozen in liq-
uid nitrogen, and then transferred to −80℃ for long-term 
storage. Tissue sections (14 μm) of the cerebral cortex 
and hippocampus were cut, and after the OCT was com-
pletely dried, they were stored at −30℃ for long-term 
storage. Sections were taken out from −30℃, blocked 
after antigen retrieval. Primary rabbit anti-PRRG4 anti-
bodies (1:100, cat. no. HPA009040, Sigma, Massachu-
setts, USA) were added and incubated at 4℃ overnight. 
Secondary antibody (Alexa Fluor 488 labeled anti-rabbit 
IgG, Beyotime Biotechnology, Jiangsu, China) was added 
and incubated at room temperature for 2 h in the dark. 
Nuclei were stained with DAPI (Beyotime Biotechnol-
ogy) for 4  min. Anti-fluorescence quenching agent was 
added to the tissue sections, which were covered by 
coverslips and imaged under a laser scanning confocal 
microscope.

Three‑Chamber Test for Assessing Social Ability and Social 
Novelty of Mice
The three-chamber test device was a rectangular box 
(length × width × height: 60 × 40 × 30 cm), which was 
divided into three small chambers by partitions, with 5 × 
5 cm openings in the partitions. A mouse restraint cage 
(diameter 8 cm, height 10 cm) was placed in each of the 
side chambers. The experiment was divided into three 
stages: habituation stage, social ability test stage, and 
social novelty test stage. In the habituation stage, both 

sides were empty cage E, and experimental mice (2–3 
months old, 10–11 mice/group) were placed in the mid-
dle chamber and allowed to freely explore the two empty 
cages for 10 min. In the social ability test stage, a non-
littermate wild-type mouse (Stranger1, S1) was placed in 
a cage on one side, and the other side was still an empty 
cage E. The experimental mice were allowed to freely 
explore the cage with the stranger mouse S1 and the 
empty cage E for 10 min. In the social novelty test stage, 
another non-littermate wild-type mouse (Stranger2, S2) 
was placed in the other side cage. The experimental mice 
were allowed to freely explore the cage with the familiar 
mouse S1 and the cage with the stranger mouse S2 for 10 
min. The movement trajectories of all experimental mice 
were recorded by a video system, and the time spent by 
the experimental mice in different chambers and cages 
during different stages was analyzed using behavioral 
analysis software. Sniffing, direct contact, or climbing the 
cage by the mice were all counted as cage contact time.

Marble Burying Test and Repetitive Behavior Test 
for Assessing Stereotypic and Repetitive Behavior in Mice
Before the marble burying test, clean corn cob (5 cm 
thick) bedding was spread evenly in the cage (45 × 30 
× 25 cm). Different colored glass marbles (~ 1.6 cm) were 
randomly placed on top of the bedding. Photos were 
taken to record the original state of the marbles. Then, 
2–3 months old experimental mice (10–11 mice/group) 
were placed in the cage for 30 min. Photos were taken to 
record the marble burying by the mice. The number of 
buried marbles was counted when more than 2/3 of the 
marble surface area was covered by the bedding.

The repetitive behavior test was to observe the spon-
taneous stereotypic and repetitive behavior of mice in a 
familiar environment. Experimental mice (2–3 months 
old, 10–11 mice/group) were placed in their daily liv-
ing cages and allowed to acclimate for 15 min. Videos 
were recorded to assess the repetitive grooming by the 
experimental mice within 10 min. Grooming behaviors 
included grasping the face, head, or body with two fore-
limbs, or licking body parts.

Elevated Cross Maze Test and Open Field Test for Assessing 
Anxiety Behavior in Mice
The elevated cross maze device was 60 cm above the 
ground. The horizontal and vertical lengths of the cross-
shaped maze were both 50 cm, representing the open 
and closed arms, respectively. At the beginning of the 
experiment, experimental mice (2–3 months old, 10–11 
mice/group) were placed into the maze from one side 
of the closed arm, facing away. The test time was 5 min. 
The movement of the mice in the maze, and the time 
and number of entries into different arms were recorded. 
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Finally, the anxiety of the mice was assessed by analyzing 
the time and number of entries into the open arms using 
behavioral analysis software.

The open field test was performed in a 40 × 40 × 40 cm 
experimental box. Experimental mice (2–3 month olds, 
10–11 mice/group) were placed in the center of the box, 
and their movement trajectories were recorded by video 
for 10 min. Behavioral analysis software was used to ana-
lyze the movement distance of the mice to assess their 
motor ability, and the time spent by the mice in the cen-
tral area of the open field was mainly analyzed to assess 
their anxiety status.

Golgi Staining to Detect Dendritic Morphology 
of Pyramidal Neurons in Mouse Brain
After anesthetizing mice (3 months old, 3 male mice/
group) with 1.5% isoflurane inhalation, complete brain 
tissue was dissected. A Golgi staining kit (FD Neurotech, 
Columbia, MD, USA) was used according to the manu-
facturer’s instructions. The brain tissue was immersed in 
a mixture of solution A and solution B (1:1) and placed 
at room temperature in the dark for two weeks. It was 
then transferred to solution C and placed at room tem-
perature in the dark for 3 days, and placed at −80℃ for 
at least 1 h. Brain tissue was taken out from −80℃, and 
100 µm cerebral cortex and hippocampal sections were 
cut and air-dried naturally at room temperature in the 
dark. The sections were placed in a mixture of solution 
D, solution E, and ddH2O (1:1:2) for 10 min for alkaliza-
tion. After dehydrated with ethanol and permeated with 
xylene, the sections were covered with coverslips. Micro-
scopic images were taken.

