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An increasing body of evidence suggests that impaired synapse development and function are associated with schizophrenia;
however, the underlying molecular pathophysiological mechanism of the disease remains largely unclear. We conducted a family-
based study combined with molecular and cellular analysis using induced pluripotent stem cell (iPSC) technology. We generated
iPSCs from patients with familial schizophrenia, differentiated these cells into neurons, and investigated the molecular and cellular
phenotypes of the patient’s neurons. We identified multiple altered synaptic functions, including increased glutamatergic synaptic
transmission, higher synaptic density, and altered splicing of dopamine D2 receptor mRNA in iPSC-derived neurons from patients.
We also identified patients’ specific genetic mutations using whole-exome sequencing. Our findings support the notion that altered
synaptic function may underlie the molecular and cellular pathophysiology of schizophrenia, and that multiple genetic factors
cooperatively contribute to the development of schizophrenia.

Translational Psychiatry (2021)11:548; https://doi.org/10.1038/541398-021-01676-1

INTRODUCTION

Schizophrenia is a severe neuropsychiatric disorder characterized
by positive symptoms such as hallucinations and delusions,
negative symptoms such as decreased motivation and emotional
dullness, and cognitive dysfunction. Abnormalities in the forma-
tion and function of neural circuits are suggested to be associated
with the pathogenesis of this disorder [1-5]; however, the detailed
molecular and cellular pathological mechanisms remain largely
unclear. Genetic factors may play a major role in the pathogenesis
of this disease, and large-scale genome-wide association studies
(GWAS) have been conducted so far [6, 7]. Although no specific

common single nucleotide polymorphism (SNP) was identified to
explain the condition of a large number of patients, these studies
have identified common SNPs associated with schizophrenia in
genes related to neural function.

In recent years, rare variants, including copy number variants
and de novo mutations have been identified to be strongly
associated with schizophrenia by large-scale genetic studies
[8-11]. In addition to these studies, familial studies may effectively
identify disease-associated rare variants transmitted from parents
to their offspring [12]. One of the important advantages of familial
studies is that, in contrast to studies using unrelated individuals,
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such as large-scale GWAS, these studies provide sufficient
statistical power to detect rare variants even in small sample
sizes. Recent family-based studies have identified potential
candidate genes for schizophrenia, including several synaptic
proteins [12-14].

Induced pluripotent stem cell (iPSC) technology offers an
emerging opportunity to study the molecular and cellular
mechanisms underlying schizophrenia pathogenesis. iPSC-based
studies have recently identified various abnormalities in neuronal
development, synaptic development and function, and intracel-
lular signaling pathways [15-20]. Importantly, iPSC technology
enables molecular pathological studies of neuronal cells with the
same genetic background as the patient. Considering the high
heritability factor for familial schizophrenia, modeling familial
schizophrenia using iPSC technology can provide an important
strategy to unravel the potential causative molecular and cellular
pathophysiological mechanisms of the disease. In this study, we
generated iPSCs from patients with familial schizophrenia,
differentiated these cells into neurons, and investigated the
cellular phenotypes of iPSC-derived neurons from patients. We
identified multiple altered synaptic functions, including increased
frequency and amplitude of miniature excitatory postsynaptic
currents (MEPSCs), higher synaptic density, increased AMPA-type
glutamate (AMPA) receptor expression, and altered expression
ratio of the short and long forms of dopamine D2 receptor (DRD2)
MRNA in iPSC-derived neurons from patients. We also performed a
whole-exome sequencing analysis of the patients’ genomes and
identified the patients’ specific genetic mutations. These findings
support the notion that altered synaptic functions may underlie
the molecular and cellular pathophysiology of schizophrenia, and
that multiple genetic factors cooperatively contribute to the
development of schizophrenia.

MATERIALS/SUBJECTS AND METHODS

This study was carried out following the Declaration of Helsinki of
the World Medical Association and was approved by the Research
Ethics Committee of Tokyo University of Agriculture, Osaka
University, Osaka Medical and Pharmaceutical University, National
Center of Neurology and Psychiatry, the University of Tokyo, and
Yokohama City University. All recombinant DNA experiments were
reviewed and approved by the Gene Modification Experiments
Safety Committee of the respective institutions.

