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ORIGINAL ARTICLE

Genome-wide association study identifies ERBB4 on
2034 as a novel locus associated with sperm motility

In Japanese men

Youichi Sato, Atsushi Tajima,** Takehiro Sato,’ Shiari Nozawa,* Miki Yoshiike,*
Issei Imoto, Aiko Yamauchi, Teruaki lwamoto™?

ABSTRACT

Background The decrease in sperm motility has

a potent influence on fertilisation. Sperm motility,
represented as the percentage of motile sperm in
ejaculated sperms, is influenced by lifestyle habits or
environmental factors and by inherited factors. However,
genetic factors contributing to individual differences in
sperm motility remain unclear. To identify genetic factors
that influence human sperm motility, we performed

a genome-wide association study (GWAS) of sperm
motility.

Methods A two-stage GWAS was conducted using
811 Japanese men in a discovery stage, followed by a
replication study using an additional 779 Japanese men.
Results In the two-staged GWAS, a single nucleotide
polymorphism rs3791686 in the intron of gene

for erb-b2 receptor tyrosine kinase 4 (FRBB4) on
chromosome 2q34 was identified as a novel locus

for sperm motility, as evident from the discovery and
replication results using meta-analysis (=—4.01,
combined P=5.40x107°).

Conclusions Together with the previous evidence

that Sertoli cell-specific Erbb4-knockout mice display

an impaired ability to produce motile sperm, this
finding provides the first genetic evidence for further
investigation of the genome-wide significant association
at the ERBB4 locus in larger studies across diverse
human populations.

INTRODUCTION

Approximately 10% couples display infertility
issues, and half of these problems are related to
men.! > Male factor infertility may arise from
various medical conditions such as spermato-
genic failure, varicocele, obstructive azoospermia
and congenital absence of vas deferens. Sperm
motility—represented as the percentage of motile
sperm in the ejaculated sperms—has a large influ-
ence on the fertilisation ability. Therefore, several
studies are conducted to understand the factors that
affect sperm motility.

Oxidative stress induced by alcohol consump-
tion, cigarette smoking, obesity, diabetes, physical
exercise, psychological stress, ageing, infection
and environment factors (pollutants such as nitric
oxide, lead and electromagnetic waves from cell
phones) is one of the major factors responsible
for the reduction in sperm motility.” * Genetic
background has also been shown to be associated

with sperm motility. The gr/gr subdeletion in the
azoospermia factor c region of the Y chromosome
was shown to be strongly associated with decreased
sperm motility in men from Japanese population.’
Furthermore, polymorphisms in genes encoding
cytochrome P450 family 19 subfamily A polypep-
tide 1,° androgen receptor,” follicle-stimulating
hormone receptor,® steroid So-reductase’ and
oestrogen receptor'® ' were associated with sperm
motility. These genes are related to the reproductive
hormones and contribute to the testicular develop-
ment and spermatogenesis; these genes have been
proposed based on their functions. However, the
genetic determinants for human sperm motility are
poorly understood.

Genome-wide association study (GWAS) is an
approach to find the genetic variations associ-
ated with disease or quantitative traits. To date,
four GWASs associated with male infertility have
been reported. These include the non-obstructive
azoospermia or oligozoospermia in Caucasians or
Chinese men'>™ and the family size or birth rate
in Hutterite men in the USA.'® In the latter, 9 of
the 41 single nucleotide polymorphisms (SNPs)
were significantly correlated with the family size or
birth rate and found to be associated with reduced
sperm quantity and/or function in the subsequent
validation study using 123 ethnically diverse men.
However, there are no reports on GWAS of sperm
motility. Here, we clarified the genetic determinants
for human sperm quality by conducting a GWAS of
sperm motility in 811 Japanese men, with a subse-
quent validation of the association in an additional
779 Japanese men.

METHODS

Subjects

We performed a two-staged genetic association
study. The discovery stage included 816 men
(20.7£1.7 years old, mean=SD) from the young
Japanese population. These were recruited from
university students in three study centres based in
departments of urology at university hospitals in
Japan (Kawasaki, Kanazawa and Nagasaki) as previ-
ously reported.'”” The inclusion criteria were that
the man was 18-24 years and that both he and his
mother were born in Japan. The replication stage
included 779 men (31.2+4.8 years old, mean=SD)
of proven fertility recruited from the partners of
pregnant women who attended obstetric clinics in
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Table 1 Characteristics of subjects

Discovery (n=811) Replication (n=779) P value
Age (years) 20.7+1.7 31.2+4.8 <0.0001
BMI (kg/mz) 21.5+£2.5 23.3+3.0 <0.0001
Ejaculation abstinence 79.8+39.5 194.6+326.8 <0.0001
(hours)
Sperm motility (%) 60.3£14.5 59.4+20.7 0.32

