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A novel heterozygous missense variant of the ARID4A gene
identified in Han Chinese families with schizophrenia-
diagnosed siblings that interferes with DNA-binding activity
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ARID4A plays an important role in regulating gene expression and cell proliferation. ARID4A belongs to the AT-rich interaction
domain (ARID)-containing family, and a PWWP domain immediately precedes its ARID region. The molecular mechanism and
structural basis of ARID4A are largely unknown. Whole-exome sequencing (WES) revealed that a novel heterozygous missense
variant, ARID4A c.1231 C > G (p.His411Asp), was associated with schizophrenia (SCZ) in this study. We determined the crystal
structure of the PWWP-ARID tandem at 2.05 Å, revealing an unexpected mode in which ARID4A assembles with its PWWP and ARID
from a structural and functional supramodule. Our results further showed that compared with the wild type, the p.His411Asp ARID
mutant protein adopts a less compact conformation and exhibits a weaker dsDNA-binding ability. The p.His411Asp mutation
decreased the number of cells that were arrested in the G0-G1 phase and caused more cells to progress to the G2-M phase. In
addition, the missense mutation promoted the proliferation of HEK293T cells. In conclusion, our data provide evidence that ARID4A
p.His411Asp could cause a conformational change in the ARID4A ARID domain, influence the DNA binding function, and
subsequently disturb the cell cycle arrest in the G1 phase. ARID4A is likely a susceptibility gene for SCZ; thus, these findings provide
new insight into the role of ARID4A in psychiatric disorders.
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INTRODUCTION
Schizophrenia (SCZ) is a severe, chronic mental disorder that
deeply affects the behavior of individuals and their cognitive and
emotional processes [1]. The main clinical features in patients
include delusions, hallucinations, and disorganized speech and
behavior [2]. SCZ is a complex multifactorial disorder. Although
studies on SCZ have been conducted for many years, the
underlying pathophysiology of SCZ remains largely elusive.
Previous studies have found that both genes and a range of
environmental factors play significant roles in the development of
SCZ. The heritability of SCZ has been estimated to be ~80% [3].
The high heritability of SCZ suggests that genetic risk factors
contribute to a significant proportion of the etiology. Although
scientists have identified many SCZ-related variants, functional
studies of these mutation sites are still missing.
The 4A AT-rich interaction domain (ARID4A) is a DNA-binding

protein that modulates the activities of several transcription
factors, including retinoblastoma-associated protein (RB1) and
androgen receptor (AR) [4, 5]. Previous studies suggested that
ARID4A can function as a component in the mSin3A repressor
complex, which suppresses gene expression and regulates

epigenetic imprinting [6–8]. In cancer research, ARID4A may
serve as a tumor suppressor in various human cancers, such as
prostate cancer and breast cancer [9–11]. ARID4A also contributes
to the regulation of epigenetic programming in leukemia and the
regulation of the epigenetics in Prader–Willi syndrome [7, 12],
which is known as an imprinted neurodevelopmental disorder and
is characterized by metabolic, sleep, and neuropsychiatric features
[13, 14]. Mutations in ARID4A can be associated with bipolar and
major depression conditions according to the data of the
Genebass database [15], which contains 3,817 phenotypes based
on exome sequencing of 28,1852 samples in UK Biobank [16]. The
ARID4A protein is ubiquitously expressed in almost all tissues,
indicating that this protein participates in numerous biological
processes. Moreover, according to the Human Protein Atlas
database, the high level of ARID4A expression in the cerebral
cortex and neuronal cells suggests that it may be vital for neural
development and function.
ARID4A belongs to the ARID-containing family, which comprises 15

distinct human proteins with a conserved ARID domain [17, 18]. ARID
proteins are implicated in the control of cell growth, proliferation, and
differentiation [19, 20]. The AT-Rich Interaction Domain (ARID) is an
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ancient helix-turn-helix motif-based DNA-binding domain [21, 22].
Although the ARID domain was first identified as a DNA-binding
domain with AT-rich selectivity, ARID family members exhibit
divergent DNA-binding preferences. The ARID domain of ARID4A
showed no DNA sequence preference [17, 23]. In addition to the ARID
domain, ARID4A contains several other functional domains, including
a Tudor domain, a PWWP domain (also known as the HATH domain
or RBB1NT domain), a chromo barrel domain, and a C-terminal R2
domain [23–25]. A previous study reported that the Tudor domain of
ARID4A interacted with DNA without sequential specificity [26]. The
PWWP domain interacts with chromatin by synergistically binding to
histones and DNA [27]. Recently, to identify SCZ susceptibility genes,
we performed a systematic family-based study using whole-exome
sequencing (WES) in Han Chinese patient-sibling family-based
cohorts. We found that the ARID4A c. C1231G (p. His411Asp) was
associated with SCZ. The single point mutation p. His411Asp on
ARID4A is located at the C-terminal in the ARID domain. Owing to the
lack of structural and biochemical data on the ARID4A ARID domain, it
is difficult to know how point mutations perturb the physiological
function of ARID4A. Therefore, solving the structure of the ARID4A
ARID domain is crucial to understanding the structural mechanism of
its repression activity.
Even though many functional studies have been performed with