Subjects

Patients with schizophrenia were recruited at Osaka University
Hospital, and diagnosed and assessed by at least two trained
psychiatrists according to the Diagnostic and Statistical Manual of
Mental Disorders, fourth edition (DSM-IV) criteria based on a
structured clinical interview. Symptoms of schizophrenia were
assessed using the Positive and Negative Syndrome Scale (PANSS).
Written informed consent was obtained from all subjects after the
procedures were fully explained.

P0482. The proband was an 18-year-old Japanese male patient
diagnosed with schizophrenia. The age at onset was 9 years. The
patient has 9 years of education and a history of violence. The
PANSS scores at the time of sampling were PANSS positive (30);
negative (46); general (77). The patient had been treated with
antipsychotic medication, but his condition was poorly controlled.
The patient was repeatedly admitted and discharged from the
hospital.

P0481. The patient, the aunt of P0482, was a 49-year-old
Japanese female diagnosed with schizophrenia. The age of onset
was 38 years old. Impulsive behaviors associated with auditory
hallucinations and delusions were sometimes observed. Medica-
tion was discontinued at the patient’s discretion.
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P0480. The patient, the uncle of P0482, was a 45-year-old
Japanese male diagnosed with schizophrenia. The age at onset
was 34 years.

P0479. The patient, the mother of P0482, was a 37-year-old
Japanese female diagnosed with schizophrenia. The age at onset
was 23 years.

Healthy controls were recruited through local advertisements.
Psychiatrically, medically, and neurologically healthy controls were
evaluated using the DSM-IV structured clinical interview, non-
patient version (SCID-I/NP) that included an assessment of
whether the subject had physical problems. Participants were
excluded if they had neurological or medical conditions that could
potentially affect the central nervous system, such as atypical
headache, head trauma with loss of consciousness, epilepsy,
seizures, chronic lung disease, kidney disease, chronic hepatic
disease, thyroid disease, active stage cancer, or cerebrovascular
disease. Neurological and medical conditions were assessed
through interviews. C0669 and C0405 were age- and sex-
matched controls for P0482 and P0481, respectively.

Generation of iPSCs

iPSC lines were generated using immortalized B cells obtained
from P0482, P0481, C0669, and C0405 as described previously
[21, 22]. Plasmid vectors for induction of pluripotency, including
0.63 pg pCE-hOCT3-4, 0.63 pug pCE-hSK, 0.63 ug pCE-hUL, 0.63 pg
pCE-mp53DD, and 0.50 ug pCXB-EBNA1 (Addgene, MA, USA) were
electroporated in the immortalized B cells using the Nucleofector
2b Device (Lonza, Basel, Switzerland) with the Amaxa Human
T-cell Nucleofector Kit (Lonza). Subsequently, the electroporated
immortalized B cells were seeded in mitomycin C-treated feeder
cells (mouse SL10; Reprocell Inc., Kanagawa, Japan) and cultured
for 20—30 days. Colonies of cells similar to human embryonic stem
cells were clonally isolated, morphologically selected, subjected to
a polymerase chain reaction (PCR)-based analysis of loss of
episomal vector, and evaluated for the expression of pluripotent
markers using immunocytochemistry (TRA-1-60, TRA-1-81, OCT-
4A, and SOX2). As a result, the iPSC clones (clone numbers, C0405-
29 (derived from C0405), C0669-4, C0669-12, C0669-15 (derived
from C0669), P0481-4, P0481-10 (derived from P0481), P0482-17,
and P0482-22 (derived from P0482)) were selected and used for all
analyses.