The Neuroanatomy-SNT plugin in Image J software 
was used to visualize neurons, track neuronal dendrites, 
and measure the total dendritic length of each pyramidal 
neuron. The Neuroanatomy-Sholl plugin in Image J soft-
ware was used to analyze the visualized neurons. Con-
centric circles with a 10 μm radial increment were drawn 
with the cell body as the origin. The number of intersec-
tions of each pyramidal neuron dendrite on all concen-
tric circles was used as the result of dendritic branching. 
Image J software was used to count the number of spines 
on the dendrites, and the Segmented line plugin in Image 
J software was used to measure the dendritic length. The 
number of spines per 10 μm dendritic length was used as 
the dendritic spine density.

Immunoblotting
After anesthetizing mice (6 male mice/group, 3  months 
old) with 1.5% isoflurane inhalation, complete fresh 
brain tissue was dissected, and the cerebral cortex and 
hippocampal tissues were further separated. Brain tis-
sues were homogenized in RIPA buffer (Beyotime 

Biotechnology), lysed at 4℃ for 30 min, and centrifuged 
at 12,000 g for 20 min. The supernatant lysates were 
analyzed by the BCA method, separated by SDS-PAGE 
electrophoresis, transferred to PVDF membrane, and 
immunoblotted with corresponding primary antibod-
ies including anti-PSD95 antibody (1:2000; cat. no. 
3450; Cell Signaling Technology), anti-SYP antibody 
(1:8000; cat. no. A6344; ABclonal Technology, Wuhan, 
China), anti-MAGI2 antibody (1:5000; cat. no. 25189–1-
AP; Proteintech, Wuhan, China), anti-RhoA antibody 
(1:1000; cat. no. SAB4501661; Sigma), anti-β-actin anti-
body (1:2000; cat. no. 3700; Cell Signaling Technology), 
and incubated at 4℃ overnight. Secondary antibodies 
were added, including HRP-labeled anti-mouse antibody 
(1:5000; cat. no. A0216; Beyotime Biotechnology) or 
HRP-labeled anti-rabbit antibody (1:5000; cat. no. A0239; 
Beyotime Biotechnology), and incubated at room tem-
perature for 1 h. The immunoblots were developed using 
ECL reagent. Band densitometry analysis was performed 
using Image Lab software.

Generation of SH‑SY5Y Cells Overexpressing PRRG4
HEK293T17 cells were co-transfected with recombinant 
lentiviral plasmid pCDH-PRRG4-Flag, or empty vec-
tor plasmid pCDH together with the packaging plasmid 
pSPAX2, and pMD2G. Lentiviral supernatants were har-
vested 48 h post transfection, and used to infect human 
neuroblastoma cell line SH-SY5Y purchased from ATCC 
in the presence of 8 μg/mL polybrene. The medium was 
changed after 16 h of infection, and 1.0 μg/mL puromy-
cin was added to the culture dish 6–8 h later.

Preparation and Purification of His‑PRRG4 Antigen Protein
IPTG was used to induce host bacteria to express His-
tagged mouse PRRG4 antigen protein (aa135-226) by the 
PET-28a vector: Bacteria culture was induced with IPTG 
(final concentration 1 mmol/L) at 37℃ for 4 h, and cen-
trifuged at 4℃, 4000 rpm for 10 min. The bacteria pel-
lets were fully resuspended in denaturing lysis buffer 
containing 8  M urea and 2  mM PMSF and broken by 
ultrasonic disruption. The resin of the nickel column was 
mixed with the denatured PRRG4 protein and incubated 
on a 4℃ rotary shaker overnight. The resin was repeat-
edly washed with denaturing lysis buffer and eluted with 
denaturing elution buffer. The eluted denatured PRRG4 
protein was renatured by dialysis using PBS.

Purification of Rabbit Anti‑Mouse PRRG4 Polyclonal 
Antibody
To prepare the PRRG4 affinity column, purified PRRG4 
antigen (~ 1  mg) was covalently crosslinked to the Sul-
foLink™ Coupling Resin (Thermo Fisher, Massachusetts, 
USA) according to the manufacturer’s instruction. Rabbit 
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sera from rabbits immunized with His-tagged mouse 
PRRG4 protein (aa135-226) were generated by HUABIO 
(Hangzhou, China). PRRG4 serum (2 ml) was added to 
the PRRG4 affinity column and incubated with rotation 
at 4℃ overnight. The bound PRRG4 antibodies were 
washed and eluted with 100 mM glycine, pH 2.5.

Co‑Immunoprecipitation
Cell samples were lysed with lysis buffer containing 50 
mM Tris, pH 7.4, 150 mM NaCl, 1% Triton X-100, 20 
mM beta-glycerol, 10 mM NaF, 2 mM Na3VO4, and pro-
tease inhibitor cocktail (Bimake, Houston, USA). Fresh 
cerebral cortex and hippocampal tissue samples from 
mice (3 male mice/group, 3  months old) were homoge-
nized and lysed with the lysis buffer at 4℃ with rotation 
for 1  h, and clarified by centrifugation. Purified PRRG4 
antibodies (or negative control rabbit antibody IgG) were 
added at 0.6 µg antibody/1 × 106 cell lysate or 1.0 µg anti-
body/1 mg tissue lysate and incubated for 2 h, followed 
by addition of 10 µL protein A agarose bead (50% slurry) 
and overnight at 4℃. Then, protein A agarose beads were 
washed with lysis buffer for 5 times, boiled with 1 × SDS 
loading buffer at 95℃ for 5 min, and detected by immu-
noblotting with PRRG4 and MAGI2 antibodies.

