ESP Variant Server.
Not Registered

Not Registered

1000 Genomes
Not Registered

dbSNP Reference
Not Registered
Not Registered

Frequency
2/382

AA Change

~ Base Pair Change ®
174685A>AT

107281T>TC

Exon

Table 2. Rare exonic mutations identified during the resequencing stage.

Genomic Position ?

o
o
o =
wn
&+
=)
5]
S
N

rs150908061

20:3019013

Synonymous

160879G>GA

Exon 21

20:3005207

Registered

Registered
Not Registered

173575C>CA

Not Registered

Not Registered

2/382

Synonymous

Exon 27

20:3017903

Notes:

2 Based on NCBI build 37.1.

b Based on NCBI Reference Sequence NC_000020.10.

< Based on NCBI Reference Sequence NP_001099043. AA: amino acid.

All mutations are heterozygous.

doi:10.1371/journal.pone.0112531.t002
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controls using Fisher's exact test (one-tail), with a threshold of
significance set at p<<0.05.

Results

Mutation ‘Screening Step _
Eight rare mutations consisting of 2 missense SNPs, 4 synony-

mous SNPs and 2 variations located in the 3"UTR area were

identified within the target exons (Table 2), 4 of which were not

_previously reported in dbSNP Build 139 (http://www.ncbinlm.nih.

gov/projects/SNP/), the 1000 Genomes Project (http://www.
1000genomes.org), or the NHLBI Exome Sequencing Project (ESP)
Variant Sexrver (http://evs.gs.washington.edu/EVS/). All detected

mutations were heterozygous.

Association Analysis

Two missense mutations, rs61742029, which had been previ-
ously observed only in the Han Chinese population; L59P, a novel
variant, as well as the 174620_174623dupTGAT mutation were
validated for association with SCZ and/or ASD in stage 2
(Table 3). Although we were unable to detect significance with our
sample sets, it is worth noting that L59P was only present in the
SCZ patient group. -

Evolutionary Conservation Analysis

Conservation status of 1561742029 and L59P in 11 common
species was investigated using Mutation Taster (http://www.
mutationtaster.org/). Results showed that the amino acids
corresponding to the mutations in RPTP-o were highly conserved
among different species (Table 4).

In Silico Functional Effects Prediction

Possible functional implications brought by amino acid changes
due to the 2 missense mutations were analyzed with PolyPhen-2
(http://genetics.bwh.harvard.edu/pph2/), PMut (http://www.
ngrl.org.uk/Manchester/page/pmut) and SIFT (http://siftjevi.
org/). (Table 5) According to the results, the mutation L59P,

‘which was only observed in schizophrenia patients, was predicted

to be mostly benign, while rs61742029 showed a high probablhty
of pathogenicity in PolyPhen-2.

3'UTR Motif Prediction

174620_174623dupTGAT, a small duplication dlscovered in
the 3'UTR area, was predicted by RegRINA 2.0 (http://regrna?2.
mbc.nctu.edu.tw) to be located within a human Musashi Binding
Element (MBE), an evolutionarily conserved region shown to
affect neural cell differentiation through its mRNA translation
regulator properties [38].

Clinical Information of the Carriers of Mutation L59P and
174620_174623dupTGAT

The patient carrying the PTPRA L59P mutation was a male
diagnosed with SGZ at the age of 19. The patient was born in 1947
had a normal course of development during childhood. In early
1966, he started to suffer from auditory hallucinations, and soon
withdrew into an indoor lifestyle. His family reported him being
irritated when visited, as well as behaving improperly in public. He
was promptly diagnosed and admitted to a psychiatry ward in the
same year, and spent the rest of his life living in a hospital. A
remarkable improvement was observed in his positive symptoms
after admission and administration of antipsychotic drugs; however,
he remained secluded, hardly communicating with people around
him. At the time of his enrollment in the study, he was 162 c¢m tall
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Table 3. Association analysis results of two rare missense mutations and one 3’UTR variant.

Mutation

171999G>GA, 673V>VI

0/3/379

1012817 -TC,

174620_174623het_dupTGAT 0/1/381

Genotype Counts (Resequencing) * Genotype Counts (Association)

0/2/942

G

0/0/944

P Value ©

0/2/334 0/4/908 0.3276 0.2829

0/0/336 - 0/1/911 04914

1.0000

Notes:

2: Homozygote of minor allele/heterozygote/homozygote of major allele.
b: Calculated using Fisher's exact test, one-tailed.

Ctrl: healthy controls.

doi:10.1371/journal.pone.0112531.t003

and weighed 48 kg. No comorbid physical or mental illnesses were
present. He had 3 children, among whom, one daughter had a
history of mental disorder. The patient succumbed to pneumonia in
the second half of 2013. In a computerized axial tomography (CAT)
scan of the head taken a few wecks prior to patient’s death, diffuse
neocortical atrophy was observed.

The other patient carrying the L59P mutation was a female
diagnosed with SCZ at the age of 34. No childhood development
abnormalities were reported, but she was noted to have a history
of irritability/aggressive tendencies in high school. Since onset, she
had experienced auditory hallucinations and persecutory delu-
sions, as well as continued irritability and aggression. Despite the
efficacy of antipsychotic .drugs on her positive symptoms, the
patient suffered numerous relapses throughout her course of illness
due to poor insight and lack of adherence to treatment. At the time
of recruitment, she was 61 years old, with a chronic condition of
diabetes and no comorbid mental conditions. She died in 2012 at
the age of 62.

The patient carrying the PTPRA 174620_174623dupTGAT
mutation was a male diagnosed with SCZ and comorbid

intellectual disability at the age of 27, while he was enrolled in

our study. He had a normal conception and birth, born to a 28-
year-old father and 27-year-old mother. His father died when he
was 3. Delayed intellectual development was observed since his
childhood, with reports of illiteracy, hyperactivity, poor concen-
tration and low performance at school. He subsequently dropped
out of high school in his first year and started attending a technical
school. After graduation, not being able maintain a steady
position, he changed part-time jobs frequently. He presented at
onset with hallucinations, persecutory delusions, and psychomotor
excitement, and was subjected to involuntary commitment due to
harmful behavior to others as a result of his delusions. At the time
of admission, he was 168 cm tall and weighed 74 kg, with a
Wechsler Adult Intelligence Scale (WAIS) score of 49 (Verbal
1Q =57, Performance IQ =48); he also suffered from stuttering
(anarthria lteralis). After remission under antipsychotic treatment,
he was discharged; however, lack of insight or compliance
persisted. It was reported that his mother had a history of panic
attacks, and one of his maternal relatives was also diagnosed with
SCZ.

Discussion

To our knowledge, this is the first study that systematically
screened all coding regions and 3"UTR of the PTPRA gene for
rare variants in SCZ patients and assessed the association of
identified mutations in such a study with SCZ/ASD.

PLOS ONE | www.plosone.org

Main Findings _

In this study, we sequenced the encoding regions, splicing sites,
and 3"UTR region of the PTPRA gene in 382 SCZ patients using
the Sanger sequencing method, and discovered 8 rare variants.
We then conducted association analysis in a much larger sample
set for the 2 rare, missense mutations and one 3'UTR InDel
identified during the mutation-screening phase in order to
investigate their relationship with SCZ and/or ASD.