ARID4A, the structural data available for the ARID4A ARID domain is
lacking, impeding a better understanding of its repression activity
mechanism. Moreover, a previous study found that a certain single-
point mutation could also influence the gene function [28].
Considering the lack of structural and point mutation studies on
the ARID4A ARID domain, we aimed to investigate the function of
the ARID4A p.His411Asp mutation in this study.

MATERIALS AND METHODS
Subjects
Two families with SCZ-diagnosed siblings were selected from the mental
disease biobank of Bio-X institutes. All the subjects were of Han Chinese
origin. Family_1 contained two siblings, and in this family, both siblings and
one of their parents were diagnosed with SCZ; family_2 contained three
siblings, and two siblings and one of their parents were diagnosed with SCZ
(Supplementary Material Table 1). The families were recruited from
Shanghai Mental Health Center, Shanghai Changning Mental Health Center,
and Wuhu Fourth People’s Hospital from 2001 to 2003. All of the SCZ
patients were interviewed by two independent psychiatrists and diagnosed
according to DSM-IV criteria. All participants were informed of the details of
the study and provided informed consent, which was approved by the
ethics review committee of human-related scientific and technological
research of Shanghai Jiao Tong University.

Whole-exome sequencing and data analysis
Whole blood samples were collected with EDTA Blood Collection Tubes
(Becton, Dickinson and Company, NJ, USA), and DNA was extracted by
standard procedures using FlexiGene DNA kits (Fuji, Tokyo, Japan). The
DNA samples from the siblings and parents in each family were used for
follow-up experiments. DNA libraries were prepared using protocols
recommended by Illumina (Illumina, San Diego, CA). Whole-exome
enrichment was performed using the TruSeq Exome Enrichment Kit
(Illumina, San Diego, CA). Captured DNA libraries were sequenced with
HiSeq2500 (Illumina, San Diego, CA, USA). All sequencing reads were
mapped to the NCBI reference genome with Burrows–Wheeler Aligner
(BWA). Quality score recalibration, Indel realignment, and duplicate
removal were performed with the Genome Analysis Toolkit (GATK). The
variants were matched to 1000 Genomes (http://www.1000genomes.org/)
and were annotated to RefSeq hg19 and evaluated with different
algorithms (Sift, PROVEAN, Polyphen-2, etc.) to predict the functional
severity. Only variants with MAF < 0.01 were retained for further analysis.
Sanger sequencing was used to verify the existence of the variants.

Mutagenesis
The coding sequence of ARID4A (NP_002883.3) was PCR amplified from
cDNA and cloned into a p3xFlag-CMV-14 vector between the BamH 1 Hind

III sites by using the primers 5ʹ-CCAAGCTTGCCACCATGAAGGCGGCAG AT-3ʹ
(forward primer) and 5ʹ-CGCGGATCCCCTGCATTCTACAGCAAGTA-3ʹ (reverse
primer). Plasmids encoding human ARID4A with the p. His411Asp variant
were constructed with the Hieff Mut™ Site-Directed Mutagenesis Kit
(YEASEN) using the primers 5ʹ-AGTTCAGAACTGTTGATCACCATGAA-3ʹ (for-
ward primer) and 5ʹ- TTTGGTTCATGGTGATCAACAGTTCT -3ʹ (reverse
primer).

Constructs and protein expression
The coding sequences of ARID4A His411 and ARID4A His411Asp were PCR
amplified from the above p3xFlag-CMV-14-ARID4A or p3xFlag-CMV-14-
ARID4A p. His411Asp vector and were cloned into a pET vector between
the BamH1 and Xho1 sites. Proteins were expressed in BL21 (DE3)
Escherichia coli cells. The cells were grown in LB medium at 37 °C until the
optical density at 600 nm (A600) reached 0.7–0.8, then protein production
was induced by the addition of 0.25mM isopropyl β-D-thiogalactoside and
grown at 16 °C for ~24 h. The His6-tagged proteins were purified with a Ni2
+ nitrilotriacetic acid–agarose column followed by size-exclusion
chromatography.