GST‑RBD Pull‑down Assay to Detect Activated RhoA 
(RhoA‑GTP) Content
pGEX-6p-1-GST-RBD plasmid expressing the GST-
tagged Rho-binding domain of Rhotekin (GST-RBD) 
fusion protein was transformed into BL21 host bacteria. 
The cultured BL21 bacteria were induced with 0.5 mM 
IPTG for 2 h at 30 °C, pelleted by centrifugation, resus-
pended in TBS buffer containing 1% Triton X-100, 10 
mM DTT, 2  mM PMSF, 300 µg/ml lysozyme, 10 mM 
MgCl, and 100 µM Dnase I, and sonicated. The broken 
bacteria lysate was clarified by centrifugation, and was 
incubated with glutathione (GT) agarose (Ca#16,100, 
Thermo Fisher) at 4  °C for 90 min. The purified GST-
RBD protein on the GT beads were washed with TBS 5 
times and stored on ice temporarily. Fresh cerebral cor-
tex and hippocampal tissue samples from mice (3 male 
mice/group, 3 months old) were homogenized and lysed 
with buffer B (1% Triton X-100, 0.5% deoxycholate, 200 
mM NaCl, 5 mM MgCl2, 10 mM Tris–Cl pH 7.5) (freshly 
added 2  mM PMSF and 1% protease inhibitors Cock-
tail) at 4℃ with rotation for 0.5 h. After centrifugation at 
4 °C, 12,000 g for 20 min, the supernatant was added to 
GST-RBD (~ 50 µg) GT beads and incubated at 4 °C with 
rotation for 1 h. After centrifugation, the GT beads were 
washed with buffer B five times, and boiled in 100 μL 1 × 
SDS lysis buffer. GST-PBD pulldowns and input control 

were analyzed by western blot using RhoA antibody 
(1:1000, cat. no. SAB4501661, Sigma).

Statistical Analysis
GraphPad Prism 9.0 software was used for statistical 
analysis. T-test was used to compare the means between 
two groups, and ANOVA was used to compare the 
means between two groups in three or more groups. Var-
iance homogeneity was tested first. If the variance was 
homogeneous, Tukey was used to calculate the P value; if 
the variance was heterogeneous, Tamhane’s T2 was used 
to calculate the P value. P < 0.05 indicated a significant 
difference.

Results
Generation of Mice with Brain‑Specific Conditional 
Knockout of PRRG4 (PRRG4‑CKO)
To construct PRRG4 brain-specific conditional knockout 
mice, we used the Cre-LoxP recombinase system to con-
ditionally knock out the PRRG4. The CRISPR/Cas9 gene 
editing system was used to insert LoxP sites on both sides 
of exon 3 (E3) of PRRG4 in the C57BL/6J mouse genome, 
and then the floxed mice were mated with Emx1-Cre 
mice. The Emx1 promoter drives Cre expression spe-
cifically in the cerebral cortex and hippocampus of mice 
[12] (Fig.  1A). F1/R1 PCR primers were used to iden-
tify whether PRRG4 carries the wild type (+) and floxed 
allele respectively. The results showed that wild-type 
(PRRG4+/+) mice only displayed a 409 bp band, PRRG4fl/fl 
mice only exhibited a 513 bp band with the floxed alleles, 
and PRRG4fl/+ mice showed the 513 bp and 409 bp bands 
simultaneously (Fig. 1B). In addition, PCR F2/R2 primers 
were used to identify the presence of Cre+ allele in mice, 
which yielded a 353 bp band (Fig. 1C). Genotyping using 
both F1/R1 and F2/R2 primers were able to identify the 
PRRG4fl/fl-Cre+ (PRRG4-CKO) and PRRG4fl/fl control 
mice, respectively (Fig. 1C).
PRRG4 knockout in PRRG4-CKO mice was further 

verified by examining the PRRG4 mRNA and protein 
levels in the cerebral cortex and hippocampus tissues 
from PRRG4fl/fl and PRRG4-CKO mice at postnatal day 
10. qPCR was used to detect mRNA levels. The results 
showed that PRRG4 mRNA was almost undetect-
able in the cerebral cortex and hippocampus tissues of 
the PRRG4-CKO group, which was significantly lower 
than the level in the control PRRG4fl/fl group (p < 0.001) 
(Fig.  1D). Based on the difference in PRRG4 mRNA 
levels in the brain tissues of the PRRG4fl/fl and PRRG4-
CKO groups, the excision efficiency of Cre recombinase 
was approximately 83% in the cerebral cortex tissue and 
92% in the hippocampus tissue (Fig.  1D). Immunofluo-
rescence was used to detect PRRG4 protein levels. The 
results showed that high levels of PRRG4 fluorescence 
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signals were detected in the cerebral cortex and hip-
pocampus regions of PRRG4fl/fl mice, while PRRG4 flu-
orescence signals were very low in the corresponding 
regions of PRRG4-CKO mice (Fig. 1E). The above results 
indicated that PRRG4 was specifically knocked out in 
the cerebral cortex and hippocampus regions of mice. 
PRRG4-CKO mice were born at the expected mendelian 
ratio, remained viable, and apparently healthy during the 
course of this study (data not shown).