Data are presented as mean=SD. P values were obtained with Student's unpaired
t-test.
BMI, body mass index.

four cities in Japan (Sapporo, Kanazawa, Osaka and Fukuoka).'®
The inclusion criteria for the men were as follows: age 20-45
years and both he and his mother had to be born and live in
Japan. In addition, the current pregnancy of the female partner
had to be achieved by normal sexual relations and not as a result
of fertility treatment. We excluded sample with complete dele-
tion of AZF region in both subjects. The characteristics of the
two-staged subjects are summarised in table 1Table 1. No differ-
ence in sperm motility was observed between the two-staged
subjects. Some of the subjects in this study have been described
in previous reports.'*¢

Clinical trait measurements

The measurement of clinical trait of these subjects has been
described in previous reports.'” '8 Briefly, age, body weight,
height and ejaculation abstinence period were self-reported.
Body mass index (BMI) (kg/m*) was calculated from the body
weight and height. Semen samples were obtained once by
masturbation after sexual abstinence for at least 48 hours and
ejaculated into clean, wide-necked, sterile, non-toxic collec-
tion containers. The samples were protected from extremes of
temperature and liquefied at 37°C prior to their examination.
At each semen collection site, sperm motility was assessed from
10 uL of well-mixed semen, which was placed on a clean glass
slide, covered and examined at a total magnification of 400 % at
37°C. Sperm motility (%) was calculated as ([number of motile
sperm in the ejaculate]/[number of sperm in the ejaculate]) x 100.
The motility assessment was repeated on a second 10 uL aliquot
of semen and the average value calculated. Sperms were assessed
using the WHO motility classes A, B, C and D,” wherein sperms
from classes A and B were considered as motile. Technicians
from each centre were initially trained by one technician from
St. Marianna University in Kawasaki, and these clinical trait
measurements were similarly performed in both cohorts.

Genotyping, quality control and imputation

Genomic DNA was extracted from the peripheral blood samples
of subjects using a QIAamp DNA blood kit (Qiagen, Tokyo,
Japan). In the discovery stage, 816 men were genotyped using the
Illumina HumanCore V.1.0 DNA Analysis Kit (Illumina, Tokyo,
Japan) following the manufacturer’s instructions. We genotyped
298 930 SNPs, and the quality control of genotyped SNPs and
samples was conducted using PLINK V.1.07 software package
(http://pngu.mgh.harvard.edu/~purcell/plink/).?® Of the 816
samples, four were excluded because these were duplicates or
familial relationships (PI_HAT>0.25), as revealed by pairwise
identical-by-state/identity-by-descent estimation. Furthermore,
we excluded one sample that was identified as a genetic outlier
by the principle component analysis-based method using the
genotype data of the HapMap CHB and JPT as the internal

controls (online supplementary figure S1). Finally, 811 samples
were included for genome-wide association analysis.

For genotype imputation analysis, only non-redundant poly-
morphic SNPs with reference SNP (rs) IDs fulfilling the following
criteria were included: (1) per-SNP call rate =0.98and (2)
P value for Hardy-Weinberg equilibrium (HWE) =107 in our
sample set. Genotype data were flipped to forward strand with
conform-gt, which is the utility program of BEAGLE V.4.1,% 3
using genotype data for Asian samples (JPT and CHB) of the
1000 Genomes Project® 3 as a reference panel. Imputation
was performed with BEAGLE V4.1, using the 1000 Genomes
Project Phase 3 V.5 as a reference panel. We excluded SNPs with
R* <0.8 and all indels from the imputed genotype data to obtain
genotypes for 3901256 SNPs, which were used for subsequent
association analyses.

In the replication stage, SNP rs3791686 was genotyped using
TagMan probe (C_ 27517144 _10; Applied Biosystems, Tokyo,
Japan) with the ABI 7900HT real-time PCR system (Applied
Biosystems). rs3791686 in randomly selected 100 samples of
discovery subject was directly genotyped to confirm the concor-
dance of the imputed results. The concordance of typing results
between genotyped and imputed was 100%. The genotypes of
rs3791686 were in HWE in a total of 1590 samples.