We were unable to detect a statistically significant association

" for any of the 3 mutations; this may be attributed partially to the

low frequency of rare mutations in the population. However,
according to our estimation using CaTS, the power calculator for
two-stage association studies (http://www.sph.umich.edu/csg/
abecasis/CaTS/), it would require a sample size of around
25,000 cases and controls for the study to obtain possible
significance [39,40]. Also, L59P was only detected among SCZ
patients in our sample, which infers possible connection of this
mutation to the disorder. The evolutionary conservation status of
the locus also indicates its biological importance.

Recent studies have discussed the limited impact of protein-

-coding variants detected in exome resequencing projects, attribut-

ing it partly to the fact that most associated variants alter gene
expression rather than protein structure. These findings may help
explain the lack of association for the 2 missense mutations we
detected, while hinting that 174620_174623dupTGAT, predicted
to be located within an expression-regulating element, may have a
more significant effect. [10]

Additionally, an increasing amount of evidence suggests that
genetic risks for SCZ and ASD may not be conferred by the effects
of individual variants alone, but also the amplifying interactions
between multiple susceptibility loci [41-44]. Thus it may be
interesting to sequence the mutation carriers for additional related
variants in future.

Limitations

Several limitations should be considered when interpreting the
results of our study. The single candidate gene paradigm for a
gene with less than robust ties to schizophrenia may have been one
of the reasons leading to negative results. Besides, the Sanger
method it employed predetermined its relatively small sample size
and detection power in contrast with next generation resequen-
cing. In addition, we did not have lymphoblastoid cell lines (LCLs)
from the mutation carriers for expression analysis or blood samples
from their family members for pedigree study. Therefore, we were
unable to follow up the results with further biological evidence.
Moreover, some potentially interesting regions of the PTPRA
gene, such as the promoter, 5UTR, and most of the intronic
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Table 4. Evolutionary conservation information for rs61742029 and L59P

Mutation . Species

Trubripes

Not conserved —
i

SGA
ENSTRUG00000014770

s A DTS
LENRDARGOCOD000S

%
8.1
it

All conserved ENSXETG00000017982

e

all identical ENSTRUG00000014770

AA

Alignment

*Marks the position of the amino acid change due to mutation.

doi:10.1371/journal.pone.0112531.t004
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Table 5. In silico functional effect prediction for rs61742029 and L59P.

Prediction Tool

Mutation

rs61742029 Probably damaging

doi:10.1371/journal.pone.0112531.t005

areas, were not sequenced (the rare intronic mutations we detected
close to the exons can be viewed in Table S1).

Conclusion

In conclusion, our study did not detect any rare missense
mutations within the PTPRA gene in our samples that showed
statistical association with SCZ or ASD. Nonetheless, some
potentially interesting variants were identified that might increase
the susceptibility of their carriers to the disorders. Also, our results
may help provide genetic clues for the involvement of the PTPRA
gene in the pathogenesis of psychiatric disorders.

Supporting Information

Table S1 Rare intronic mutations identified during the
resequencing stage. % Based on NCBI build 37.1. » Based on
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Background: Nuclear distribution E homolog 1 (NDE1),
located within chromosome 16p13.11, plays an essential
role in microtubule organization, mitosis, and neuronal
migration and has been suggested by several studies of
rare copy number variants to be a promising schizophre-
nia (SCZ) candidate gene. Recently, increasing attention
has been paid to rare single-nucleotide variants (SNVs)
discovered by deep sequencing of candidate genes, because
such SNVs may have large effect sizes and their functional
analysis may clarify etiopathology. Methods and Results:
We conducted mutation screening of NDE1 coding exons
using 433 SCZ and 145 pervasive developmental disorders
samples in order to identify rare single nucleotide variants
with a minor allele frequency <5%. We then performed
genetic association analysis using a large number of unre-
lated individuals (3554 SCZ, 1041 bipolar disorder [BD],
and 4746 controls). Among the discovered novel rare vari-
ants, we detected significant associations between SCZ and
S214F (P = .039), and between BD and R234C (P = .032).
Furthermore, functional assays showed that S214F affected
axonal outgrowth and the interaction between NDE1 and
YWHAE (14-3-3 epsilon; a neurodevelopmental regula-
tor). Conclusions: This study strengthens the evidence for
association between rare variants within NDE1 and SCZ,
and may shed light into the molecular mechanisms underly-
ing this severe psychiatric disorder.

Key words: YWHAE/SNV/tafget resequencing/rare
variants/DISC1/protein-protein interaction

Introduction

Schizophrenia (SCZ), of which clinical features are
characterized by hallucinations, delusions, and cogni-
tive deficits, and cause enormous personal and societal
burdens,! is a severe psychiatric disorder with a lifetime
risk of about 1%. The heritability of SCZ is as high as
80%,>* making this condition a target for human genet-
ics research. Recent studies into the genetic architecture
of SCZ have identified both common and rare variants.*
Several common variants with relatively small odds
ratios (ORs) for SCZ have been identified in genome
wide association studies (GWASs), and the findings indi-
cate that common variants account for at least a third of
the genetic contribution to SCZ risk®* and that genetic
risk overlaps with bipolar disorders (BD).* Additionally,
studies of rare variations of SCZ and autism spectrum
disorder (ASD) identified rare copy mumber variations
(CNV) with large effect size,’ and such variants might be
important to understand the etiopathology of SCZ and
ASD. Despite their large effect size, the etiopathological
roles of CNV remains largely unknown, partially because
it remains unclear how the functional change of the genes

© The Author 2014. Published by Oxford University Press on behalf of the Maryland Psychiatric Research Center.
All rights reserved. For permissions, please email: journals.permissions@oup.com
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within the regions of the CNVs lead to the pathogenesis -

of neuropsychiatric disorders.

On the other hand, there is growing evidence that
‘rare SNVs, discovered from deep sequencing of candi-
date genes, may have large effect sizes and account for
the missing heritability, as well as contribute to under-
standing of the pathogenesis of neuropsychiatric disease
through functional analysis.”!* Intriguingly, recently it
has been suggested that some of genetic risk associated
with SCZ'2 converged on the similar set of genes in

terms of their functions. For instance, the SNVs discov-

ered from deep sequencing of ASD**!in the gene encod-
ing the synaptic scaffolding protein SHANKS3 (located
within the CNVs at 22q13.3 which was associated with
ASD),! were found to affect dendritic spine morphology
via an actin-dependent mechanism.'® Thus, sequencing
the candidate genes from the large scale genome wide
analyses may be a promising method for elucidating the
pathophysiology of neuropsychiatric disorders such as
SCZ and ASD.

There are multiple lines of evidence that deletions and
reciprocal duplications at chromosome 16pl3.11 are
associated with disorders involving abnormal neurode-
velopment, such as ASD,'¢ epilepsies,’’1® and SCZ.*-% In
some cases, microcephaly is a phenotypic manifestation
of CNV deletions at 16p13.11.2 Given that the CNVs

at 16p13.11 regions contain nuclear distribution E homo-

log 1 (NDEL1), which are closely associated with neurode-

velopmental phenotypes, NDE is a promising candidate
- gene. Furthermore, the NDEI have been associated with
SCZ?% and ASD?*” risk by linkage analysis.