FPLC coupled with static light scattering
Protein samples (100 μL at a concentration of 60 μM, pre-equilibrated with
corresponding column buffer) were injected into an AKTA FPLC system
with a Superose 12 10/300 GL column (GE Healthcare) that contained 50
mM Tris-HCl, 100 mM NaCl, and 1mM DTT column buffers at pH 8.0. The
chromatography system was coupled to a static light-scattering detector
(miniDawn, Wyatt) and differential refractive index detector (Optilab,
Wyatt). Data were analyzed with ASTRA 7 (Wyatt).

Crystallography, data collection and structure determination
ARID4A crystals (12 mg/ml in 50mM Tris-HCl, pH 8.0, 100mM NaCl, 1 mM
DTT) were obtained using the hanging-drop method at 16 °C by mixing 1
μL of protein sample with an equal volume of 2.4 M ammonium phosphate
dibasic and 0.1 M Tris-HCl, pH 8.5. Crystals were transferred to the reservoir
solution containing 20% glycerol as the cryoprotectant and flash cooled
with liquid nitrogen. Diffraction data were collected at the Shanghai
Synchrotron Radiation Facility (SSRF, China). The diffraction data were
processed by XDS. The structure of ARID4A was solved by the molecular
replacement method using the structure of the ARID domain of ARID3A
(PDB: 4LJX) as a searching model by PHASER. CCP4 Autobuild was used to
improve the structure completeness. Further refinement was iteratively
performed using CCP4 Refmac and Coot. Structural diagrams were
prepared by PyMOL (http://www.pymol.org).

Isothermal titration calorimetry assay
Synthetic dsDNA as an interacting ligand used in the titration contained
two complementary DNA sequences (15 bp) 5ʹ-CCTGTATTGATGTGG-3ʹ and
3ʹ-GGACATAACTACACC-5ʹ. Isothermal titration calorimetry (ITC) measure-
ments were carried out on a MicroCal-ITC200 at 25 °C. The titration buffer
contained 50mM Tris-HCl, 100 mM NaCl, and 1mM DTT, pH 8.0, and total
valid injections were 20, 2 μL of each volume, reaction time lasted 4 s, and
120 s of spacing time between reaction intervals to ensure the titration
peak returned to the baseline. The titration data were analyzed by Origin
7.0 (MicroCal).

Cell culture and transfection
HEK293T cells were maintained in high glucose Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum (Gibco) and
1% penicillin–streptomycin (Invitrogen). Cells were plated in a 6-well plate
the day before transfection at a density of 5 × 10^5 cells per well and were
transiently transfected with 3.3 μg p3xFlag-CMV-14-ARID4A or p3xFlag-
CMV-14-ARID4A p. His411Asp vector concentration was in the range from
800 to 1000 ng/μL of each plasmid per well using FuGENE® HD
Transfection Reagent (Promega). All cells were cultured at 37 °C in a
humidity chamber with 5% CO2 and harvested 48 h posttransfection.

5-Ethynyl-2′-deoxyuridine assay
For 5-ethynyl-2′-deoxyuridine (EdU) analysis, after transfection and
synchronization, the cells were harvested, and an EdU assay was
performed using a BeyoClick™ EdU-594 Cell Proliferation Kit (Beyotime)
according to the manufacturer’s instructions. Images were taken by using
an upright fluorescence microscope (Axio Imager M2) and the cells were
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counted by using ImageJ software (version 1.8.0.112). EdU-positive cells
were stained red and were calculated as (EdU add-in cells/Hoechst stained
cells) × 100%.

Cell cycle analysis
For the cell cycle analysis, after transfection and synchronization, the cells
were harvested from each well by trypsinization and fixed in 70% (v/v) cold
ethanol at 4 °C overnight. After washing with ice-cold PBS, the fixed-cell
pellets were collected by centrifugation. Cells were prepared by using Cell
Cycle and Apoptosis Analysis Kit (Beyotime) following procedures and
resuspended in Propidium/RNase Staining Buffer for staining of DNA and
finally analyzed using flow cytometry (Beckman Cytoflex).

Detection of apoptosis
To quantify apoptotic death, after the indicated transfections, the cells
were collected, and the apoptotic portion was identified using the Annexin
V-FITC/PI Apoptosis Detection Kit (Beyotime) following the manufacturer’s
instructions. The number of apoptotic cells was then quantified by flow
cytometry (Beckman Cytoflex), and the analysis was carried out using
FlowJo software (version 10.5.2).