Male and Female PRRG4‑CKO Mice Exhibit Social Behavior 
Deficits
Social communication and interaction difficulty is one 
of the core ASD symptoms. The three-chamber test was 
used to assess the social ability and novelty of mice. In 
the habituation stage, the movements of all mice were 
normal, and there was no significant preference (data not 
shown). In the social ability testing stage, the movement 

trajectories of experimental mice contacting the cage 
with the stranger mouse S1 and the empty cage E were 
observed (Fig.  2A). The statistical results revealed that 
both PRRG4fl/fl and PRRG4-CKO mice, regardless of 
sex, spent significantly more time contacting the S cage 
than the E cage (p < 0.001) (Fig. 2B, C). However, PRRG4-
CKO mice, regardless of sex, spent significantly less time 
contacting the S1 cage than PRRG4fl/fl mice (p < 0.01) 
(Fig.  2B, C). In addition, PRRG4-CKO mice, regardless 
of sex, had significantly lower social ability index than 
PRRG4fl/fl mice (p < 0.05) (Fig. 2D).

In the social novelty testing stage, the movement tra-
jectories of experimental mice contacting the cage with 
the stranger mouse S2 and the cage with the famil-
iar mouse S1 were monitored (Fig.  2E). The statistical 
results showed that both PRRG4fl/fl and PRRG4-CKO 
mice, regardless of sex, spent longer time contacting the 
S2 cage than the S1 cage (p < 0.001 or p < 0.01) (Fig. 2F, 

Fig. 1  Generation of mice with brain-specific conditional knockout of PRRG4 (PRRG4-CKO). A Schematic diagram of knockout PRRG4 (Exon 3) 
using Emx1-Cre. B Genotyping of PRRG4fl/fl and PRRG4fl/+ mice by conventional PCR. C Genotyping of PRRG4-CKO mice by conventional PCR. D 
qPCR detection of PRRG4 mRNA levels in the cerebral cortex and hippocampus tissues of PRRG4fl/fl and PRRG4-CKO mice (3 male mice/group). E 
Immunofluorescence detection of PRRG4 protein levels in the cerebral cortex and hippocampus tissues of PRRG4fl/fl and PRRG4-CKO mice (scale 
bar: left first column, 200 μm; second to fourth columns, 50 μm). Note: ***: p < 0.001. After generating the PRRG4-CKO mice, we assessed various 
behavioral, morphological, and molecular characteristics to evaluate the impact of PRRG4 knockout on ASD-like symptoms
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G). However, male PRRG4-CKO mice spent significantly 
less time contacting the S2 cage than male PRRG4fl/fl 
mice (p < 0.05) (Fig. 2F). In contrast, there was no signifi-
cant difference in the time spent contacting the S2 cage 

between female PRRG4-CKO mice and female PRRG4fl/

fl mice (Fig. 2G). In addition, there was no significant dif-
ference in the social novelty index between PRRG4-CKO 
and PRRG4fl/fl mice, regardless of sex (Fig. 2H).

Fig. 2  Male and female PRRG4-CKO mice exhibit social behavior deficits. A Movement trajectory diagrams of male and female PRRG4fl/fl 
and PRRG4-CKO mice during the social ability test stage. B, C Statistical analysis of the time spent contacting the S1 cage and the E cage by male 
(B) and female (C) PRRG4fl/fl and PRRG4-CKO mice during the social ability test stage. D Statistical analysis of the social ability index, social ability 
index = time spent contacting S1 cage/(time spent contacting S1 cage + time spent contacting E cage). E Movement trajectory diagrams of male 
and female PRRG4fl/fl and PRRG4-CKO mice during the social novelty test stage. F, G Statistical analysis of the time spent contacting the S1 cage 
and the S2 cage by male (F) and female (G) PRRG4fl/fl and PRRG4-CKO mice during the social novelty test stage. H Statistical analysis of the social 
novelty index, social novelty index = time spent contacting S2 cage/(time spent contacting S2 cage + time spent contacting S1 cage). Note: 
the numbers of experimental mice in each group (10–11 mice/group) were indicated on the bar. S1 or S2: mouse S1 or S2, E: empty; ***: p < 0.001, 
**: p < 0.01, *: p < 0.05, ns: no significant statistical difference
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Male and Female PRRG4‑CKO Mice Display Stereotypic 
and Repetitive Behaviors
Restricted and repetitive behavior is another core ASD 
symptom. In the marble burying test, neither male nor 
female PRRG4fl/fl mice showed significant responses to 
the glass marbles on the bedding surface, and the over-
all positions of the unburied glass marbles were relatively 
neat (Fig.  3A). However, both male and female PRRG4-
CKO mice showed significant responses to the glass 
marbles, and most of the glass marbles were buried by 
the mice with bedding (Fig.  3A). The statistical analysis 
showed that PRRG4-CKO mice buried significantly more 
glass marbles than PRRG4fl/fl mice, regardless of sex (p < 
0.01 or p < 0.05) (Fig. 3B).

In the repetitive behavior test, the time spent by the 
mice on self-grooming within 10 min was used to assess 
stereotypic and repetitive behaviors. Statistical analysis 
of the results showed that the average grooming time 
of PRRG4-CKO male mice (70.65 s) was significantly 

higher than the average grooming time of PRRG4fl/fl male 
mice (31.99 s) (p < 0.05) (Fig. 3C). Similarly, the average 
grooming time of PRRG4-CKO female mice (51.33 s) was 
significantly higher than the average grooming time of 
PRRG4fl/fl female mice (23.18 s) (p < 0.05) (Fig. 3C).