NDEI1 plays a crucial role in the process of mamma-
lian encephalization and human cerebral cortex growth
because of its involvement in mitosis, neuronal migra-
tion, and microtubule organization during brain devel-
opment.” In an NDE]-deficient mouse model, in which
the mice presented with microcephaly, it was found that
NDE]1-deficient mice had reduced progenitor cell divi-
sion and alterations in mitotic spindle formation and
in chromosome segregation.””- NDEl protein has an
N-terminal region with coiled-coil motif known to bind

to lissencephaly 1, and a C-terminal region known to

harbor several phosphorylation sites involved in subcellu-
lar localization, protein-protein interactions and the cell
cycle.332 In humans, homozygous loss of function muta-
tions at C-terminal regions have been associated with
extreme microlissencephaly, 3 suggesting that NDEI is
required for neurogenesis and neuronal migration. NDE1
was also identified as a SCZ susceptibility locus by a
genome-wide linkage study on common risk variants of
disrupted in schizophrenia 1 (DISCI),*® which is a scaf-
fold protein indicated in neurodevelopment and synaptic
regulation with several interacting proteins and is a sug-
gested risk factor for SCZ, ASD, and BD.** NDEI and
NDE-like 1 (NDEL1), which is a paralog of NDE1,* are
known to directly bind with DISC1.%37 Furthermore, in

Page 2 of 10

the region of the YWHAE (14-3-3 epsilon), that binds to
DISC1 and is involved in neural migration by recogniz-
ing the phosphorylation sites of NDEL1,%* we previously

identified a SNP (rs28365859) that showed a significant

association with Japanese SCZ.%

Considering that NDEI is essential for neurodevelop-
ment and is included in the SCZ and ASD susceptibil-
ity locus at 16p13.11, we hypothesized that mutations
in NDE1 might confer susceptibility to SCZ, ASD, and

BD pathogenesis. However, there have been no studies

focusing only on NDEI! variants by deep sequencing of
SCZ and ASD. Therefore, in this study, in order to dis-
cover rare variants with large effect size and explore the
role in pathogenesis of the discovered rare variants, we
performed mutation screening of NDE!1 coding exons
with SCZ and pervasive developmental disorder (PDD)
samples, followed by association analysis and functional
analysis of variants with putative large effects. In this
study, we found that rare variants of NDEI may have
functional relevance for the pathophysiology of SCZ and
BD.

Methods

Samples

Two independent sample groups were used in this study.
(1) For mutation screening, we used 433 SCZ (mean age
+ SD = 52.3114.4 years) and 145 PDD (15.6£8.3 years).
(2) For genetic association analysis, we used a case control
sample set consisting of 3554 SCZ (48.4 + 14.6 years), 1041
BD (51.0 + 14.1 years), and 4746 healthy control (HC) sub-
jects (43.2 1 14.7 years). All subjects were unrelated, living
in the mainland of Japan, and self-identified as Japanese.
All of the cases were included if they met Diagnostic and
Statistical Manual of Mental Disorders, Fourth Edition-
Text Revision (TR) criteria for SCZ, BD, and PDD (spe-
cifically, Autistic disorder, Asperger’s disorder, PDD not
otherwise specified). In addition, the patients’ capac-
ity to consent was confirmed by a family member when
needed. Control subjects were selected from the general
population and had no history of mental disorders based
on questionnaire responses from the subjects themselves
during the sample inclusion step. A general characteriza-
tion and psychiatric assessment of the subjects is available
elsewhere.® Written informed consent was obtained from
all participants. The Ethics Committees of the Nagoya
University Graduate School of Medicine and associated
institutes and hospitals approved this study.

Mutation Screening of NDEI Coding Exons

For the purpose of mutation screening, we designed 8
primer sets (supplementary table S1) to cover the NDE1
coding exons (transcription ID: ENST00000396355
from ensemble database; Chrl6: 15,737,124-15,820,210;
human reference sequence NCBI (National Center for

— 501 —

S10T ‘11 Yoie uo Aysioarup) eAodeN je /B10°sjewmolpioyxo unajmqeruaiydoziyos;/:dny wox papeoumoq



Biotechnology Information) build 37.1). Genomic DNA
was extracted from peripheral blood using standard meth-
ods. Amplicons were generated using standard polymerase
chain reaction (PCR) conditions. After PCR amplifica-
tion, aliquots of PCR products were purified using Illustra
Exonuclease I and Alkaline Phosphatase (GE Healthcare
and Life Science). These were then sequenced using the
Sanger method and a 3130XL Genetic Analyzer (Applied
Biosystems). Mutation Surveyor (Softgenetics), which
can detect sequencing variations within Sanger sequenc-
ing traces, was used to detect mutations in NDE1.*' We
prioritized SNVs for follow-up association analysis as fol-
lows. (1) We included rare (minor allele frequency [MAF]
<.5%) missense and nonsense SNVs, canonical splicing
junction mutations (within 2 bp of intronic sequence at
the exon/intron boundaries), and indels. (2) We included
only “novel” variants; those that were not registered in
dbSNP version 136 (http://www.ncbi.nlm.nih.gov/proj-
ects/SNP/). Each rare mutation was reconfirmed using
Sanger sequencing. After prioritization, all variants were
evaluated in silico for possible structural and functional
consequences using the following tools: (1) localization
of protein domain and phosphorylation sites was based
on the human protein reference database (http://www.
hprd.org/index_html) (HPRD); (2) evolutionary conser-
vation was assessed by the HomoloGene database (http://
www.ncbi.nlm.nih.gov/homologene/); and (3) analysis
of deleterious effects by amino acid substitution was
performed by algorithms implemented in Polyphen-2,%
Sorting Tolerant from Intolerant (SIFT),” and PMUT.*

Genetic Association Analysis

Genotyping was performed using Tagman (Applied
Biosystems) custom probes (details about DNA sequences
and PCR conditions are available upon request). Each
384-microtiter plate contained at least 2 non-template
controls and the sample(s) in which novel variant was
observed. Analysis was performed on an HT7900 instru-
ment (Applied Biosystems) according to the standard
protocol. All allele-wise association analyses were car-
ried out by calculating the P values for each SNP using
Fisher’s exact test (one-tail). Differences were considered
significant when the P value was less than .05. Statistical
calculations were done using SPSS v21 (SPSS Inc.) and
Plink v1.07.% Furthermore, we calculated adjusted P
value (100 000 permutations) as implemented in Plink
v1.07. Calculation of statistical power was performed by
the Genetic Power Calculator (http://pngu.mgh.harvard.
edu/purcell/gpc/) with the multiplicative model.

Materials and Chemicals

The ¢cDNAs encoding NDE1 and YWHAE/14-3-3¢
were isolated from a human fetal brain cDNA library
(Clontech). Antibodies against green fluorescent protein
(GFP) or glutathione S-transferase (GST) were purchased

Targeted Resequencing of NDE1 Gene

from Nacalai and Sigma, respectively. Other materials and
chemicals were obtained from commercial sources.

Plasmid Constructs and Protein Purification

A full-length cDNA encoding human NDE]1 (wild type
[WT]) (amino acids 1-335) was inserted into pEGFP-C-
terminal 1 (C1) (Clontech) and separately into pEFBOS-
GST (provided by Dr S. Nagata, Osaka University).
Additionally, cDNAs encoding NDEI-S214A (SA),
NDEI1-S214F (SF), NDE1-T215A (TA), or NDEIl-
R234C (RC) were generated by site-directed mutagenesis,
and were then cloned into pEGFP-C1 and separately
into pEFBOS-GST. For protein purification of GST-
YWHAE, the cDNA encoding YWHAE was inserted
into pGEX-4T1 (GE Healthcare).* GST fusion proteins
were produced in Escherichia coli BL21 (DE3), and puri-
fied on glutathione-Sepharose 4B beads according to the
manufacturer’s instructions (GE Healthcare).