Neuronal differentiation of iPSCs

The neural induction of iPSC lines into neural stem cells (NSCs)
was performed with PSC Neural Induction Medium (Thermo Fisher
Scientific, MA, USA), according to the manufacturer’s instructions.
For neuronal differentiation, patient- and control-derived NSCs
were seeded in Brain Phys Basal Medium (Stemcell Technologies,
Vancouver, Canada)-based neuronal differentiation medium con-
taining 1% N2 supplement (Wako, Osaka, Japan), 2%
B27 supplement (Thermo Fischer Scientific), 200 uM r-ascorbic
acid (Sigma-Aldrich, MO, USA), 1 mM dBcAMP (Wako), 20 ng/mL
human brain-derived neurotrophic factor (BDNF; R&D Systems,
MN, USA), 20 ng/mL human glial-cell-line-derived neurotrophic
factor (GDNF; R&D Systems), 500 ng/mL mouse laminin (Thermo
Fisher Scientific), and 1 uM DAPT (Wako) on a 24-well plate coated
with 0.1 mg/mL poly-L-ornithine (Sigma-Aldrich), 6.67 pg/mL
mouse laminin (Thermo Fisher Scientific), and 6.67 ug/mL human
fibronectin (Thermo Fisher Scientific).

Immunocytochemistry

Immunocytochemistry was performed as described in previous
studies [21, 23, 24]. iPSC-derived neurons were cultured for 30
—40 days for immunocytochemistry. The analysis of the spine
density was performed using data from secondary dendrites that
were not overlapped with other dendrites. In our culture
conditions, such secondary dendrites were rare, so that we

Translational Psychiatry (2021)11:548



calculated the spine density using all the observed secondary
dendrites that were not overlapped with other dendrites. The
primary antibodies used for immunocytochemistry were mouse
anti-synaptophysin (BD Biosciences, CA, USA, #611880, 1:500),
rabbit anti-MAP2 (Merck Millipore, MA, USA, #AB5622, 1:200),
rabbit anti-PSD-95 (Cell Signaling Technology, MD, USA, #3450,
1:100), mouse anti-PSD-95 (Merck Millipore, #MABN68, 1:250),
mouse anti-TRA-1-60 (Cell Signaling Technology, Stem Light
Pluripotency Antibody Kit, #9656 S, 1:1000), mouse anti-TRA-1-81
(Cell Signaling Technology, #9656 S, 1:500), rabbit anti-SOX2 (Cell
Signaling Technology, #9656S, 1:800), and rabbit anti-OCT-4A
antibodies (Cell Signaling Technology, #9656 S, 1:800). Hoechst
33258 dye was used to stain nuclei (Calbiochem, CA, USA). Images
of the stained cells were acquired using an Olympus FluoView
FV1000 confocal microscope (Olympus, Tokyo, Japan) and were
analyzed using Imagel) software (NIH, MD, USA) and Adobe
Photoshop CS (Adobe Systems, CA, USA).

Quantitative real-time reverse transcription PCR (RT-PCR)

Total RNA from cultured cells was isolated using the PureLink RNA
Mini Kit (Thermo Fisher Scientific) according to the manufacturer’s
instructions and was reverse transcribed using Superscript Il (Life
Technologies, CA, USA). Real-time PCR was performed with SYBR
Premix Ex Taq (Takara Bio Inc., Shiga, Japan) using a CFX96 real-time
PCR detection system (Bio-Rad Laboratories, CA, USA) as described
in a previous study [23]. The expression levels of MAP2 (forward
primer sequence: 5'-CCTGTGTTAAGCGGAAAACC-3'; reverse primer
sequence: 5-AGAGACTTTGTCCTTTGCCTGT-3'), GRIA1 (forward pri-
mer sequence: 5-GGAAGGACGGGACCAGACAA-3'; reverse primer
sequence: 5-AACGATGCGACCAGACAGGG-3'), GRIA2 (forward pri-
mer sequence: 5-AGTGCGGAGCCCTCTGTGTT-3/; reverse primer
sequence: 5-ATGGTGTCGCAAGGCTTCCT-3), GRIA3 (forward
primer sequence: 5-TGCCAATCTCGCTGCTTTCC-3’; reverse primer
sequence: 5-CGGAGTCCAGGGTCCCATAT-3'), and GRIA4 (forward
primer sequence: 5-CAGAAGAGCCAGAGGACGGA-3'; reverse pri-
mer sequence: 5'-CCTGAGAGGGATCTGGGTGA-3’) were normalized
to those of GAPDH (forward primer sequence: 5-CAACGACCACTT
TGTCAAGC-3’; reverse primer sequence: 5-GGTGGTCCAGGGGTCTT
ACT-3/) and were determined according to the 224" method.

