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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/target 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,1 is a severe psychiatric disorder with a lifetime 
risk of about 1%. The heritability of SCZ is as high as 
80%,2,3 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.4 
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 risk3,5 and that genetic 
risk overlaps with bipolar disorders (BD).3 Additionally, 
studies of rare variations of SCZ and autism spectrum 
disorder (ASD) identified rare copy number variations 
(CNV) with large effect size,6 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 
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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.7–10 Intriguingly, recently it 
has been suggested that some of genetic risk associated 
with SCZ11,12 converged on the similar set of genes in 
terms of their functions. For instance, the SNVs discov-
ered from deep sequencing of ASD13,14 in the gene encod-
ing the synaptic scaffolding protein SHANK3 (located 
within the CNVs at 22q13.3 which was associated with 
ASD),15 were found to affect dendritic spine morphology 
via an actin-dependent mechanism.10 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 16p13.11 are 
associated with disorders involving abnormal neurode-
velopment, such as ASD,16 epilepsies,17–19 and SCZ.20–22 In 
some cases, microcephaly is a phenotypic manifestation 
of CNV deletions at 16p13.11.23,24 Given that the CNVs 
at 16p13.11 regions contain nuclear distribution E homo-
log 1 (NDE1), which are closely associated with neurode-
velopmental phenotypes, NDE1 is a promising candidate 
gene. Furthermore, the NDE1 have been associated with 
SCZ25 and ASD26,27 risk by linkage analysis.

NDE1 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.28 In an NDE1-deficient mouse model, in which 
the mice presented with microcephaly, it was found that 
NDE1-deficient mice had reduced progenitor cell divi-
sion and alterations in mitotic spindle formation and 
in chromosome segregation.29 NDE1 protein has an 
N-terminal region with coiled-coil motif  known to bind 
to lissencephaly 1,30 and a C-terminal region known to 
harbor several phosphorylation sites involved in subcellu-
lar localization, protein-protein interactions and the cell 
cycle.31,32 In humans, homozygous loss of function muta-
tions at C-terminal regions have been associated with 
extreme microlissencephaly,28,32 suggesting that NDE1 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 (DISC1),33 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.34 NDE1 and 
NDE-like 1 (NDEL1), which is a paralog of NDE1,35 are 
known to directly bind with DISC1.36,37 Furthermore, in 

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 NDEL1,38 we previously 
identified a SNP (rs28365859) that showed a significant 
association with Japanese SCZ.39

Considering that NDE1 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 NDE1 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 NDE1 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 NDE1 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 = 52.3 ± 14.4 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 ± 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.40 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 NDE1 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; Chr16: 15,737,124-15,820,210; 
human reference sequence NCBI (National Center for 
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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 NDE1.41 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-2,42 
Sorting Tolerant from Intolerant (SIFT),43 and PMUT.44

Genetic Association Analysis

Genotyping was performed using Taqman (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 v1.07.45 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/14-3-3ε 
were isolated from a human fetal brain cDNA library 
(Clontech). Antibodies against green fluorescent protein 
(GFP) or glutathione S-transferase (GST) were purchased 

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 NDE1 (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 NDE1-S214A (SA), 
NDE1-S214F (SF), NDE1-T215A (TA), or NDE1-
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).46 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

HEK293T cells were cultured in Dulbecco’s modified 
Eagle’s medium (Sigma-Aldrich) supplemented with 10% 
fetal bovine serum (Invitrogen Life Technologies) in a 
5% CO2 atmosphere at 37oC. 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.47 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-HCl, 1mM 
EDTA, 250mM NaCl, 1mM DTT, 0.1% [wt/vol] Triton 
X-100, 10μM p-amidinophenyl methanesulfonyl fluoride 
hydrochloride, and 10 μg/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-NDE1 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 NDE1 
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 t test was 
used to assess statistical significance.

Neuromorphological Analysis

Hippocampal neurons (6 × l04 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 μg) 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-Tau1 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 t test was used to 
assess statistical significance between groups.

Results

Mutation Screening of NDE1 Coding Exons

To clarify the genetic relationship of NDE1 in the pathol-
ogy of SCZ and ASD, we performed a mutation screening 
of NDE1 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 region. 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 NDE1 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

Chromosome
Physical 
Positiona Exon

Base Change  
Mb > mb

dbSNP 
Reference Variantc

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

In Silico Analysis for Amino  
Acid Substitution

MACd MAFe MAC MAF SIFT Polyphen-2 PMut

16 15761214 4 C > T Registered T52M 0 0 1 0.0035 tolerated benign pathological
16 15785033 7 C > G Not registered Q186E 1 0.0012 0 0 tolerated benign neutral
16 15785118 7 C > T Not registered S214F 1 0.0012 0 0 damaging possibly  

damaging
pathological

16 15785177 7 C > T Not registered R234C 1 0.0012 0 0 tolerated benign pathological

Note: SCZ, schizophrenia; PDD, pervasive developmental disorder.
a Genomic position based on NCBI build 37.1(Transcript ID ENST00000396355).
b M, major allele; m, minor allele.
c Amino acid change based on NCBI reference sequence NP_060138.1.
d Minor allele count.
e Minor allele frequency.
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We considered that the S214F variant of NDE1 could 
contribute to the pathophysiology of SCZ by affecting 
NDE1 protein functions based on the following: (1) 
NDE1 and the homolog protein NDEL1 are highly simi-
lar35 and are centrosomal phosphoproteins with reported 
roles in cell proliferation and migration28,32; (2) YWHAE, 
which is one of the DISC1 interacting proteins and is 
closely related to neuronal migration and brain develop-
ment, binds to phosphorylated NDEL1 and is required 
for normal NDEL1 localization and functions38; (3) the 
reported phosphorylation sites of NDEL1 for binding 

with YWHAE are conserved around S214 of NDE1 
(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 
YWHAE38 (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 