Cell Culture and Transfections

HEK?293T cells were cultured in Dulbecco’s modified
Eagle’s medium (Sigma-Aldrich) supplemented with 10%
fetal bovine serum (Invitrogen Life Technologies) in a
5% CO, atmosphere at 37°C. HEK293T cells were trans-
fected with the indicated plasmids using Lipofectamine
(Invitrogen Life Technologies). At 36 hours after trans-
fection, the cultured cells were harvested for a GST pull-
down assay. For the primary culture of rat hippocampal
neurons, all animal studies were conducted in accordance
with the Animal Care and Use Committee guidelines of
Nagoya University in Japan. Hippocampal neurons were
prepared from E16 embryos of WT (C57BL6J) mice as
previously described.#’ Briefly, neurons were seeded onto
a poly-D-lysine-coated 35-mm glass-based dish and cul-
tured in neurobasal medium (Invitrogen) supplemented
with B-27 (Invitrogen) and 1mM L-glutamine.

GST Pull-down Assay

Cells were lysed with the lysis buffer (20mM Tris-HCI, ImM
EDTA, 250mM NaCl, ImM DTT, 0.1% [wt/vol] Triton
X-100, 10uM p-amidinophenyl methanesulfony! fluoride
hydrochloride, and 10 pg/ml leupeptin). The lysate was son-
icated, and then clarified by centrifugation at 12 000g for
10 minutes at 4°C. The soluble supernatant was incubated
with the glutathione—Sepharose 4B beads (GE Healthcare)
coated with 50 pmol of GST alone or GST-YWHAE. Beads
were washed with lysis buffer; and the bound GST-proteins
were then eluted with a glutathione-containing buffer
(10mM glutathione in Tris-based buffer [pH 7.4]). A por-
tion of each eluate was subjected to SDS-PAGE, followed
by immunoblot analyses with the indicated antibodies. We
used cell lysates from COS7 that expressed GST-YWHAE
or GFP-NDE! for in vivo GST pull-down assays. The COS7
cell lysates were incubated with glutathione—Sepharose 4B
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beads. These beads were washed with lysis buffer, and the
bound GST-proteins were then eluted with the glutathione-
containing buffer. To quantify the effects of the NDEI
mutations on the interaction with YWHAE, we performed.
the GST pull-down assay in triplicate. Quantitative densito-
metric measurement of immunoblots was performed using
Image J (http://rsb.info.nih.gov/ij/). The Student’s ¢ test was
used to assess statistical significance.

Neuromorphological Analysis

Hippocampal neurons (6 X 10 cells per well) were seeded
onto 24-well plate. At one day in vitro (DIV1), a CalPhos
mammalian transfection kit (Clontech) was used to intro-
- duce via transfection expression plasmids encoding the
indicated cDNA (1.0 pg) into hippocampal neurons. At
day three in vitro (DIV3), transfected and control hippo-
campal neurons were fixed with 3.7% formaldehyde in PBS
for 10 minutes and treated with PBS that contained 0.05%
Triton X-100 for 10 minutes. Neurons were incubated with
anti-GFP and anti-Taul antibodies (Sigma) overnight at
4°C, washed, and incubated for 1 hour with secondary
antibodies. Immunofluorescent signals were examined
with a laser scanning confocal microscope (LSM510;
Zeiss). Axon lengths were measured from the cell body to
the tip of axonal processes. The Student’s ¢ test was used to
assess statistical significance between groups.

Results

Mutation Screening of NDEI Coding Exons

- To clarify the genetic relationship of NDEI! in the pathol-
ogy of SCZ and ASD, we performed a mutation screening
of NDEI1 coding exons using the 433 SCZ and 145 ASD
samples. We identified 4 rare missense heterozygous muta-
tions within NDE1 coding exons (table 1). No synonymous
mutations, nonsense mutations, splicing site mutations, or
indels were discovered. In one of the 145 ASD samples, we

detected a known rare missense mutation (rs148118152)
at exon4 within the N-terminal coiled-coil région. The
other 3 rare missense mutations (Q186E, S214F, R234C)
were novel and discovered within the 433 SCZ samples
(MAF = 0.12%). All of the novel missense mutations were
discovered within exon 7, where several phosphorylation
sites are located (figure 1A); S214 is also located at a puta-
tive phosphorylation site according to the HPRD. S214F
was predicted to be deleterious by all of the 3 algorithms
(table 1). The result of evolutionary conservation analysis
for the novel rare mutations is shown in figure 1D. Case
summaries of patients with a novel rare missense mutation
are provided in the supplementary results, supplementary
tables S2 and S3, and supplementary figures S1 and S2.

Results of Genetic Association Analysis

The results of genetic association analysis of novel mis-
sense mutations are shown in table 2. We detected S214F
in 6 SCZ cases and 1 HC, and we observed a significant

association between SCZ and S214F (OR =7.1, P =.039, -

adjusted P = .052). The clinical feature of 6 SCZ cases
with S214F is in supplementary table S4. In addition, we
discovered R234C in 1 SCZ case and 2 BD cases, but none
in HC, and detected a significant association between BD
and R234C (P = .032, adjusted P = .033). The MAF of
Q186E in HC (0.24%) was higher than the MAF in SCZ
(0.15%) and BD (0.098%). '

Functional Analysis of NDEI Mutations

- Of the 3 novel rare mutations, only S214F and R234C

were predicted to be deleterious based on in silico analy-
sis (table 1); they were also the two with a significant asso-
ciation with SCZ or BD (table 2). Notably, even adjusted
P value (100 000 permutations) showed trend for statisti-
cal association. Therefore, we focused on these 2 rare mis-
sense mutations for further functional assays.

Table 1. Details of Discovered Rare Missense Mutations and In Silico Analysis

PDD (n=
SCZ (n = 433) 145)

In Silico Analysis for Amino
Acid Substitution

Physical Base Change dbSNP
Chromosome Position* Exon MP>m® Reference Variant® MAC? MAF® MAC MAF SIFT Polyphen-2 PMut.
16 15761214 4 C>T Registered T52M 0 0 1 0.0035 tolerated benign pathological
16 15785033 7 CcC>G Not registered QI86E 1 0.0012 0 0 tolerated benign neutral
16 15785118 7 C>T Not registered S214F 1 0.0012 0 0 damaging possibly  pathological
‘ damaging
16 15785177 71 C>T Not registered R234C 1 0.0012 0 0 tolerated benign pathological

Note: SCZ, schizophrenia; PDD, pervasive developmental disorder.

= Genomic position based on NCBI build 37.1(Transcript ID ENST00000396355).

b M, major allele; m, minor allele.

¢ Amino acid change based on NCBI reference sequence NP_060138.1.