Electrophysiology

Whole-cell patch-clamp recordings of iPSC-derived neurons were
made as described in previous studies [25, 26]. For measurement
of mMEPSCs, cells in the culture dish were perfused with an
extracellular solution containing 119 mM NaCl, 2.5 mM KCl, 25 mM
HEPES, 30 mM b-glucose, 2 mM CaCl,, and 2 mM MgCl,, pH 7.4.
Electrodes were filled with a solution containing 125 mM K-
methanesulfonate, 6 mM KCl, 2 mM MgCl,, 10 mM HEPES, 0.6 mM
EGTA, 32mM Mg-ATP, and 1.2mM Na-GTP, pH 7.4, and
membrane potentials were corrected for the liquid junction
potential (9 mV). mEPSCs were recorded from iPSC-derived
neurons held at —70 mV in the extracellular solution supplemen-
ted with 1uM TTX (Wako), 1 uM strychnine (Sigma-Aldrich), and
50 uM picrotoxin (RBI, MA, USA). Membrane currents were
recorded using MultiClamp 700B Microelectrode Amplifier (Mole-
cular Devices, CA, USA). The records were filtered at 2 kHz and
acquired at 10 kHz. The series resistance was monitored during
the experiments, and cells were required to have a series
resistance of <20 MQ for inclusion in the analysis. mEPSCs were
analyzed using OriginPro 2015 (OriginLab, MA, USA), Clampfit 10.7
(Molecular Devices), and Minianalysis 6.0.3 (Synaptosoft, GA, USA)
and were detected by setting the amplitude threshold to 6 pA
(root mean square, RMS, noise level <2 pA).

Western blotting

Western blotting was performed as described in a previous study
[23]. Data acquisition and analysis were performed using the
LAS4000 image analyzer (GE Healthcare, NJ, USA).

Translational Psychiatry (2021)11:548
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Whole-exome sequencing

Genomic DNA was extracted from whole blood using a QlAamp
DNA Blood Maxi Kit (Qiagen, Hilden, Germany). Whole-exome
sequencing was performed as described in a previous study [27].
Genetic variants identified by whole-exome sequencing were
confirmed by Sanger sequencing.

Splicing analysis

The expression levels of D2S (forward primer sequence: 5'-
GTCTCCTTCTACGTGCCCTT-3; reverse primer sequence: 5-GGGC
AGCCTCCTTTAGTGGA-3') and D2L (forward primer sequence: 5’-G
CAAGCGAGTCAACACCA-3; reverse primer sequence: 5-CCTCGG
GGTGAGTACAGTTG-3') were determined by quantitative real-time
RT-PCR.

Statistical analysis

For the statistical analyses for the biochemical and immunocyto-
chemical data, we assessed the assumptions of normality and
equality of variance by Shapiro-Wilk test and F-test, respectively.
We applied Student’s t-test for statistical analyses for the
biochemical data under the assumptions of normality and equality
of variance (Supplementary Table 1). Accordingly, the quantified
data from immunohistochemistry, western blotting, and quanti-
tative real-time RT-PCR were statistically analyzed using the
Student’s t-test. Electrophysiological data were statistically ana-
lyzed using the Kolmogorov-Smirnov test. All tests were two-
sided, and the significance level was set at P <0.05. Statistical
analyses were performed using the StatView software (SAS
Institute, NC, USA).

RESULTS

Generation of iPSC lines from patients with familial
schizophrenia

We established iPSC lines from patients with familial schizophrenia
and psychiatrically healthy age- and sex-matched participants
using a non-integrating approach with episomal vectors expres-
sing OCT3/4, SOX2, KLF4, L-MYC, LIN28, a dominant-negative form
of TP53, and EBNA1 (Fig. 1) [22]. We clonally isolated and
morphologically selected each iPSC line and confirmed the
expression of pluripotent markers (TRA-1-60, TRA-1-81, SOX2,
and OCT-4A) by immunostaining (Supplementary Fig. 1). Based on
these criteria, we selected multiple clones (four clones derived
from patients with familial schizophrenia (P0481-4, P0481-10,
P0482-17, and P0482-22) and four clones derived from healthy
controls (C0405-29, C0669-4, C0669-12, and C0669-15) for further
analysis.