Male PRRG4‑CKO Mice Manifest Anxiety Symptoms
Anxiety is a very common comorbidity in individuals 
with ASD. In the elevated cross maze test, the move-
ment trajectories of mice in the open and closed arms 
were recorded to assess anxiety levels (Fig. 4A). Anxious 
mice have a fear of height and do not like to enter the 
elevated open arms. The statistical results showed that 
male PRRG4-CKO mice spent significantly less time with 
less entries into the open arms than male PRRG4fl/fl mice 
(p < 0.01, p < 0.05) (Fig. 4B, C). In contrast, there was no 
significant difference in the time and number of entries 
into the open arms between female PRRG4-CKO and 
PRRG4fl/fl mice (Fig. 4B, C).

Fig. 3  Male and female PRRG4-CKO mice display stereotyped repetitive behaviors. A Representative images of glass marble buried by male 
and female PRRG4fl/fl and PRRG4-CKO mice in the marble burying test. B Statistical analysis of the specific number of buried glass marbles. C 
Statistical analysis of the time spent on self-grooming by male and female PRRG4fl/fl and PRRG4-CKO mice. Note: the numbers of experimental mice 
in each group (10–11 mice/group) were indicated on the bar. **: p < 0.01, *: p < 0.05
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Fig. 4  Male PRRG4-CKO mice manifest anxiety symptoms. A Movement trajectory diagrams of male and female PRRG4fl/fl and PRRG4-CKO mice 
in the elevated cross maze test. B Statistical analysis of the time spent entering the open arms of the elevated cross maze. C Statistical analysis 
of the number of entries into the open arms of the elevated cross maze. D Movement trajectory diagrams of male/female PRRG4fl/fl and PRRG4-CKO 
mice in the open field test. E Statistical analysis of the total distance traveled in the open field. F Statistical analysis of the time spent staying 
in the central area of the open field. Note: the numbers of experimental mice in each group (10–11 mice/group) were indicated on the bar. **: p < 
0.01, *: p < 0.05, ns: no significant difference
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In the open field test, another anxiety test, the move-
ment trajectories of mice in the open field were recorded 
to assess anxiety levels (Fig.  4D). Anxious mice have 
avoidance behavior and do not like to stay in the cen-
tral area of the open field. The statistical results showed 
that there was no significant difference in the total dis-
tance traveled in the open field between PRRG4-CKO 
and PRRG4fl/fl mice, regardless of sex (Fig.  4E), indicat-
ing that loss of PRRG4 did not affect the motor ability 
of the mice. Importantly, male PRRG4-CKO mice spent 
significantly less time in the central area of the open field 
(red box) than male PRRG4fl/fl mice (p < 0.01) (Fig. 4F). In 
contrast, there was no significant difference in the time 
spent in the central area of the open field between female 
PRRG4-CKO and PRRG4fl/fl mice (Fig.  4F). The results 
of both tests showed that male PRRG4-CKO mice had 
anxiety symptoms, and the ASD-like behaviors of male 
PRRG4-CKO mice were more pronounced than in female 
PRRG4-CKO mice.

Pyramidal Neurons Exhibit Abnormal Dendritic 
Morphology in the Cerebral Cortex and Hippocampus 
of PRRG4‑CKO Mice
Considering the important role of neuronal dendritic 
abnormalities in ASD pathogenesis [13], we wanted to 
explore whether PRRG4 knockout affects the dendritic 
morphology of cerebral cortex and hippocampal neu-
rons. Golgi staining was used to visualize dendritic arbo-
rization and dendritic spines of neurons in brain tissues 
(Fig.  5A). The dendritic trees of pyramidal neurons in 
cerebral cortex and hippocampus were reconstructed in 
two dimensions using the Image J plugin, and representa-
tive images were shown in Fig. 5B. Statistical analysis of 
the results showed that PRRG4-CKO mice exhibited sig-
nificantly increased total dendritic length per pyramidal 
neuron in the cerebral cortex and hippocampus com-
pared to PRRG4fl/fl mice (p < 0.05, p < 0.01) (Fig. 5C). The 
Image J plugin was also used to analyze the complexity 
of pyramidal neuron dendritic branching (Fig.  5D). Sta-
tistical analysis of the results showed that PRRG4-CKO 
mice displayed a significant increase in the number of 

dendritic branches of pyramidal neurons, in the cerebral 
cortex at 70–110 μm from the cell body (p < 0.05 or p < 
0.01) and in the hippocampus at 50–110 μm from the 
cell body (p < 0.05 or p < 0.01 or p < 0.001), compared 
to PRRG4fl/fl mice (Fig.  5E). In addition, dendritic spine 
density of Golgi-stained cerebral cortex and hippocampal 
pyramidal neurons were also analyzed (Fig. 5F). Statisti-
cal analysis of the results showed that PRRG4-CKO mice 
showed significantly increased dendritic spine density 
in cerebral cortex and hippocampal pyramidal neurons 
compared to PRRG4fl/fl mice (p < 0.001) (Fig. 5G).

The Levels of Synaptic Proteins SYP and PSD95 Proteins are 
Increased in the Cerebral Cortex and Hippocampal Tissues 
of PRRG4‑CKO Mice
Presynaptic membrane protein SYP and postsynap-
tic membrane protein PSD95 play crucial roles in the 
development and function of neuronal synapses [14, 
15]. Immunoblotting was used to detect the levels of 
presynaptic membrane protein SYP and postsynaptic 
membrane protein PSD95 in the cerebral cortex and hip-
pocampus tissues of mice (Fig.  6A). The results showed 
the levels of synaptic proteins SYP and PSD95 were 
increased in both the cerebral cortex and hippocampus 
tissues of PRRG4-CKO mice compared to PRRG4fl/fl mice 
(p < 0.05 or p < 0.01) (Fig.  6B, C). Since the increased 
PSD-95 protein levels often correlate with increased den-
dritic spine density [16], our data suggest that PRRG4 
knockout may lead to the increased dendritic spine den-
sity (Fig. 5F, G) by enhancing PSD95 protein levels.