Fig. 1. Locations of novel rare mutations and results of conservation analysis. (A) NDE1 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) NDE1 protein structure (335 amino acids); S214F and R234C were located between 
the N-terminal coiled-coil region and C-terminal α-helix region.49 Several phosphorylation sites (red sticks) have been identified in the 
peptide regions encoded by exon7 of NDE1, 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

Variant

Genomic Data Schizophrenia Bipolar Disorder Healthy Control

Position Ma/ma MAFb
Genotype 
Countc P valued

Odds 
Ratio MAF

Genotype 
Count P value 

Odds 
Ratio MAF

Genotype 
Count

Q186E 16:15785033 C/G 0.0015 0/12/3948 .15 0.65 0.0098 0/2/1025 .17 0.41 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 C/T 0.00013 0/1/3960 .46 NAe 0.0097 0/2/1029 .032 NA 0 0/0/4693

Note: a M, major; m, minor.
b MAF, minor allele frequency.
c Genotype count; homozygote of minor allele/heterozygote/homozygote of major allele (Genotype count of SCZ was considering total 
sample number).
d P values were calculated by Fisher’s exact test (2 × 2 contingency table, one-tail)
e NA, not available
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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.38 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 NDE1-WT 
and the NDE1 mutants, we performed a GST pull-down 
assay using lysates for COS7 cells that co-expressed GST-
YWHAE and GFP-NDE1 (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.48 We found that 
endogenous NDE1 localized at nascent axons in rat hip-
pocampal neurons (figure 3A), and that overexpression of 

NDE1-WT or NDE1-S214A increased the axon length, 
while that of NDE1-T215A, NDE1-S214F or NDE1-
R234C did not (figure 3B).

Discussion

In this study, we conducted exon sequencing of NDE1 as 
a candidate gene for SCZ, ASD, and BD. After sequenc-
ing more than 5.7 × 102 kb, we discovered 3 novel rare 
missense mutations in exon 7 of the NDE1 gene in SCZ 
cases. NDE1 exon 7 is located C-terminalα-helix where 
many phosphorylation sites are located (figures 1A and 
1B), and predicted to regulate the NDE1 structure and 
interactions with other proteins.31,49 Moreover, it was sug-
gested disease associated mutations cluster within pro-
tein interacting domains.50 In the current study, we could 
detect a significant association (OR = 7.1, P = .039) 
between SCZ and S214F in the sample comprising 8734 

Fig. 2. Evaluation of interaction between YWHAE and NDE1-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 
NDEL1 (the counterpart of NDEL1 T219 is NDE1 T215) is also conserved in several species, and had been supposed to be the most 
important site for binding with YWHAE.38 (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 NDE1 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.
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unrelated individuals. Post hoc calculations of statisti-
cal power showed that our total SCZ sample (n = 3987) 
had sufficient statistical power (1-β > 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.12 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 NDE1, the S214A mutation had no 
effect on the interaction between NDE1 and YWHAE, 
although the S214 residue is a phosphorylation site 
of NDE1 according to the PhosphoSitePlus database 
(http://www.phosphosite.org/homeAction.do). This 
result suggests that the interaction between NDE1 and 
YWHAE is independent of the phosphorylation state 
of NDE1 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.38 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) NDE1 binds to YWHAE and localizes at 
axon tips; (2) YWHAE is required for the proper local-
ization of NDEL1, a dimeric partner of NDE1,38 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).51 Furthermore, we previously identified a SNP 
(rs28365859) in YWHAE that is significantly associated 
with SCZ,39 and subjects carrying the minor allele (C) 
had increased mRNA transcription and protein expres-
sion compared to those with the major allele (G).39 Thus, 
in a future study, the epistatic effect of the YWHAE 
allele (rs28365859) with NDE1 S214F should also be 
investigated.

R234C missense mutation in NDE1 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 NDE1 structure or protein-protein interac-
tions. In fact, several proteins besides YWHAE bind 
to this region of NDE1, including the S214 and R234 
resides; CENPF,52 Su48,31 and Katanin p60 are among 
these.53 Furthermore, in silico analysis with Splice Aid 

Fig. 3. Effect of NDE1-mutants on axonal outgrowth in hippocampal neurons. (A) Colabeling of NDE1 (green) and Tau1 protein (red) 
in nascent neurons (DIV2). Tau1 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 μm. (B) Quantitative analysis of axon length in transfected neurons. Hippocampal 
neurons transfected with the indicated plasmids encoding EGFP and Myc-NDE1 at DIV1 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).
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254 indicates that the nucleotide change causing R234C 
may be located within an exon-splicing enhancer (ESE) 
motif54 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.55 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 NDE1 variants 
may be common genetic factor not only for SCZ and BD. 
Mounting evidence from several types of studies, includ-
ing GWASs56,57 and epidemiological family studies,3 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.56 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.

Q186E 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 NDE1, 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.49,58 
Future studies should focus on the structural effect of the 
mutations discovered in this study.

In conclusion, screening for mutations in NDE1, 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 NDE1 

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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