. schizophrenia

|:| suspected schizophrenia

omoe .
]

L

Fig. 1 Pedigree of a family with schizophrenia. We performed
whole-exome sequencing on four patients (P0479, P0480, P0481,
and P0482) indicated by pink arrows. iPSCs were generated from
two patients (P0481 and P0482) indicated by red boxes. Blue and
light blue represent patients with schizophrenia and suspected
schizophrenia, respectively.
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Increased frequency and amplitude of mEPSCs in iPSC-derived neurons from patients. A Representative traces of mEPSCs obtained

from iPSC-derived neurons from controls and patients. B Cumulative probability plot showing a significant shift of the distribution of inter-
event interval toward shorter intervals in iPSC-derived neurons from patients. C Cumulative probability plot showing a significant shift of the
distribution of amplitude toward a larger amplitude in iPSC-derived neurons from patients. P < 0.001, Kormogorov-Smirnov test. Data were

presented as mean * standard error of the mean (SEM).
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Fig.3 Higher density of synaptophysin puncta in iPSC-derived neurons from patients. iPSC-derived neurons were cultured for 30—40 days
for immunocytochemistry. A Representative immunostaining images of synaptophysin (green) and MAP2 (red). B Quantification of
synaptophysin puncta density (control, n =75 dendrites; patients, n =72 dendrites). Scale bar, 10 pm. ****¥P < 0.0001, Student’s t-test. Data

were presented as mean + SEM.

Increased frequency and amplitude of mEPSC in iPSC-derived
neurons from patients

iPSCs were differentiated into NSCs, which were subsequently
differentiated into mature neurons. We found no significant
differences in the expression of MAP2 between differentiated
neurons derived from patients and healthy controls (Supplemen-
tary Fig. 2A, B). Abnormal brain functions, such as hallucinations,
delusions, decreased motivation, emotional blunting, and cognitive
dysfunction in patients with schizophrenia, are believed to be
partially caused by impaired synaptic function [3, 28]. We then
evaluated excitatory neurotransmission using whole-cell patch-
clamp recordings in iPSC-derived neurons from patients and
healthy controls, which were cocultured with primary cultured
mouse astrocytes to promote neuronal maturation. In the presence
of TTX (1 uM), mEPSCs were recorded in iPSC-derived neurons
between the period of 28—34 DIV (Fig. 2A) and were blocked by
CNQX (10 uM) and AP5 (50 uM) (data not shown). We observed
that the frequency of mEPSCs was higher in patient-derived
neurons than in healthy control-derived neurons (P < 0.001)
(Fig. 2B). The amplitude of mEPSCs also increased in patient-
derived neurons compared to that in healthy control-derived
neurons (P < 0.001) (Fig. 2C). These results suggest that, although
neural development seems normal, the excitatory synaptic
function is impaired in iPSC-derived neurons from patients.

Higher density of synaptophysin puncta in iPSC-derived
neurons from patients

To investigate the localization of presynaptic synaptophysin and
postsynaptic PSD-95 in iPSC-derived neurons, we performed
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immunostaining with antibodies against synaptophysin and
PSD-95. We analyzed the density of synaptophysin puncta in
iPSC-derived neurons from patients and healthy controls and
found that the density of synaptophysin puncta was significantly
higher in iPSC-derived neurons from patients than in iPSC-derived
neurons from healthy controls (P < 0.0001) (Fig. 3A, B). We did not
detect postsynaptic PSD-95 puncta in iPSC-derived neurons from
patients and healthy controls (data not shown), suggesting that,
although mEPSCs were well detected, presynaptic synaptophysin
puncta might represent relatively immature synapses. In any case,
considering that the frequency of mEPSCs is partially associated
with synapse number [29], the increased frequency of mEPSCs in
iPSC-derived neurons from patients may be attributable to the
higher number of synapses as revealed by the higher density of
synaptophysin puncta.