4 Minor allele count.
¢ Minor allele frequency.
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A) <

NDE1 gene structure

Protein coding exons sequenced

p.186 Q>E p214 S>F p234R>C

c.641 C>T
(p.214 8>F)

C)  ess6ceG
(p-186 Q>E)

AR AR

CAGAAGCAGGAGAARA G%GC&G%CACG&G
L L
rEYY WYEYY

D)

Species Q186E S214F R234C
Human (NP_001137451.1) QQKQEKP SVPSTPI  SFRRGLD
Chimpanzee (XP_510841.3) QQKQEKQ SVPSTPI SFRRGLD
Wolf (NP_001239101.1) QOKQEKP SVPSTPI  TFRRGLD
Cattle (NP_001093791.1) QQKQEKP SVPSTPI  TFRRGLD
Mouse (NP_075806.2) QQKQDKP SVPSTPV  MFRRGLD
Rat (NP_445799.1) QQKQDKP SAPSTPI TFRCGLE
Zebrafish (NP_001025374.1) QQKQERK SLLATPS ASYSRIE

Fig. 1. Locations of novel rare mutations and results of conservation analysis. (A) NDEI gene structure based on ENST00000396355;
yellow boxes indicate the protein-coding exons sequenced in this study. Gray boxes indicate the 5 and 3’ untranslated regions (UTR).
‘We discovered 3 rare novel mutations in exon7. (B) NDEI protein structure (335 amino acids); S214F and R234C were located between
the N-terminal coiled-coil region and C-terminal a-helix region.* Several phosphorylation sites (red sticks) have been identified in the
peptide regions encoded by exon7 of NDEI, and S214 is one of those phosphorylation sites. (C) Traces of Sanger sequence illustrating
the novel rare variants. Arrows indicate the mutated sites. (D) Multiple alignments of amino acid sequences from NDE1 homologs; these

alignments include the novel mutations.

Table 2. Association Analysis of Novel Rare Variants

Genomic Data Schizophrenia Bipolar Disorder Healthy Control
Genotype Odds Genotype Odds Genotype
Variant Position Mm* MAF®  Count® Pvalued Ratio MAF  Count Pvalue Ratio MAF Count
QI86E ~ 16:15785033 C/G 0.0015  0/12/3948 .15 0.65  0.0098 0/2/1025 .17 041 0.0024  0/22/4679
S214F 16:15785118 C/T 0.00076  0/6/3954 039 7.1 0 0/0/1034 .82 NA 0.00011  0/1/4693
R234C 16:15785177 CIT 0.00013  0/1/3960 ~ .46 NA®  0.0097 0/2/1029 .032 NA 0 0/0/4693

Note: * M, major; m, minor.
> MAF, minor allele frequency.

¢ Genotype count; homozygote of minor allele/heterozygote/homozygote of major allele (Genotype count of SCZ was considering total

sample number).

4 P values were calculated by Fisher’s exact test (2 X 2 contingency table, one-tail)

¢ NA, not available

We considered that the S214F variant of NDE1 could
contribute to the pathophysiology of SCZ by affecting
NDE!1 protein functions based on the following: (1)
NDEI! and the homolog protein NDELI are highly simi-
lar® and are centrosomal phosphoproteins with reported
roles in cell proliferation and migration®2; (2) YWHAE,
which is one of the DISCI interacting proteins and is
closely related to neuronal migration and brain develop-
ment, binds to phosphorylated NDEL! and is required
for normal NDELI1 localization and functions®; (3) the
reported phosphorylation sites of NDEL] for binding

with YWHAE are conserved around S214 of NDEI1
(figure 2A); and (4) the aromatic ring of NDE1 F214
might have steric effects on T215, which is suggested to
be the phosphorylation site responsible for binding to
YWHAE?® (supplementary figure S3).

To investigate the effect of S214F and that of R234C
on the interaction with YWHAE, we used HEK293T cells
to perform GST pull-down assays. The results are shown
in figures 2B and 2C. As expected from previous stud-
ies of NDEL1 (34), NDE1 interacted with YWHAE. We
also discovered a reduced interaction between YWHAE
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Fig. 2. Evaluation of interaction between YWHAE and NDE!-mutants. Legend: (A) Sequence alignment between the YWHAE-binding
site of human NDEL1 and NDE1 orthologs of different species. The T215 residue is highly conserved among some species. T219 of
NDELI (the counterpart of NDELI T219 is NDE1 T215) is also conserved in several species, and had been supposed to be the most
important site for binding with YWHAE. (B) Representative immunoblots of total cell lysates and the proteins pulled down by GST-
YWHAE. A portion (10%) of each eluate and the inputs (5%) were subjected to SDS-PAGE and subsequent immunoblot analyses with
the indicated antibodies. (C) Graph of the relative amount of bound NDEI normalized to the amount of pulled-down GST-YWHAE.
To quantify the effects of each NDE1 mutation on the interaction with YWHAE, we performed the GST-pulldown assay in triplicate.
The GST-pulldown assay revealed a reduced interaction of YWHAE with S214F and T215A compared with WT (double asterisks: P

< .01). No difference was detected between S214A and WT, or between R234C and WT Each bar represents the mean of the triplicate

experiments, and the error bars indicate +SE.

and S214F or T215A mutants relative to WT (P < .01);
the T215A mutant was used as a positive control because
it cannot. be phosphorylated at T215A.%® However, no
significant difference was detected in the interaction of
R234C and the S214A (constructed as a mutation with
less steric effects than F214), compared with WT. To fur-
ther examine in vivo interactions between NDEI-WT
and the NDE1 mutants, we performed a GST pull-down
assay using lysates for COS7 cells that co-expressed GST-
YWHAE and GFP-NDEI (supplementary figure S4).
The decreased effects of S214F and T215A on the inter-
action with YWHAE was also observed in the assay.

To examine the effect of S214F and that of R234C on
neurodevelopment, we performed a morphological study
of nascent hippocampal neurons, as NDE1 is reportedly
known to contribute to neurite extension.*® We found that
endogenous NDE]1 localized at nascent axons in rat hip-
pocampal neurons (figure 3A), and that overexpression of
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NDEL-WT or NDE1-S214A increased the axon length,
while that of NDEI-T215A, NDEI-S214F or NDE1-
R234C did not (figure 3B).

Discussion

In this study, we conducted exon sequencing of NDE] as
a candidate gene for SCZ, ASD, and BD. After sequenc-
ing more than 5.7 X 10? kb, we discovered 3 novel rare
missense mutations in exon 7 of the NDE] gene in SCZ
cases. NDE1 exon 7 is located C-terminala-helix where
many phosphorylation sites are located (figures 1A and
1B), and predicted to regulate the NDEI structure and
interactions with other proteins.?* Moreover, it was sug-
gested disease associated mutations cluster within pro-
tein interacting domains.* In the current study, we could
detect a significant association (OR = 7.1, P = .039)

between SCZ and S214F in the sample comprising 8734
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Fig. 3. Effect of NDEI-mutants on axonal outgrowth in hippocampal neurons. (A) Colabeling of NDEI (green) and Taul protein (red)
in nascent neurons (DIV2). Taul is used as an axon marker. The image in the lower right panel is a magnified view of the tip of an axonal
process (rectangle in the upper left panel). Scale bar, 15 pm. (B) Quantitative analysis of axon length in transfected neurons. Hippocampal
neurons transfected with the indicated plasmids encoding EGFP and Myc-NDE! at DIV were detected by EGFP fluorescence and
staining of Tau-1, which is a maker of axons in DIV3 cells. Each bar shows the mean of axon length in the transfectants. Error bars -
represent £SE. n = 60, data sets from 3 independent experiments. Asterisks indicate statistical significance (P < .05).