PRRG4 Interacts with and MAGI2 in SH‑SY5Y Cell and in the 
Cerebral Cortex and Hippocampal Tissues of PRRG4fl/fl Mice
It has been reported that PRRG4 can bind to membrane-
associated guanylate kinase 1 (MAGI1) [10]. MAGI2, also 
a member of the MAGI family proteins, can interact with 
various synapse-related proteins in neuronal synapses 
[17]. Therefore, we hypothesized that PRRG4 may regu-
late synaptic development by interacting with MAGI2. 
Immunoprecipitation of lysates from SH-SY5Y cells with 
vector or PRRG4 overexpression using purified PRRG4 

Fig. 5  Pyramidal neurons exhibit abnormal dendritic morphology in the cerebral cortex and hippocampus of PRRG4-CKO Mice. A Microscopic 
photographs of Golgi-stained mouse brain tissue (scale bar: 500 μm). B Representative images of two-dimensional reconstruction of the dendritic 
trees of pyramidal neurons in cerebral cortex and hippocampus of mice using the Image J plugin (scale bar: 100 μm). C Statistical analysis 
of the average total dendritic length per pyramidal neuron in the cerebral cortex and hippocampus of mice (3 male mice/group, 6 neurons 
analyzed per mouse). D Schematic diagram of analyzing the complexity of pyramidal neuron dendritic branching using the Image J plugin. E 
Statistical analysis of the number of dendritic branches of pyramidal neurons in the cerebral cortex and hippocampus of mice (3 male mice/
group, 6 neurons analyzed per mouse). F Representative images of dendritic spine density of Golgi-stained pyramidal neurons in the cerebral 
cortex and hippocampus of mice (scale bar: 10 μm). G Statistical analysis of the dendritic spine density of pyramidal neurons in the cerebral 
cortex and hippocampus of mice (3 male mice/group, 12 neuron dendrites analyzed per mouse). Note: ***: p < 0.001, **: p < 0.01, *: p < 0.05, ns: 
no significant difference

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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antibodies showed that the purified PRRG4 antibodies 
immunoprecipitated PRRG4 protein (Fig.  7A). In addi-
tion, PRRG4 antibodies co-immunoprecipitated MAGI2 
(Fig.  7B). More importantly, co-immunoprecipitation 
experiments showed that PRRG4 and MAGI2 were co-
immunoprecipitated in lysates from cerebral cortex and 
hippocampus tissues of PRRG4fl/fl mice, whereas the 
co-immunoprecipitation of PRRG4 and MAGI2 was 
very low in brain tissue samples of PRRG4-CKO mice 
(Fig. 7C). There was no significant difference in MAGI2 
protein content in the cerebral cortex and hippocampus 
tissues between PRRG4-CKO mice and PRRG4fl/fl mice 
(Fig. 7D, E).

The Level of Activated RhoA is Decreased in the Cerebral 
Cortex and Hippocampus Tissues of PRRG4‑CKO Mice
It has been reported that knockout of MAGI2 leads to a 
decrease in the content of activated RhoA (RhoA-GTP) 
[18]. Considering that PRRG4 interacted with MAGI2 
(Fig. 7C), we hypothesized that knockout of PRRG4 may 
affect RhoA activation levels. To verify our hypothesis, 
we used the GST-RBD pull-down assay to detect RhoA-
GTP levels in the cerebral cortex and hippocampus tis-
sues of mice. RBD (Rho-binding domain of Rhotekin) 
can specifically bind to RhoA-GTP. The results showed 
that the relative content of RhoA-GTP in the brain tis-
sues of PRRG4-CKO mice was approximately 40% lower 
than that in the brain tissues of PRRG4fl/fl mice (p < 
0.05) (Fig.  8A, B), indicating that knockout of PRRG4 
decreased RhoA activation.

Discussion
Although the etiology of ASD is not fully understood, 
increasing evidence suggests that genetic factors play a 
key role in the development of ASD [19]. ASD risk genes 
mainly encode proteins related to neuronal synaptic 
function, gene transcription, and chromatin remodeling 
[20]. AutDB (http://​www.​minds​pec.​org/​autdb.​html) or 
named SFARI (Simons Foundation Autism Research 
Initiative) (https://​gene.​sfari.​org) is real-time updated 
autism databases [21]. As of October 9, 2024, there were 
1109 ASD-related genes (genes with rare single-gene 
mutations previously reported to be associated with 
ASD), of which 234 genes with the highest score, and 17 
ASD-related copy number variation CNV loci (such as 
15q11-q13 duplication, 16p11.2 deletion or duplication) 
had been recorded. The deletion of the PRRG4 gene in 
the current study has not been recorded in the SFARI 
Gene database.