Higher expression of AMPA receptors in iPSC-derived neurons
from patients

The amplitude of mEPSCs is associated with the expression and
activation state of AMPA receptors, which are composed of four
subunits, GIuA1-4 [30]. We performed western blotting and
quantitative real-time RT-PCR to investigate the expression of
AMPA receptors. We first analyzed the protein expression of the
AMPA receptor and found that the expression of the
GIuA1 subunit of the AMPA receptor was higher in iPSC-derived
neurons from patients than in iPSC-derived neurons from healthy
controls (P < 0.05) (Fig. 4A). We then examined the expression of
mMRNA encoding GluA1-4 (gene name: GRIA1-4) in iPSC-derived
neurons from patients and healthy controls using quantitative

Translational Psychiatry (2021)11:548
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Fig. 4 Higher expression of AMPA receptors and impaired splicing of DRD2 mRNA in iPSC-derived neurons from patients. iPSC-derived
neurons were cultured for 30—40 days for the experiments. A Protein expression levels of the GIuA1 subunit of the AMPA receptor.
Representative images of western blotting (upper). Quantification of protein expression levels of GIuA1 (lower). Expression levels of GIUA1 are
normalized to those of a-tubulin (n = 4). *P < 0.05, Student’s t-test. B mRNA expression levels of the subunits of the AMPA receptor. Expression
levels were analyzed by quantitative real-time RT-PCR and normalized to those of GAPDH (n=4). n. s. not significant, Student’s t-test.
C Increased ratio of the D2S isoform to the D2L isoform in iPSC-derived neurons from patients. Expression levels of D2S and D2L (upper). The
ratio of D2S to D2L (lower). The expression levels of D2S and D2L were analyzed by quantitative real-time RT-PCR and normalized to the

expression level of GAPDH (n = 4). **P < 0.01, Student’s t-test.

real-time RT-PCR and found that the mRNA expression level of
GRIAT-4 was not significantly different between iPSC-derived
neurons from patients and healthy controls (Fig. 4B). These results
suggest that the higher protein expression of AMPA receptors
may be due to abnormalities in the posttranscriptional regulation
of AMPA receptor expression in iPSC-derived neurons from
patients.

Altered splicing of dopamine D2 receptor mRNA (DRD2) in
iPSC-derived neurons from patients

Genetic factors are believed to be associated with the develop-
ment of the disease in patients with familial schizophrenia [12]. To
examine whether the patients harbored common genetic variants,
we conducted whole-exome sequencing of four patients with
familial schizophrenia (Fig. 1). We identified the patients’ specific
genetic variants at 11 loci that were common to the four patients.
These included missense mutations in TRIT1, ATP6V0B, FBXO38,
PCDH9, SLC15A1, C140rf43, WDR93, ARMC5, and HNRNPM, deletion
of HSD17B1, and a nonsense mutation in ZNF844 (Table 1). Among
these mutations, we focus on one of the common patient-specific
genetic mutation in HNRNPM, whose product, heterogeneous
nuclear ribonucleoprotein M (hnRNP M), is involved in the
alternative pre-mRNA splicing of DRD2 [31]. The pre-mRNA of
DRD2 undergoes alternative splicing to generate two isoforms, the
short form (D2S) and long form (D2L) [32-35]. We performed a
splicing analysis of DRD2 and found that the expression of D2L
tended to be decreased in iPSC-derived neurons from patients,
although statistically insignificant (Fig. 4C). The expression of D2S
was virtually similar between iPSC-derived neurons from healthy
controls and patients (Fig. 4C). Interestingly, the expression ratio of
D2S to D2L was significantly higher in iPSC-derived neurons from
patients than in iPSC-derived neurons from healthy controls (P <
0.01) (Fig. 4C).

DISCUSSION

In this study, we identified abnormal synaptic function and
organization, including increased frequency and amplitude of
mMEPSCs, higher density of synaptic structures, and increased
AMPA receptor expression in iPSC-derived neurons from patients.
We also observed an altered ratio of D2S to D2L of DRD2 in iPSC-
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derived neurons from patients. These results suggest that a
combination of synaptic abnormalities may be associated with the
pathophysiology of schizophrenia in this family. Importantly,
electrophysiological experiments determine the functional impair-
ments in iPSC-derived neurons from patients at the single
synapse-level resolution, which would help identify the pathogen-
esis of schizophrenia at the molecular level.