Statistical analysis
Normal distribution was tested using the Kolmogorov- Smirnov test and
variance was compared. All statistical analyses in this study were
performed by using the Graphpad Prism 8 for macOS (version 8.4.3).
Unless otherwise stated, the independent t-test evaluates whether the
means for two independent groups are statistically different from each
other. Continuous variables were represented as mean ± SEM. Differences
were considered statistically significant when the P value was <0.05.

RESULTS
A novel heterozygous variant is shared by two families with
suspected SCZ
Two families with SCZ-diagnosed siblings were selected from the
mental disease biobank of Bio-X institutes. Each family had three
SCZ patients and one or two normal individuals (Fig. 1A). We
performed a systematic family-based study using whole-exome
sequencing in these two Han Chinese families. Given the pattern
of dominant inheritance in the family, only rare heterozygous
variants (allele frequency <1%) that were shared by the patients
but were not found in the normal controls in the same family were
considered candidate mutations. Finally, we found that the
ARID4A c.1231 C > G (NM_002892.4) variant was co-segregated
with SCZ in both families. A nucleotide change (c.1231 C > G)
resulted in an amino acid change of histidine to aspartic acid at
position p.His411Asp. The p.His411Asp missense mutation was
predicted to be a damaging or a disease-causing mutation by
MutationTaster and PolyPhen-2 software. In addition, the c.1231 C
> G heterozygous variant was validated in the SCZ siblings by
Sanger sequencing (Fig. 1B). The gene-based burden test, in which
the aggregate burden of rare, protein-altering variants in the
ARID4A gene was compared among 5418 cases and 68724
controls from the UK Biobank, showed that the ARID4A gene
putative loss-of-function variants were associated with bipolar and
major depression conditions (P value SKATO= 0.0164, P value
burden= 0.0159, P value SKAT= 0.0178) (Fig. 1C). According to
the Genome-Wide Association Studies (GWAS) that used data
from the UK biobank, a total of 36 missense mutations in the
ARID4A gene were found to be associated with mental disorders
(P < 0.05) (Fig. 1D). Two of 36 loci (p. Pro467Leu and Arg1017Gln)
were associated with both bipolar and major depression condi-
tions and SCZ, and p.Ser1059Thr was associated with both
depression and SCZ.

The overall structure of ARID4A PWWP-ARID tandem
ARID4A, from the N-terminus to the C-terminus, contains the
following structural domains: a Tudor domain, PWWP domain,
ARID domain, chromo barrel domain, LXCXE motif, and R2 domain

(Fig. 2A). Based on sequence analysis, the SCZ-associated mutation
p.His411Asp in ARID4A is located at the C-terminal region in the
ARID domain. To better understand the functional role of the ARID
domain and rationalize the structural effects of the mutation in
psychiatric disorders, we set out to characterize its three-
dimensional structure. First, we purified the protein containing
the predicted ARID domain (residues 307-420). However, the
protein sample tended to form oligomers in gel filtration, probably
due to nonspecific sample aggregation (data not shown). Despite
extensive efforts in condition screening, we could not obtain
crystals with the ARID domain. We next purified an extended
ARID4 construct that includes the predicted PWWP and ARID
domains. The PWWP-ARID protein was of good quality, and
fortunately, crystals that diffracted to 2.05 Å were obtained. The
structure of the tandem PWWP-ARID was solved through
molecular replacement by using the ARID domain of ARID3A
(PDB: 4LJX) as the search model. In the structure, the PWWP and
ARID domains are located side-by-side and form a compact dual-
domain cassette (Fig. 2B). The PWWP domain (a.a. 169-272) adopts
a canonical fold that contains a β-barrel of five antiparallel β-
strands (βP1-βP5, “P” denotes elements of PWWP), with an α-helix
at the very N-termini (αP1), a short α-helix between βP2 and βP3,
and three α-helices following the β-barrel (αP3-αP5) (Fig. 2B). The
linker region (a.a. 273-302) between PWWP and ARID is missing in
the structure, possibly due to the disordered conformation.
The ARID domain (a.a. 303-415) conformation is similar to the
core structure of the other solved ARID domains. In general, the
domain comprises six helices (αA1–αA6; “A” denotes elements of
ARID), with three of the helices (αA2, αA3, and αA4) forming a U
shape and two of the helices (αA1 and αA6) packing perpendi-
cularly (Fig. 2B).