Statistical analysis

In discovery and replication stages, associations between each
SNP and sperm motility were assessed using a multiple linear
regression under an additive genetic model, with adjustments for
age, BMI, ejaculation abstinence period and time from mastur-
bation to semen evaluation using PLINK or R V.3.1.2 software
package (http://www.R-project.org/). Since the raw value was
closest to the normal distribution than some converted values, we
decided to use the raw value for analysis in the present study. We
set a suggestive threshold of P values <1x107° in the discovery
stage. The results were combined in a meta-analysis using the
meta package for the R software. The extent of heterogeneity
among studies was quantified by the I” statistic*’ and statisti-
cally assessed by the Cochran’s Q test. No heterogeneity was
observed in this study, as determined by the I* statistic <50% or
P value >0.1; hence, a fixed-effect model using the inverse vari-
ance method was used. Genome-wide statistical significance was
considered at P values <5x107%,

The Manhattan and quantile—quantile plots were generated
using qqman package for the R software, while a regional plot
was created by LocusZoom using the 1000 Genomes project
Asian (ASN) data (November 2014).>* With the exception of
annotations, linkage disequilibrium (LD) was calculated using
PLINK software V.1.07 with genotype imputation data. Signif-
icant expression quantitative trait loci (eQTL) by SNP was
searched on GTEx Portal database (http://www.gtexportal.
org/home/).*> HaploReg V.4.1 (http://archive.broadinstitute.
org/mammals/haploreg/haploreg.php) was used for functional
annotation analysis of variants,’® and RegulomeDB (http://
regulome.stanford.edu/index) was employed to identify poten-
tial regulatory functions.’” Pathway analysis of GWAS data-
sets for sperm motility was conducted using iGSEA4GWAS
V.2 (http://gesea4gwas-v2.psycho.ac.cn/).”® The SNPs were
mapped to the nearest genes within 20kb upstream/down-
stream and searched KEGG (http://www/genome.jp/kegg/),
BioCarta (http://www.biocarta.com) and GO (http://www.
geneontology.org) gene set/pathway databases. The threshold
of false discovery rate (FDR)<0.05 is statistically significant
in this analysis.
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Figure 1 Manhattan plot of associations from the discovery stage of
GWAS of sperm motility. The negative log, -transformed P values (Y axis)
of genotyped and imputed SNPs are shown according to their positions on
chromosome. The horizontal line represents suggestive (blue) and genome-
wide (red) significance thresholds. GWAS, genome-wide association study;
SNPs, single nucleotide polymorphisms.

RESULTS

We conducted a two-staged GWAS to identify genetic loci asso-
ciated with human sperm motility. We enrolled 816 Japanese
men from the university students for the discovery stage and
779 Japanese men from the partners of pregnant women for
the replication stage of GWAS. After quality control of samples
using initially genotyped 298930 SNP data in the discovery
stage, 811 Japanese men were selected. We performed imputa-
tion analysis, which provided typed and imputed genotypes for
3901256 SNPs that passed quality control. Finally, 811 samples
and 3901256 SNPs were included for the discovery stage. The
characteristics of subjects are presented in table 1.

We performed GWAS between a total of 3 901 256 SNPs and
sperm motility in 811 men in the discovery stage. Manhattan
and quantile—quantile plots of GWAS are presented in figure 1
and online supplementary figure S2, respectively. The genomic
inflation factor (A) was reported to be 1.0, indicating the unlike-
lihood of the inflation of the false-positive association. The top
50 GWAS candidate SNPs for sperm motility were presented
in online supplementary table S1. We failed to find any SNPs
to reach a genome-wide significance level (P<S5x107%) in the
discovery stage. When setting a suggestive significance threshold
of P values <1x10°°, we identified that two SNPs, rs3791686
and rs1836719 on 2q34, were suggestively associated with
sperm motility (B=—4.25, discovery P=4.47x107"; p=—4.22,
discovery P=5.29x1077, respectively) (online supplementary
table S1). These two SNPs are in strong LD (*=0.99); thus,
we selected only the most significant SNP (rs3791686) for the
subsequent replication genotyping.

In the replication study involving 779 proven fertile men,
SNP rs3791686 on 2q34 showed a significant association
with sperm motility (B=-3.51, replication P=3.88x107%)
(table 2). When we combined the discovery and replication
results using meta-analysis, rs3791686 surpassed the threshold

for genome-wide significance (B=-4.01, combined P=5.40
X 1077%), with no evidence of heterogeneity between the two
studies. The variance in sperm motility explained by rs3791686
was 2.0%.