ASD gene-edited mouse models typically exhibit core 
ASD symptoms, such as social deficits and repetitive 
behaviors [22, 23]. As of October 9, 2024, the SFARI 
Gene database has included ASD gene-edited mouse 
models of 102 high-risk genes, 131 medium-risk genes, 
16 low-risk genes, and 6 CNV loci. The mouse model 
with PRRG4 knockout in our study has not been reported 
so far. Our results showed that brain-specific conditional 
knockout of PRRG4 in mice led to ASD-like symptoms 
(Figs.  2, 3, 4, 9). However, the social novelty deficits 
and the anxiety symptoms of male PRRG4-CKO mice 
were more pronounced than in female PRRG4-CKO 
mice (Figs. 2, 4). This is similar to the gender difference 

Fig. 6  Levels of synaptic proteins SYP and PSD95 are increased in the cerebral cortex and hippocampal tissues of PRRG4-CKO mice. A 
Immunoblotting detection of SYP and PSD95 protein levels in the cerebral cortex and hippocampus tissues of mice. B, C Quantitative statistical 
analysis of the gray values of SYP and PSD95 protein levels (6 male mice/group). Note: **: p < 0.01, *: p < 0.05

http://www.mindspec.org/autdb.html
https://gene.sfari.org
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observed in ASD patients. ASD exhibits a notable sex dif-
ference with a 4:1 male to female prevalence ratio with 
largely unknown mechanistic understanding [2,  24]. In 
the partially deleted SHANK3 mouse model, the ASD 

like symptoms were more pronounced in male mice than 
in females [25]. In the UBE3A-overexpressing mouse 
model of ASD, it was reported that male mice exhibited 
greater impairments in social communication compared 

Fig. 7  PRRG4 interacts with and MAGI2 in SH-SY5Y cell and in the cerebral cortex and hippocampal tissues of PRRG4fl/fl mice. A 
Immunoprecipitation of PRRG4 in SH-SY5Y cells transduced with empty and PRRG4 overexpression vector using purified PRRG4 antibodies. 
B Co-immunoprecipitation detection of the interaction between PRRG4 protein and MAGI2 protein in SH-SY5Y cells. Immunoprecipitation 
was performed using purified PRRG4 antibodies in SH-SY5Y cells transduced with empty and PRRG4 overexpression vector followed 
by immunoblotting using PRRG4 and MAGI2 antibodies. C Co-immunoprecipitation detection of the interaction between PRRG4 and MAGI2 
in mouse brain tissue. Lysates from the cerebral cortex and hippocampus tissues of PRRG4fl/fl and PRRG4-CKO mice were subjected 
to immunoprecipitation using purified PRRG4 antibodies or normal rabbit IgG as the negative control, followed immunoblotting using PRRG4 
and MAGI2 antibodies. D Immunoblotting of MAGI2 content in the cerebral cortex and hippocampus tissues of mice. E Quantitative statistical 
analysis of MAGI2 protein (6 male mice/group). Note: ns: no significant difference
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to females [24], which was attributed to the defective 
androgen signaling in the male mice [24]. Likewise, the 
CRMP4 knockout mice displayed ASD characteristics, 
which were more severe in male mice than in females 
[26]. The mRNA levels of some genes related to neuro-
transmission and cell adhesion were altered in the brain 
of CRMP4 knockout mice, mostly in a gender-dependent 
manner [26]. Future studies are needed to elucidate the 
mechanism by which PRRG4-CKO mice display sexually 
dimorphic ASD phenotypes.

The pathogenic mechanism of ASD is mainly related 
to neuronal synapse and circuit abnormalities during 
cerebral cortex development. Studies have revealed the 
importance of cerebral cortex developmental abnor-
malities in ASD. The frontal cortex of the brain controls 
higher cognitive processes, such as decision-making, 
planning, learning, memory, emotion, social behavior, 
and communication [27]. Due to social and emotional 
impairments in ASD patients, the frontal cortex has been 
a region of great interest in recent years [27]. Magnetic 

Fig. 8  The level of activated RhoA is decreased in the cerebral cortex and hippocampus tissues of PRRG4-CKO mice. A GST-RBD pull-down assay 
was used to detect the RhoA-GTP level in the lysates of the cerebral cortex and hippocampus tissues. Then, immunoblotting was performed 
to detect the levels of RhoA-GTP and total RhoA protein, respectively. B Statistical analysis of the levels of RhoA-GTP in total RhoA (3 male mice/
group). Note: *: p < 0.05

Fig. 9  A schematic diagram of the experimental design and conclusions of this study
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resonance imaging studies have shown that the brains of 
autistic children exhibit abnormal growth patterns, with 
premature and excessive growth of the frontal cortex 
[28]. Therefore, our study generated the PRRG4 brain-
specific knockout mice using Emx1-Cre. Studies have 
reported that the Emx1 promoter specifically drives Cre 
expression in the cerebral cortex and hippocampus of 
mice [12].

Changes in dendritic complexity and dendritic spine 
density are accompanied by the formation, maintenance, 
and disappearance of synapses, thereby regulating the 
establishment and remodeling of connections within 
neuronal circuits [29]. Many studies have shown that 
dendritic and synaptic developmental abnormalities are 
associated with ASD. Abnormal dendritic spine morphol-
ogy has been observed in ASD patients and transgenic 
mice [30]. In addition, increasing evidence suggests that 
ASD-related genes play a role in synaptic function and 
neural circuits by directly encoding synaptic scaffolding 
proteins [31, 32], neurotransmitter receptors, cell adhe-
sion molecules [33], and cytoskeleton-related proteins [3, 
34–36]. Knockout of NLGN3 leads to increased dendritic 
length and dendritic complexity of pyramidal neurons in 
the cerebral cortex of mice [37]. In addition, increased 
dendritic spine density of temporal lobe pyramidal neu-
rons has been found in postmortem ASD patients [38]. 
In this study, Golgi staining showed that PRRG4 gene 
knockout mice had significantly increased total dendritic 
length, dendritic branching number, and dendritic spine 
density of cerebral cortex and hippocampal pyramidal 
neurons (Fig.  5). In addition, immunoblotting detection 
showed significantly increased levels of synaptic proteins 
SYP and PSD95 (Fig. 6). Our results suggest that knock-
out of PRRG4 may cause ASD symptoms by disrupting 
dendritic and synaptic development in mice (Fig. 9).