The interface between PWWP and ARID
The interaction between the PWWP and ARID domains is
mediated by hydrophobic and polar interactions. In the binding
interface of PWWP-ARID, the majority of contacts are mediated by
αA1 and αA6 of ARID and αP2, αP4, αP5, βP2, and βP3 in the
PWWP domain (Fig. 2C–E). PWWP and ARID share a contact
surface area of 964 Å, which can be subdivided into three binding
sites/regions. In detail, the hydrophobic face of PWWP involving
Leu194, Ile196, Phe221, Phe254, Val260, and Trp264 packs tightly
against Phe322 at α1A and Tyr399 and Ile405 at the α6A of ARID
(Fig. 2C). In addition, Arg214 forms charge–charge interactions
and hydrogen bonds with Asp325 and Tyr399 (Fig. 2C). Further-
more, Met266, Ile268, and Ile271 at αP5 form hydrophobic
interactions with Leu316 and Tyr320 at αA1 (Fig. 2D). The
hydrogen bonds formed by Ser199 and Glu398 and by the main
chain of Cys200 and Arg236 further reinforce the formation of the
PWWP-ARID cassette (Fig. 2E). Consistent with these structural
analyses, the protein from the isolated ARID domain is not very
soluble or aggregated, indicating that PWWP is important for the
stability of the ARID domain.

Biochemical characterization of disease mutation
Based on the alignment of the C-terminal in the ARID domain
among vertebrates, we found that the residue His411 (shown in the
red frame) in ARID4A is highly conserved among these species but
exhibits a much lower identity in other ARID-family proteins (Fig. 3A).
This implied that the mutation site is unique in ARID4A and possibly
plays important functional roles in disorders by weakening the
binding affinities between ARID4A and the target DNA. We
performed a series of detailed biochemical and biophysical analyses
of the interactions between dsDNA and the PWWP-ARID of ARID4A
in humans. Fast protein liquid chromatography (FPLC) coupled with
light-scattering studies (Fig. 3B) showed that the molecular mass in
the wild type (WT) and disease mutation (p.His411Asp, H411D)
groups were both the same (approaching 30 kDa), indicating that
the WT and p.His411Asp of ARID4A were stable monomers in liquid
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solutions. Unexpectedly, compared to that of the WT, the position of
the potential difference peak in p.His411Asp is ahead. Together,
these biochemical results reveal that the conformation of p.
His411Asp is less compact than that of the WT. Furthermore, our
isothermal titration calorimetry (ITC)-based assay (Fig. 3C, D) also
confirmed that WT has a strong affinity (Kd~0.14 μM) for dsDNA, but
p.His411Asp has no binding affinity for dsDNA. We therefore
conjecture that residue His411 is a crucial position for the binding of
ARID4A to dsDNA and that the disease mutation can disrupt the
interaction between the protein and DNA.

Structural comparison of ARIDs of ARID4A and Mrf2
A ribbon diagram of the ARID4A PWWP-ARID (Fig. 3E) is shown
along with the Mrf-2 ARID (PDB: 1IG6, Fig. 3G) and Mrf-2 ARID-DNA
complex (PDB: 2OEH, Fig. 3H) structures. The core region (from
helices α1 to α6) of the ARID4A ARID is similar to those of apo and

DNA-complexed Mrf-2 and can be well superimposed with the
rmsd on Cα of 2.7 Å and 2.6 Å, respectively. In contrast to the
similarity of the central region, the ARIDs of ARID4A, apo Mrf-2,
and DNA-complexed Mrf-2 have significant conformational
differences at the C termini (Fig. 3I). The orientation of the
C-terminus of ARID4A is similar to that of apo Mrf2, but in DNA-
complexed Mrf2, the C-terminus is positioned toward DNA and
contacts the DNA backbone. The structures of Mrf2, Dri, p270, and
ARID5 ARIDs have been previously solved in complex with DNA.
All the solved structures indicate that the core region of ARID
binds DNA via similar modes. Two loop regions of ARID, namely,
L1 and L2, mainly contribute to DNA recognition. Loop L1
(between α1 and α2) interacts with the phosphate backbone or
the minor groove of DNA, and loops L2 (between α4 and α5) and
α5 insert into and contact the major groove of DNA. In the Mrf2-
DNA complex structure, the positively charged residues at the