unrelated individuals. Post hoc calculations of statisti-
cal power showed that our total SCZ sample (n = 3987)
had sufficient statistical power (1-§ > 80%) for SNV with
MAF (0.12%) detected within our SCZ resequencing

samples (table 1)-if the relative risk was >2.7. This result -

is consistent with the recent exome sequencing study of

large SCZ samples, which suggested that rare mutations _

(MAF < 0.1%) with large effect are significantly enriched
in SCZ candidate genes, especially synapse developing
related genes.'? However, the 6 cases with S214F did not
seem to share any specific clinical features (supplemen-
tary table S4). Considering a high OR, a part of S214F
mutations might be a de novo (ie the parents of patients
with NDE1 S214F did not suffer from SCZ).
Furthermore, we could find the probable biological
effect of S214F, which was predicted to be deleterious
from several bioinformatics tools, by investigating the
interaction with YWHAE. In the pull-down assay using
WT and mutant NDEI, the S214A mutation had no
effect on the interaction between NDE1 and YWHAE,
although the S214 residue is a phosphorylation site
of NDEI1 according to the PhosphoSitePlus database
(http://www.phosphosite.org/homeAction.do). This
result suggests that the interaction between NDEI and
YWHAE is independent of the phosphorylation state
of NDEI at S214. In contrast to S214A and R234C,
the S214F and T215A mutations impaired the interac-
tion between NDE1 and YWHAE. The mechanism of
reduced interaction is probably a steric effect of F214
on T215 (supplementary figure S3), which is suggested

to be the phosphorylation site responsible for binding to
YWHAE.?® Furthermore, we found that S214F mutant
did not promote axon elongation (figure 3). We believe
that changes in axon length, associated with the S214F
mutant, could be related to the reduction in the interac-
tion with YWHAE. This hypothesis is based on several
findings: (1) NDEI1 binds to YWHAE and localizes at
axon tips; (2) YWHAE is required for the proper local-
ization of NDELI, a dimeric partner of NDE1* and is
involved in the axon elongation by conveying the protein
complex including YWHAE and NDEL1.47 Importantly,
NDE1 and YWHAE are expressed beginning in the early
embryonic period (http://hbatlas.org) (supplementary fig-
ure S5).5' Furthermore, we previously identified a SNP
(rs28365859) in YWHAE that is significantly associated
with SCZ,* and subjects carrying the minor allele (C)
had increased mRNA transcription and protein expres-
sion compared to those with the major allele (G).* Thus,
in a future study, the epistatic effect of the YWHAE
allele (rs28365859) with NDE1 S214F should also be
investigated.

R234C missense mutation in NDEI had an effect on
axonal outgrowth (figure 3). Although the contribu-
tion of R234C mutation to neurodevelopment remains
unclear, the change of the axon length by R234C might
relate to NDE! structure or protein-protein interac-
tions. In fact, several proteins besides YWHAE bind
to this region of NDE]I, including the S214 and R234
resides; CENPF,? Su48,3! and Katanin p60 are among
these.”® Furthermore, in silico analysis with Splice Aid
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2% indicates that the nucleotide change causing R234C
may be located within an exon-splicing enhancer (ESE)
motif* and may decrease mRNA transcription. because
the alternative splicing might result in exon skipping dur-
ing transcription. Indeed, 16%—20% of missense muta-
tions may disrupt ESEs and change the splicing pattern
of the gene In a preliminary analysis of expression
in lymphoblastoid cell lines, transcription levels of the
R234C mRNA were between the first quartile and the
minimum in 60 SCZ cases (supplementary methods and
supplementary figure S6).

Interestingly, we discovered R234C in 2 BD patients
and 1 SCZ patient. Therefore, the rare NDE! variants
may be common genetic factor not only for SCZ and BD.
* Mounting evidence from several types of studies, includ-

ing GWASs*-7 and epidemiological family studies,? indi-
cates shared genetic components between SCZ and BD.
In 1 GWAS, the authors combined SCZ and BD sam-
ples so that they could increase the statistical power and
detect shared risk SNPs.”® Therefore, further replication
studies for rare variants with putative large effect sizes
should be performed in order to find shared pathophysi-
- ology between SCZ and BD.

QI86E was located in a highly conserved genomic

region, but was discovered more frequently in HC and

“was judged to be neutral by several software packages for
predicting mutation effects. Furthermore, in segregation
analysis, we could obtain the DNA from the patient’s
son who was also suffering from SCZ (supplementary
results), but he did not carry the NDE1 Q186E variant.

There are several limitations to be discussed. First,
several potentially valuable regions of NDE], including
intronic regions, the promoter, and 5" and 3" untranslated
regions ends, were not sequenced. Second, we could not
fully conduct segregation analyses for mutations due to
limited access to the subjects’ family members. This made
it impossible for us to accurately measure the inheri-
tance of mutation in the pedigree. Furthermore, in the
case summary of SCZ with novel rare variants, because
we could not obtain detailed clinical information for the
developmental period, the effect of discovered rare muta-
tions could not be fully evaluated. Third, we could not
perform structural analysis of S214F and R234C because
these mutations are located at the C-terminal region, an
area known to be difficult to predict the structure of *-%
Future studies should focus on the structural effect of the
mutations discovered in this study.

In conclusion, screening for mutations in NDE], a can-
didate risk gene for SCZ and ASD based on CNV anal-
ysis, revealed novel rare missense mutations that might
increase susceptibility to SCZ and BD. Importantly,
we detected a significant association between SCZ and
S214F, which was found to have the biological effects of
changing the interaction between NDE1 and YWHAE
and the axonal outgrowth. This study therefore strength-
ens the evidence for the role of rare variants in NDEI
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in the etiopathological role of SCZ, and BD. The pres-
ent results also suggest that deep sequencing of candi-
date genes will be a promising method, especially using
current and developing sequencing technology for eluci-
dating the missing heritability and pathogenesis of neuro-
psychiatric disorders.

Supplementary Material

Supplementary material is available at http://schizophre-
niabulletin.oxfordjournals.org.
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Introduction B baby and handle other daily tasks. Third, the mother-child

. relationship often worsens because of PPD [8]. Severe depression

Postpartumn depression (PPD) is a type of major depressive is also reported to be associated with child abuse [9].

disorder after childbirth and is distinguished from maternity blues Early detection and intervention are essential for maternal and
in terms of onset, severity and duration of symptoms. The  (hid health. EPDS, a 10-item self-administered questionnaire for
prevalence of PPD is estimated at approximately 13% frt?m meta- early detection of PPD [10], has been the most widely used
analysis [1,2]. Our study shows 10.4% of women in Japan  gcreening tool for PPD across countries and cultures. In recent
experienced depressive symptomatology assessed by .the Ed‘m- studies, the factor structure of the original English version of EPDS
burgh Postnatal Depression Scale (EPDS) [3]. PPD is a major  haq heen reported as shown in Table 1 [11-18]. These results
mental health problem in women with chllldren [4'] First, PPD suggest that anxiety symptoms account for a significant part of
redflces maternal mental health and quality of life. 5-14% of  ppp symptoms, unlike typical major depressive disorders. There
perinatal and postnatal women have thoughts of self-harm, and 51 oply a few studies about the factor structure of EPDS outside
suicides account for up to 20% of postpartum deaths [5]. Second, Western countries, but these studies show similar results: that

PPD has a negative influence on child health ?fld development  EPDS was found to contain at least two factors, a depressive factor
[6,7] because it interferes with the mother’s ability to care for a

PLOS ONE | www.plosone.org 1 August 2014 | Volume 9 | Issue 8 | 103941
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(EEA: exploratory factor analysis, CFA: confirmatory factor analysis, PCA: principal component analysis).

doi:10.1371/journal.pone.0103941.t001
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and an anxiety factor in Brazil [19], China [19], and the
Netherlands [19].