The membrane-associated guanylate kinase family con-
sists of three members, namely MAGI1, MAGI2, and 
MAGI3. They contain one guanylate kinase (GK) domain, 
one WW domain, and six PDZ domains in the N-termi-
nal region, which can interact with various proteins with 
these domain binding motifs [17]. It has been reported 
that MAGI1 protein can bind to the WW domain bind-
ing motif (PY motif ) of PRRG4 protein through its WW 
domain [10], but the biological function of their interac-
tion is unclear. Our data showed that PRRG4 and MAGI2 
were co-immunoprecipitated in SH-SY5Y cells overex-
pressing PRRG4 and in the brain of PRRG4fl/fl mice, indi-
cating that MAGI2 interacts with PRRG4 (Fig.  7B, C). 
Theoretically, MAGI2 via its WW domain can interact 
the PY motif in PRRG4.

The relationship between MAGI2 and ASD has not 
been reported. MAGI2, which is more widely expressed 
in neurons, is known as a synaptic scaffolding molecule 

[39]. It plays a key role in synapses by interacting with 
various cell adhesion molecules, receptors, and signal-
ing molecules (such as TARP and NLGN3 proteins) on 
the postsynaptic membrane [17, 40]. MAGI2 can regu-
late the number of AMPA receptors on synapses by 
interacting with TARP, thereby affecting the strength of 
excitatory synaptic transmission [41]. NLGN3 can recruit 
MAGI2 to the cell membrane region, and then MAGI2 
stabilizes PTEN expression by binding to PTEN, further 
inhibiting the AKT/mTOR signaling pathway, thereby 
inhibiting excessive dendrite formation [37]. However, 
NLGN3 could not be detected in PRRG4 immunoprecip-
itates from mice brain tissue (data not shown). Moreover, 
mTOR signaling was not affected in PRRG4-CKO mice 
compared to PRRG4fl/fl mice (data not shown). Our study 
suggests that disruption of the MAGI2/PRRG4 interac-
tion may contribute to ASD independent of NLGN3.

RhoA protein can regulate neuronal dendrite, axon, 
and synapse development and has been identified to be 
associated with ASD [42, 43]. In neuronal cells, one of 
the main functions of the Rho GTPases is to regulate the 
assembly and organization of the actin-myosin cytoskele-
ton, which plays an important regulatory role in neuronal 
growth cone dynamics, dendritic spine formation, and 
axon extension and guidance [44]. Many neuronal stud-
ies support the general model in which Rac and Cdc42 
stimulate these processes, whereas RhoA inhibits these 
processes, leading to axon and dendrite retraction, and 
dendritic spine and synapse loss [44]. Rho GTPase sign-
aling dysfunction accounts for a considerable proportion 
of ASD pathogenesis. Twenty genes encoding regulators 
and effectors of Rho GTPases (mainly including RhoA) 
are listed as ASD risk genes in the SFARI database [43]. 
Studies have shown that RhoA-GTP can reduce the 
extension of neuronal dendritic branches and dendritic 
spine density. Conversely, reducing RhoA-GTP con-
tent leads to increased extension of dendritic branches 
[42]. Our data showed that PRRG4-CKO mice exhib-
ited ASD-like symptoms (Figs.  2, 3, 4), decreased levels 
of RhoA-GTP in the cerebral cortex and hippocampus 
(Fig. 8), abnormally increased total dendritic length, den-
dritic branching number, and dendritic spine density of 
pyramidal neurons, and abnormally increased synaptic 
protein levels (Figs.  5, 6). Therefore, the results of our 
study strongly suggest that decreased RhoA activation 
contributes to the dendritic and synaptic developmental 
abnormalities and ASD symptoms in the PRRG4 knock-
out mice (Fig. 9).

Studies have shown that MAGI2 can stabilize RhoA 
activity and further regulate RhoA signaling [45]. Iida 
et al. found that MAGI2/S-SCAM is a scaffold required 
for dendritic response to NMDA receptor signaling 
to activate RhoA protein. MAGI2 mediates NMDA 
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receptor signaling to activate RhoA, thereby regulating 
dendritic spine plasticity [18]. Decreased RhoA-GTP lev-
els and increased elongated dendritic spines were found 
in primary cultured neurons from MAGI2 knockout 
mice [18]. The results of this study showed that PRRG4 
interacted with MAGI2 (Fig. 7B, C), and RhoA-GTP lev-
els were reduced in the cerebral cortex and hippocampus 
of PRRG4-CKO mice (Fig. 8). We speculated that PRRG4 
promotes RhoA activation through its interaction with 
MAGI2, thereby regulating dendrite and dendritic spine 
homeostasis.

In conclusion, our study suggests that PRRG4 protein 
may affect mouse dendrite and synapse development 
by activating RhoA through interaction with MAGI2. 
Knockout of PRRG4 may cause ASD due to the disrup-
tion of the PRRG4/MAGI2/RhoA pathway (Fig.  9). Our 
findings support the association between PRRG4 loss and 
ASD phenotypes observed in WAGR syndrome.
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