Fig. 1 Genetic and burden analysis of ARID4A in mental disorders. A Novel heterozygous variant shared by two families with SCZ-
diagnosed siblings. The black arrow indicates the proposita in family_1 and propositus in family_2. B Normal sequence and c.1231 C > G
(p.His411Asp) heterozygous variant in SCZ siblings as determined by Sanger sequencing. C ARID4A gene burden associations with bipolar and
major depression according to the previous GWAS. CAF cumulative allele frequency, pLoF putative loss-of-function. D ARID4A single variants
are associated with mental disorders. The variant found in this study is marked in red.
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flexible C-terminus of the ARID domain also make contact with
DNA. Deleting the C-terminus abolishes its DNA-binding ability,
indicating that the C-terminus is also required for DNA binding.
Our biochemical data show that His411 at the C-terminus of ARID,
which is equivalent to the positively charged C-terminal DNA-
binding site of Mrf2, plays an important role in DNA binding.
However, in our structure, the orientation of His411 is unfavorable
for making contact with DNA, possibly due to crystal packing. The
conformation of the C-terminus in the crystal structure is stabilized
by the hydrogen bonds formed by the main chains of His411-
Phe407 and His412-Thr409 (Fig. 3E). Structural rearrangement of
the C-terminus of ARID may occur during DNA binding. Further
structural studies of the ARID4A PWWP-ARID in complex with DNA
will be helpful for understanding its mechanism of DNA
recognition. Table 1 shows the data collection and refinement
statistics related to Fig. 3.

p.His411Asp promotes proliferation and cell cycle progression
To investigate the effect of the ARID4A p. His411Asp variant on cell
proliferation, HEK293T cells were transfected with p3xFlag-CMV-14-
ARID4A p. His411Asp plasmid or p3xFlag-CMV-ARID4A p. His411
plasmid, respectively, and were then examined by an EdU assay. As a
result, the EdU incorporation rate (percentage of cells that underwent
cell division) was elevated in the cells transfected with p. His411Asp

plasmid compared with the wild type (Wt) (P= 0.001, Wt: 35.29 ±
1.25, p.His411Asp: 43.78 ± 1.509) (Fig. 4A, B). Moreover, p. His411Asp
facilitated cell cycle progression, in which fewer cells arrested in the
G0-G1 phase (P= 0.029, Wt: 37.36 ± 1.500, p.His411Asp: 31.37 ± 1.913)
and more cells progressed to the G2-M phase (P= 0.006, Wt: 12.960
± 1.370, p.His411Asp: 18.580 ± 0.814) (Fig. 4C, D). Collectively, our
findings indicate that the ARID4A p. His411Asp promotes the
proliferation of HEK293T cells, which probably results from the
progression of the cell cycle. To determine whether the mutation
could influence cell apoptosis, we assessed the apoptosis of
HEK293T cells with transfections using fluorescence-activated cell
sorting (FACS). We found that the apoptotic rate was not significantly
changed (P= 0.679, Wt: 5.247 ± 0.489, p.His411Asp: 5.480 ± 0.501)
(Fig. 4E, F).

DISCUSSION
SCZ is a severe psychiatric disorder that profoundly affects cognitive,
behavioral, and emotional processes, yet its etiology and patho-
physiology are still largely unknown [29–31]. SCZ is considered a
neurodevelopmental disease based on epidemiologic, histologic,
and genetic evidence. The cellular and molecular basis for altered
brain development remains poorly understood [32]. In this study, we
found that the ARID4A c.1231 C >G (NM_002892.4, p.His411Asp)

Fig. 2 The overall structure of the ARID4A PWWP-ARID domain. A Schematic diagrams showing the domain organization of human ARID4A.
B Ribbon diagram representation of the ARID4A PWWP-ARID structure as viewed from the front (left) and the back (right). Secondary structure
elements are labeled. PWWP and ARID are yellow and cyan, respectively. C-E Detailed interface between the PWWP and ARID domains. The
residues involved in the domain-domain interactions are shown with the stick mode. Hydrogen bonds are shown as black dashed lines.
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mutation is associated with SCZ. The ARID4A p. His411Asp mutation
is located in the ARID domain, which was reported to be responsible
for DNA-binding activity. We performed a structural and functional
study to investigate the roles of the ARID4A p. His411Asp variant.