The pathology of PPD has been thought to be caused by
biological and psychosocial changes with pregnancy and child-
birth. There is no direct evidence that PPD has a common
pathology across different populations, ethnicities and cultures;
however, the commonality of the prevalence of PPD [20] supports
this idea. If a common pathophysiology can be proven and this
hypothesis supported, it will become a significant step towards
understanding the common pathology of PPD. Because the cross-
cultural consistency of the factor structure of EPDS, however, has
yet not been examined, particularly outside Western countries,
more research is needed to answer the question.

In Japan, the reliability and validity of EPDS in Japanese has
been confirmed and the prevalence of PPD is found to be
comparable to the Western countries, but the factor structure of
the Japanese version of EPDS has not been elucidated. Therefore,
we examined the symptomatological structure of PPD measured
with the Japanese version of EPDS to compare with the structure
of the original English version of EPDS already reported in
Western countries.

Methods

Participants

Participants were recruited between August 2004 and October
2012. Every participant was an outpatient in a maternity ward at
one of three obstetrics and gynecology hospitals in Nagoya, Japan.
The three obstetrics hospitals were a general hospital (Nagoya
Teishin Hospital), an obstetrics and gynecology hospital (Kaseki
Hospital), and a university hospital (Nagoya University Hospital).

The eligibility criteria were as follows:

(1) attending at one of the three hospitals consecutively
(2) 20 years of age or older
(3) ability to understand the questionnaire written in Japanese.

Procedure

We explained our research design and methods to pregnant
women at maternity programs or outpatient care. In thesé three
hospitals, every outpatient equally receives an orientation for birth
hospitalization during the second trimester at outpatient care or
maternity program. We matched the timing of the invitation with
the timing of the orientation during the second trimester which
every patient participates. At the same time, participants received
a set of agreement documents and questionnaires. Each woman
was asked to participate in the study voluntarily and to answer all
of the questions according to the predefined schedule. If she
agreed to participate in the study, she was requested to return the
two sealed envelopes that contained the anonymous questionnaire
and the signed agreement separately. This was to guarantee
privacy. We considered a voluntarily returned envelope consent to
participate in this research. :

Measurements :

We assessed depressive symptoms in participants as well as their
social background (i.e. years of schooling, demographic parame-
ters). Depressive symptoms were evaluated by EPDS at about 1
month after childbirth.

EPDS is a 10-item self-report screening tool for postnatal
depression. Each item is scored on a 4-point scale ranging from 0
to 3. Total scores can range from 0 to 30. The English version of

August 2014 | Volume 9 | Issue 8 | e103941
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EPDS has good internal consistency (Cronbach’s alpha =0.87)
and reliability (split half reliability = 0.88) [10].

EPDS was translated into Japanese by Okano et al. in 1996 and
confirmed that the retranslated English version was the equivalent
to the original English version [21]. The validity and reliability of
this Japanese version of EPDS were also examined against 115
non-pregnant women and 47 women at 1 month postpartum by
Okano et al [21]. It had good internal consistency (Cronbach’s
alpha =0.78) and test-retest reliability (Spearman correlation
=0.92) [21]. The validity was examined against a diagnosis of
major depressive disorder from the semi-structured interview-
based Research Diagnostic Criteria (RDC) [22] as external
criteria. The total score of the women who have postpartum
depression (N=4) was higher than that of the non-depressive
postpartum women (N =43) [21] and the cut-off point of =9
showed good sensitivity (75%) and specificity (93%) [21].

This is the standardized Japanese version and no other Japanese
version of EPDS is used in Japan. In this study, we used this
Japanese version of EPDS and the cut-off point of =9 in
accordance with the previous study [21].

Data analysis
We randomly divided all participants who completed all items
of EPDS into two sample sets. The first sample set was used for

exploratory factor analysis, and the second sample set for

confirmatory factor analysis.

Exploratory Factor Analysis (EFA)

The number of factors was determined by scree plot. An EFA
with maximum-likelihood extraction was undertaken on the full
10-item EPDS. Oblique rotation using the promax rotation was
performed due to an expectation that factors would be correlated.

 Confirmatory Factor Analysis (CFA)
We chose the model identified in EFA and the models reported
in the original English version of EPDS as follows:

(1) Tuohy & McVey/King; three-factor 4[1 1,15]

(2) Astbury et al. /Matthey/Phillips et al.; two-factor [13,16,17]
(3) Ross et al.; three-factor [14]

(4) Jomeen et al.; three-factor [12]

(5) Swalm et al.; two-factor [18]

(6) Model identified in the EFA; three-factor

Factor Structure of EPDS in Japan

As recommended for structural equation modeling applications
[23,24], we used the goodness-of-fit index (GFIL) [25], adjusted
goodness-of-fit index (AGFI) [23], comparative fit index (CFI)
[26], and root mean square error of approximation (RMSEA)
[27]. A good fit is defined as a GFI greater than 0.95, an AGFI
greater than 0.90, a CFI greater than 0.97 and an RMSEA less
than 0.05. An acceptable fit is defined as a GFI greater than 0.90,
an AGFI greater than 0.85, a CFI greater than 0.95 and an
RMSEA less than 0.08 [25] [23] [26] [27]. Data were analyzed
using SPSS version 20.0 and Amos 19.0 (IBM Japan, Tokyo,

Japan).
Results

Characteristics of participants

812 participants agreed to participate in this study. The mean
age of the participants was 32.1 years (range: 20 to 45 years,
Standard Deviation (8.D.) 4.5 years, interquartile range (IQR) 29—
35). Average years of schooling were 14.4 years (range: 9 to 18
years, S.D. = 1.6 years, IQR 14-16). In terms of parity, 67.0% of
participants were nulliparous, 24.4% of participants were primip-
arous, 7.9% of participants had given birth two times, and 0.6% of
participants had given birth three times (range: 0 to 3 children,
S.D.=0.7, IQR 0-1). 690 out of the 812 women completed all
items of EPDS. The non-response rate is 75 of 812 and the non-
valid response rate is 51 of 812.

EPDS scores

The median postpartum EPDS score was 3 (range: 0-22,
S.D.=4.53, IQR 1-7). Approximately 18.4% of women scored 9-
22 and were considered at high risk of postpartum depression. The
median infant age was 31.7 days (range: 16-64, S.D.=6.9 days,
IQR 30-34).

Factor analysis

690 participants who completed all items of EPDS were divided
randomly into two groups. The first sample set of 345 participants
was used for EFA, and the second sample set of 345 participants
was used for CTFA.

EFA

The dataset was found suitable for factor analysis (the Kaiser-
Meyer-Olkin index =0.886). The Cronbach’s alpha for the 10-
item EPDS was 0.856, indicating the test has good instrument

Table 2. Factor analysis of the Japanese version Edinburgh Postnatal Depression Scale.

Items of the EPDS

6. Things have been getting on top of me.

8.1 have felt sad or miserable.

10. The thought of harming myself has occurred to me.

Factor 1 Factor 2 Factor 3

238

352 065 497

255 —.086 267

(N =690, maximum-likelihood estimation, promax rotation).
doi:10.1371/journal.pone.0103941.t002

PLOS ONE | www.plosone.org

August 2014 | Volume 9 | Issue 8 | 103941

—512—



0.958 0.065

Goodness-of-fit of the models
0.934

0.965

Anxiety symptoms:3, 4, 5

4,5

Anhedonia:1, 2
Anxiety:

fic depressive

Factor structure
symptoms:7, 8, 9, 10

Non-speci

Table 3. Goodness-of-fit of the models.
1. Tuohy & McVey, 2008/King, 2012

First author, Publishied year

3. Ross, 2003

Anhedonia:

5. Swalm, 2010

Anxiety:3, 4, 5

doi:10.1371/journal.pone.0103941.t003
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internal reliability. The scree test indicated a three-factor solution
which accounted for 64.4% of the variance. The anhedonia,
anxiety and depression factors appeared consistent with factors
identified in our studies. A coefficient level of 0.45 or above was
chosen to indicate significant item factor loading.