Excitatory synaptic transmission altered in genetic and proteo-
mic analyses of samples from patients with schizophrenia [36, 37],
which may be due to the hypofunction of N-methyl-p-aspartate
(NMDA) receptors [38]. In contrast to NMDA receptors, the
potential role of AMPA receptors in schizophrenia has been
controversial [39]. Recent studies have found that the expression
of synaptic AMPA receptors is reduced in the auditory cortex of
patients with schizophrenia [40, 41] and that mutations in GRIA2A,
which encodes the GIuA2 subunit of the AMPA receptor, are
associated with schizophrenia [42]. In contrast to these findings,
the mRNA expression of GRIA2A and GRIA4A, which encode the
GIuA2 and GluA4 subunits, respectively, is increased in the
postmortem brains of patients with schizophrenia [43]. The
number of excitatory synapses increases in the caudate nucleus,
putamen, and nucleus accumbens in the postmortem brain of
patients with schizophrenia [39]. Considering these inconsistent
findings, in addition to genetic and postmortem studies, electro-
physiological studies of iPSC-derived neurons from patients with
schizophrenia are important to elucidate the synaptic pathology in
schizophrenia; however, to date, such studies are rare and further
research is warranted [15-20]. In this study, in addition to the
increased amplitude of mEPSCs (Fig. 2C), we found that the
expression levels of AMPA receptors were higher in iPSC-derived
neurons from patients than in neurons from healthy controls (Fig.
4A). Although the precise molecular mechanism underlying the
increased amplitude of mEPSCs is currently unclear, increased
AMPA receptor expression may be related to the increased
amplitude of mEPSCs in iPSC-derived neurons from patients. It will
be important to examine the synaptic expression level of AMPA
receptors and posttranslational modifications of AMPA receptors,
including phosphorylation and palmitoylation [44].

The dopamine D2 receptor is considered one of the most
relevant gene products and a primary therapeutic target for
antipsychotic drugs in schizophrenia. D2L differs from D2S by an
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Table 1. Patients'-specific genetic variants.

Gene Amino acid change
TRITT NM_017646:c.A1034G:p.Y345C

ATP6V0B NM_004047:c.C5T:p.T2M

FBXO38 NM_030793:c.G153A:p.M51I

PCDH9 NM_020403:c.C32T:p.A11V

SLC15A1 NM_005073:c.T1115C:p.F372S

C14orf43 NM_001043318:c.C316T:p.R106W
WDR93 NM_020212:c.T1461G:p.C487W

ARMC5 NM_001105247:c.T1493C:p.L498P
HSD17B1 NM_000413:c.873_884del:p.291_295del
HNRNPM NM_005968:c.G2174A:p.R725Q

ZNF844 NM_001136501:¢.T423G:p.Y141X

All genetic variants were confirmed by Sanger sequencing.

additional 29 amino acid insertions within the third cytoplasmic
loop of the receptor, which accounts for differential downstream
signaling pathways [31]. The postsynaptically localized D2L and
presynaptically localized D2S have distinct roles in the regulation
of synaptic functions [32-35]. Given that D2S is localized to the
presynapse mainly in dopaminergic neurons and regulates
dopamine release, a higher expression ratio of D2S to D2L in
iPSC-derived neurons from patients may alter the dopaminergic
synaptic function. In contrast to D2S, D2L is localized to the
postsynapse and regulates the firing properties and intracellular
signaling of neurons receiving dopamine input. The cataleptic
effects of antipsychotic haloperidol are absent in mice in which
the expression of the D2L has been specifically deleted [45],
suggesting that D2L is likely targeted by antipsychotics. It may be
possible that the uncontrolled symptoms of P0482 by antipsycho-
tic medication might be caused by the decreased D2L expression
in iPSC-derived neurons from patients. Interestingly, postmortem
brain studies have found that the expression ratio of D2S to D2L in
patients with schizophrenia is higher than that in healthy controls
[34]. Considering these points, the increased expression ratio of
D2S to D2L in iPSC-derived neurons from patients may be the
underlying mechanism of the pathophysiology in patients with
familial schizophrenia (Fig. 4Q). It will be important to generate
dopaminergic neurons from patients’ iPSCs and investigate the
dopaminergic synaptic function.