In mammals, sequence relationships reveal seven distinct
subfamilies of ARID-containing proteins in metazoans, namely,
ARID1, ARID2, ARID3, ARID4, ARID5, JARID1, and JARID2 [17, 33].
The precise function of all human ARID proteins is still unclear.
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Most ARID DNA binding domains show transcriptional activation
and/or repression functions [34–36]. ARID1B is important in neural
development, as studies have reported that ARID1B haploinsuffi-
ciency disrupts the development of cortical interneurons and is
related to neurodevelopmental and psychiatric disorders [37–39].
According to GWAS using data from the UK biobank, a total of 36
missense mutations in the ARID4A gene showed that the allele
frequencies were different in the control and mental disorder

cases. Thirteen (36.1%) loci were associated with bipolar and
major depression conditions (5418 cases and 68724 controls), 18
(50%) loci with depression (16242 cases and 265301 controls), and
5 (13.9%) loci with SCZ (560 cases and 281025 controls). It is
suggested that the ARID4A gene plays a significant role in the
occurrence and development of psychiatric diseases. SCZ has long
been thought to be clinically heterogeneous. A range of studies
suggests that this is due to genetic heterogeneity [40, 41].
However, sample sizes directly influence the findings of research,
and the small sample size of cases (560 cases) in the GWAS of SCZ
is a nonnegligible reason for finding so few risk variants. Although
over 600 thousand subjects were recruited in three GWASs, only a
few ARID4A mutations were found to be weakly associated with
mental disorders. Considering that GWAS is usually used to find
common variants, family-based WES is more suitable and efficient
than GWAS to find rare variants in patients with SCZ. Our findings
provide new insights for association studies between ARID4A
and SCZ.
The structural conformation of the PWWP domain of human

RBBP1 (ARID4A) was solved by RIKEN Structural Genomics/
Proteomics Initiative (RSGI) through NMR measurement (PDB
code 2YRV) [12], while we determined the crystal structure of the
tandem PWWP-ARID domain of ARID4A at 2.05-Å resolution. In the
structure, the PWWP and ARID domains are located side-by-side
and form a compact dual-domain cassette; these structural data
are crucial for explaining the structural-based mechanism of its
physiological functions. Moreover, we performed a series of
detailed biochemical and biophysical analyses of the interactions
between dsDNA and the PD-AD of ARID4A in humans. The results
indicated that the WT and the His411Asp of ARID4A are stable
monomers in liquid, but the structure of p.His411Asp is looser
than that of the WT, possibly due to the positively charged
histidine residue being replaced by a negatively charged aspartic
acid residue. The changed amino charge then influences the local
spatial conformation of the ARID domain, leading to a looser
structure. Furthermore, our ITC-based assay experiment also
confirmed that the WT has a strong affinity for dsDNA, but p.
His411Asp has no binding affinity for dsDNA. The above results
indicate that the residue His411 might be a crucial position for
ARID4A binding to dsDNA; this variant might lead to conforma-
tional changes in the ARID4A ARID domain DNA binding site,
which then disrupts the interaction between protein and DNA.
Previous studies have shown that the PWWP domain may

potentially recognize methylated lysines of histones [42], and the
ARID domain can bind to DNA in a nonspecific manner and exert
the repressor activity of mSin3-HDAC to inhibit the transcription of
E2F-regulated genes, thus inducing cell cycle stagnation [17].
ARID4A associates with the pocket region of pRb and can repress
transcription from E2F-dependent promoters. Two repression
domains (R1 and R2) have been mapped within ARID4A. R2 is a
COOH-terminal and can associate with the mSin3-HDAC complex
[8, 19]. ARID4A recruits this complex to the pRb pocket and can
repress E2F-mediated transcription in an HDAC-dependent
manner. R1 maps to a region that includes the ARID domain
and represses transcription in an HDAC-independent manner
[19, 43]. Cell proliferation can be inhibited by the RB/E2F complex,

Fig. 3 Biochemical characterization of disease mutation. A Structure-based sequence alignment of the C-terminus in the ARID domain. At
the top, the sequence alignment from various species is shown as follows: HUMAN, Homo sapiens; MOUSE, Mus musculus; CHICK, Gallus
gallus; XENTR, Xenopus (Silurana) tropicalis; DANRE, Danio rerio. At the bottom, the sequence alignment of C-terminal AD with other ARID-
family proteins in Homo sapiens is shown. The structure-based alignments were made using secondary structure matching. The residue of
disease mutation is shown in a red frame. B FPLC coupled with static light-scattering analysis of the ARID4A PWWP-ARID domain, showing the
state in the solution of WT (black) and disease mutation (red). ITC titration curves showing the binding affinities of the WT PD-AD (C) and the
disease mutation (D) with dsDNA. E Ribbon diagram of the C termini of ARID4A PWWP-ARID. H411 is shown in ball-stick mode. Ribbon
diagram representations of the ARID4A PWWP-ARID (F), apo Mrf2 ARID (G), and DNA-complexed Mrf2 ARID (H) from the same view.
I Structural superimposition of ARID4A, apo, and DNA-complexed Mrf2.

Table 1. Data collection and refinement statistics.