The first factor, which explained 43.4% of the total variance,
included EPDS items 3, 4, 5 with factor loadings >0.45 (listed in
Table 2). Items 3, 4 and 5 were found to have the highest factor
loadings {(all>0.65), consistent with previous findings that identi-
fied this factor as an “anxiety” subscale within EPDS. The second
factor explained 12.1% of the total variance, and included items’1
and 2 with factor loadings>0.45. Items 1 and 2 had the highest
factor loadings (>0.55), consistent with previous findings that
identified this factor as an “anhedonia” subscale within EPDS.
The third factor explained 8.8% of the total variance, and
included items 7, 8 and 9 with factor loadings >0.45. Items 7 and
9 had the highest factor loadings (>0.7), consistent with previous
findings that identified this factor as a “depression” subscale within
EPDS.

CFA .

The goodness-of-fit for the data represented by GFI, AGFI, CFI
and RMSEA are shown in Table 3. In the models of Tuohy &
McVey and King, GFI and AGFI showed good fit while CFI and
RMSEA showed acceptable fit. In the models of Astbury et al. and
Matthey and Phillips et al., GFI, AGFI, CFI and RMSEA showed
unsatisfactory fit. In the model of Ross et al., GFI, AGFI, CFI and
RMSEA showed unsatisfactory fit. In the model of Jomeen et al.,
GFI, AGFI, CFI and RMSEA showed unsatisfactory fit. In the
model of Swalm et al., GFI, AGFI, CFI and RMSEA showed good
fit. In the model identified in EFA, GFI and AGFI showed good
fit. CFI and RMSEA showed acceptable fit. We therefore
concluded that there were four acceptable models: those of Tuohy
& McVey, King, Swalm et al., and as identified in EFA. We also
concluded that the models of Astbury et al., Matthey and Phillips
et al., Ross et al. and Jomeen et al. were unsatisfactory.

Correlations between factors in the models of an acceptable fit
or a good fit were as follows. In the models of Tuohy & McVey
and King, correlation between “anxiety” and “depression” was
0.84, correlation between “depression” and “anhedonia” was
0.64, and correlation between “anhedonia” and “anxiety” was

.0.60. In the model of Swalm et al, correlation between

“anhedonia” and “anxiety” was 0.60. In the model identified in
EFA, correlation between “anxiety” and “depression” was 0.85,
correlation between “depression” and “anhedonia” was 0.66, and
correlation between “anhedonia” and “anxiety” was 0.60.

Discussion

This is the first study demonstrating the factor structure of the
Japanese version of EPDS using a large sample of postpartum
women. The model of EFA reported by Tuchy & McVey, King
and Swalm et al., was consistent with our model in the present
study of the Japanese version of EPDS. The model consists of
common factors, an anxiety factor (items 3, 4 and 5) and an
anhedonia factor (items 1 and 2). Thus, our findings suggest that
factor structure of EPDS in Japan is basically the same as already
reported in Western countries, although there was variance
between studies on some items of EPDS.

No previous papers have reported the factor structure of the
Japanese version of EPDS, however there are some studies about
the symptoms of PPD in Japan. Tamaki et al. showed that women
with PPD have strong anxiety symptoms by the State-Trait
Anxiety Inventory Trait test [28]. Sato Y et al. revealed that the
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prevalence of anxiety symptoms was higher than that of depressive
symptoms after childbirth [29]. These results also suggest that
anxiety symptoms are important to understand the symptomatic
character of PPD in Japan.

In the other Asian countries, there are a few studies of the factor

structure of EPDS. Small et al. analyzed the factor structure of

EPDS in Vietnam, Turkey and Philippines [30].Small et al.
pointed out that Item 6 loaded less consistently in the different
countries, however they also suggest that EPDS have two or three
factors which consists of anxiety and depression. Lau Y et al.
showed that EPDS in China consists of the three factors as
- depression factor(items 6, 7, 8. 9 and 10), anxiety factor(items 3,4
and 5) and anhedonia factor(items 1 and 2) [31]. These results are
very similar to the factor structure of EPDS in Japan by our study.

The depression factor

The depression factor varies across studies. Tuohy & McVey
and King suggested items 7, 8, 9, and 10, Swalm suggested no
depression factor, and the EFA in our study showed items 7, 8, and
9. Though the best fit was the model of Swalm et al., we proposed
the EFA model because the model of Swalm excluded half of all
EPDS items. Cross-cultural studies are needed to examine whether
" a common depression factor exists or not.

The anhedonia factor

All of the acceptable models show the anhedonia factor (items 1
and 2), which is reverse scoring. As reverse scoring items tend to be
in the same cluster [32], we must take into account that reverse
scoring items has been found to affect factor analysis.

The anxiety factor

The anxiety factor (items 3, 4 and 5) was shown in many
countries, such as Brazil [33,34], China [31], and the Netherlands
[19]. Considering the existence of 2 common anxiety factor across
different countries and cultures, the importance of anxiety
symptoms for PPD has been revealed. In fact, it is reported that
about 10% of the women experiencing postpartum depression
have anxiety symptoms [35].

The utility of the anxiety factor (items 3, 4 and 5) is discussed in
some studies as follows. Some studies have suggested that items 3,
4 and 5 can measure anxiety disorder [18,36], and other studies
suggested that items 3, 4 and 5 are enough for PPD screening [14]
[37]. Although the utility of the anxiety factor (item 3, 4 and 5)
varies by study, as mentioned before, there is some possibility of
common utility of the anxiety factor around the world.
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Correlation between factors

The correlations between ‘“‘anxiety” and “depression” were
found to be high in the models of acceptable fit to the data. These
results suggested that there was a very close relationship between
depression and anxiety, as previously reported [38,39], and
showed that it was important to focus on anxiety symptoms in
PPD screening and care.

Limitations

There are some types of study bias in this study. First, there is a
self-selection bias. They participated in this study voluntarily. This
also means that they pay more attention to their mental health.
Second, there are losses to follow up. Women with depression are
hard to reply the questionnaire. Third, there is a membership bias.
We cannot affirm that a standard population in Japan is shown in
these participants from three characteristic hospitals, a general
hospital, an obstetrical and gynecological hospital, and a university
hospital. The patients at the university hospital tended to have
pregnancy complications, but these participants accounted for a
small percentage of all participants (N =42, 5.2%). Fourth, there is
a non-response bias, however the non-response rate is 75 of 812
and the non-valid response rate is 51 of 812. We consider that
these rates are not so high and the. result is not affected. )

Furthermore, there is a problem with this study design. We did
not ask participants for their nationality, citizenship or ethnicity.
However, Japan is considered to be highly homogenous in terms of
population, therefore we consider this problem does not affect the
result of the study.

Conclusions

We examined factor structure of the Japanese version of EPDS
in a large sample size of postpartum women in Japan. As a result,
“anxiety”, “depression” and “anhedonia” factors exist for EPDS,
as already reported in Western countries. Our findings suggest that
the factor structure of EPDS is mostly common across countries

and cultures.
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