The precise molecular mechanism of differential alternative pre-
MRNA splicing of DRD2 in iPSC-derived neurons from patients is
currently unclear. We identified a patient-specific mutation in
HNRNPM (Table 1), whose product regulates alternative pre-mRNA
splicing of DRD2 to generate D2S [31]. The previous study has also
found that the generation of D2L is enhanced by Nova-1 and that
hnRNP M and Nova-1 are physically interacted with each other to
have antagonistic roles in the alternative splicing of DRD2 to
generate D2S and D2L [31]. It may be possible that the mutated
hnRNP M might interfere with the function of Nova-1 to decrease
the expression of D2L in iPSC-derived neurons from patients.

Based on the advantages of familial samples, we identified
common patients’ specific genetic variants, which are expected to
be associated with the disease with high penetrance. Among the
gene loci with these patient-specific mutations identified in this
study, the FBXO38 product is a ubiquitin ligase that is involved in
transferring ubiquitin to substrates to control gene expression at
the posttranslational level [46]. In iPSC-derived neurons from
patients, the function of FBXO38 might have been downregulated
by the mutation, resulting in less degradation of the AMPA
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Chr Position Polyphen
1 40310285 probably damaging 0.999
1 44440717 probably damaging 0.975
5 1.48E + 08 probably damaging 0.979
13 67802541 benign 0.208
13 99360974 probably damaging 1.000
14 74206396 probably damaging 1.000
15 90276367 probably damaging 0.999
16 31475837 benign 0.001
17 40706842 deletion
19 8553719 probably damaging 0.998
19 12186358 stop codon

receptor protein. The underlying mechanism for higher synaptic
density in iPSC-derived neurons from patients is also currently
unclear. Pcdh9-deficient mice show increased dendritic spine
number as well as social and recognition deficits [47]. It may be
possible that the patient-specific mutation on PCDH9 might impair
the function of PCDH9, resulting in increased dendritic spine
number. The functional role of the identified patients’ specific
mutations in the altered synaptic function remains largely unclear.
It is important to clarify the biological phenotypes of each
mutation to clarify the possible relevance of these mutations in
the pathophysiology of schizophrenia in this family.

One of the limitations of this study is that there are no available
healthy controls in this family; therefore, we cannot determine
whether the identified mutations are patients’ specific or not. To
circumvent this problem, we investigated the identified patient-
specific mutations using the Genome Aggregation Database
(gnomAD) and examined whether these mutations have not
been previously reported. We found that the genetic variants
shown in Table 1 have not been previously reported in the
gnomAD. In addition to the genetic variants shown in Table 1, we
also identified the genetic variants on EP400 (132539725, C/T),
ITGA2B (42461707, G/A), KIAA0922 (154524568, A/G), NOCA4L
(132632518, C/T), SNTB1 (121706118, A/G), and SZT2 (43870202,
T/C) in all patients’ samples by whole-exome sequencing. We
identified the genetic variants in EP400 (132539725, C/T, four
counts in 191,332 samples), ITGA2B (42461707, G/A, four counts in
249,364 samples), KIAA0922 (154524568, A/G, one count in
251,214 samples), NOC4L (132632518, C/T, four counts in
242,848 samples), SNTB1 (121706118, A/G, one count in
31,396 samples), and SZT2 (43870202, T/C, two counts in
250,788 samples) in the gnomAD. Although, in this study, we
have first focused on the genetic variants shown in Table 1, we
assume that the genetic variants in EP400, ITGA2B, KIAA0922,
NOC4L, SNTB1, and SZT2 might be involved in the pathophysiology
of schizophrenia in this family.

In this study, we found experimental evidence suggesting that
mutant gene products specific to patients with familial schizo-
phrenia may be involved in the development of the disease by
affecting glutamate receptor and dopamine receptor signaling. It
is important to clarify the molecular and cellular pathophysiolo-
gical mechanisms in more detail and to validate the mechanisms
using a large sample set. Schizophrenia is a genetically and
clinically heterogeneous disease, of which the underlying
molecular and cellular pathophysiology is likely to vary from
patient to patient [1, 2, 48, 49]. Molecular elucidation of disease-
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associated rare variants leads to stratification of the disease by
molecular pathophysiological mechanisms and ultimately to the
development of personalized medicine.
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