Data collection and processing

Crystal ARID4A PWWP-ARID

Source SSRF-BL19U1

Wavelength(Å) 0.97853

Space group P212121

Unit cell (a,b,c, Å) 54.668, 54.818, 180.755

Unit cell (α,β,γ,。) 90, 90, 90

Resolution range (Å) 50–2.05 (2.13–2.05)

No. of unique reflections 34353 (2942)

Redundancy 12.5 (9.1)

I/σ(I) 20.83 (2.48)

Completeness (%) 98.40 (86.12)

Rmerge (%)a 10.79 (90.73)

CC1/2 99.9 (81.5)

Wilson B 33.06

Structure refinement

Resolution (Å) 46.87–2.05

Rworkb/Rfreec (%) 19.58/23.14

rmsd bonds (Å)/angles (°) 0.010/1.040

Number of reflections

Working set 34,345

Test set 1994

Number of protein atoms 3420

Number of solvent atoms 169

Average B factor (Å2) (Protein/solvent) 34.85/35.72

Ramachandran plot(%)

Most favored regions 98.1

Additionally allowed 1.9

Outlier 0

Numbers in parentheses represent the value for the highest
resolution shell.
aRmerge= ∑|Ii - Im | /∑Ii, where Ii is the intensity of the measured reflection
and Im is the mean intensity of all symmetry-related reflections.
bRwork= Σ | | Fobs | - |Fcalc | |/Σ | Fobs | , where Fobs and Fcalc are
observed and calculated structure factors.
cRfree= ΣT | | Fobs | - |Fcalc | |/ΣT | Fobs | , where T is a test data set of about
5% of the total reflections randomly chosen and set aside prior to
refinement.
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which arrests cells in the G1 phase [44]. The function of repressing
transcription and stagnating the cell cycle relied on the
combination between ARID and dsDNA. The broken interaction
between protein and DNA may lead to weakened repressor
activity and increased cell proliferation. Then, we performed
experiments to explore the function of the ARID4A p.His411Asp
in vitro. The p.His411Asp-transfected HEK293T cells exhibited
abnormal cell cycles and cell proliferation. Although the molecular
and cellular mechanisms behind the functional and structural
changes in SCZ remain unclear, scientists believe that changes in cell
proliferation and neurogenesis play critical roles in SCZ. Katherine M
Allen et al. found a decrease in cell proliferation in the anterior
hippocampus of people with SCZ, confirming a deficit in
hippocampal cell proliferation and neurogenesis in SCZ [45]. Reif
et al. suggested that reduced neural stem cell proliferation may
contribute to the pathogenesis of SCZ [46]. Edit Hathy et al.
observed increased cellular proliferation in neuronal progenitor cells
derived from patients with SCZ [47]. Yongjun Fan et al. reported that
the cell population proliferation rate was increased in SCZ due to the

larger pool of proliferating progenitors and reduced cell cycle period
[32]. SCZ is increasingly believed to be a disorder involving
abnormal neurodevelopment. Several recent research findings
indicate that SCZ may begin with abnormal neurogenesis from
embryonic neural stem cells (NSCs) and that this process may be
particularly vulnerable to a number of genetic and/or environmental
disturbances during early brain development [48]. These studies
implied that abnormal cell proliferation is closely related to the
occurrence of SCZ. The high level of ARID4A expression in the
cerebral cortex and neuronal cells suggested that it is important for
the regulation of cell proliferation and the cell cycle during different
stages of neural development. The abnormal cell proliferation
caused by the ARID4A p.His411Asp might play an important role in
early brain development and the occurrence and development
of SCZ.
In summary, we found that ARID4A c.1231 C > G (p.His411Asp)

was associated with SCZ by a family-based WES. The ARID4A p.
His411Asp could cause conformational changes in the ARID4A
ARID domain and then lead to the loss of normal function. Our

Fig. 4 ARID4A p. His411Asp promotes the proliferation and cell cycle progression of HEK293T cells. A, B Detection of EdU add-in cells (red)
48 h after transfection. Nuclei were counterstained with Hoechst (blue). C, D Cell cycle distributions of HEK293T cells were analyzed 48 h after
different transfections as indicated. E, F FACS analysis of apoptosis. The cells were collected, stained with Annexin V and PI and analyzed by
FACS. The data are expressed as the means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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study provided evidence that the ARID4A p.His411Asp plays an
important role in suppressing the cell cycle and proliferation.
Considering the small number of families recruited in this study,
targeted sequencing and more experimental validations are
needed in future studies to confirm the association between the
ARID4A gene and SCZ.
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