Figure 2 shows a regional association plot for the genomic
region 400kb upstream and downstream of the lead SNP
rs3791686 in the discovery stage. Within the region, 24 geno-
typed and 289 imputed SNPs, including rs3791686, were asso-
ciated with sperm motility, with discovery P values <0.05 from
the association analysis in discovery stage (online supplemen-
tary table S2). The sperm motility-associated genomic interval
indexed by rs3791686 on 2q34 overlapped with a single known
gene, erb-b2 receptor tyrosine kinase 4 (ERBB4), while the lead
SNP rs3791686 was located in the intron of ERBB4. Of a total
of 313 SNPs with discovery P values <0.05 within the associ-
ated interval, none resulted in amino acid substitution or protein
truncation or affected the splicing of ERBB4; one synonymous
SNP (rs3748962) and seven SNPs in the 3"-untranslated region of
ERBB4 were observed (online supplementary table S2). To obtain
putative functional annotations of rs3791686 and other 13 SNPs
in high LD (#*>0.80 in East Asians from the 1000 Genomes
Project) with rs3791686 (online supplementary table S3) within
the associated interval, we used the following three databases:
GTEx Portal,” HaploReg®® and RegulomeDB.”” We assessed
if the 14 SNPs, including rs3791686 on 2q34, were involved
in eQTLs using the GTEx Portal database and found that no
significant eQTLs were associated with all the SNPs examined.
HaploReg and RegulomeDB databases search revealed that the
14 SNPs examined within the associated interval may be regarded
as candidate regulatory SNPs (online supplementary table S3). In
the HaploReg database, the lead SNP rs3791686 itself was asso-
ciated with enhancer histone marks and DNase I hypersensitive
region in embryonic stem-derived cells and resided in regula-
tory motifs of four transcription factors—Maf, Nkx2, Nkx3 and
TATA-binding protein (online supplementary table S3). Of the
13 SNPs in high LD with the lead SNP rs3791686, five were
associated with enhancer histone marks and/or DNase I hyper-
sensitive regions in various types of cells and tissues, while 12
SNPs had the potential to alter nucleotide sequences of several
regulatory motifs. The RegulomeDB database provided the
experimental evidence that three SNPs (rs13003941, rs1836720
and rs1836719) were located in DNase I hypersensitive and/or
TF-binding regions in various cells. The iGSEA4GWAS analysis
identified 421 significant pathway (FDR <0.05) (online supple-
mentary table S4). Numerous pathways were identified in this
analysis; this finding suggests that sperm motile ability is likely
to affect by a complicated process involving interaction between
multiple genes and pathways.

DISCUSSION
In the first two-staged GWAS of sperm motility in Japanese
men, we identified a novel sperm motility-associated locus at

Table 2  Genome-wide significant SNP identified in GWAS for sperm motility

SNP (effect/reference) Chr. Position (hg 19) Gene locus Stage Genotype EAF Beta (SE) P value Var (%)*
rs3791686 (C/T) 2 212221870 ERBB4 intron Discovery 40/307/464 024  -4.25(0.84) 4.47x1077

Replication 48/268/463 023  -3.51(1.21) 3.88x1073

Meta-analysis —4.01 (0.69) 5.40x107° 2.0

Data are shown as the estimated linear regression statistic beta, SE and P value using an additive genetic model with adjustments for age, BMI, ejaculation abstinence and time

from masturbation to test.
*Var (%): percentage of phenotypic variance explained by SNP.

BMI, body mass index; Chr, chromosome; EAF, effect allele frequency; GWAS, genome-wide association study; SNP, single nucleotide polymorphism.
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ERBB4 on chromosome 2q34. The most strongly associated SNP
was typed by imputation analysis. In this study, the subjects of
discovery stage were genotyped using the Illumina HumanCore
V.1.0 DNA Analysis Kit with a total of 298930 SNPs. Subse-
quently, to enhance the coverage, untyped SNPs were imputed.
Sometimes, imputation methods may be less accurate for typing
of SNPs. To confirm the accuracy of this imputation method,
randomly selected samples were directly genotyped for the
GWAS-lead SNP rs3791686. The result of imputation analysis
was validated by the genotyping.

SNP rs3791686 lies in the intron of ERBB4 gene, which is a
member of the receptor tyrosine kinase family and epidermal
growth factor receptor subfamily. ERBB4 is expressed in several
tissues, including kidney, breast, cerebrum, heart, bone, ovary
and testis. On activation by its ligands, ERBB4 forms a dimer on
the cell surface. Following cleavage of the ERBB4 ectodomain
by a disintegrin and metalloprotease domain 17 (ADAM17) and
v-secretase, the intracellular domain of ERBB4 is translocated
into the nucleus. Inside the nucleus, ERBB4 is involved in the
regulation of cell proliferation and differentiation.>*** ERBB4
is thought to be both necessary and sufficient to trigger an
antiproliferative response in human breast cancer cells.* Kim
et al** reported that the SNP rs13393577 in ERBB4 is associ-
ated with breast cancer risk in Koreans by GWAS. In addition,
previous GWASs in the National Human Genome Research
Institue (NHGRI) GWAS Catalog demonstrate that SNPs in
ERBB4 are genome-wide significantly associated with poly-
cystic ovary syndrome (lead SNP rs1351592)* and BMI (lead
SNP rs7599312).* The lead SNPs at ERBB4 from the previous
GWASs are >1Mb distally localised from the sperm motili-
ty-lead SNP rs3791686 and show no pairwise LD (#* <0.01 in

East Asians) with rs3791686. This indicates a novel association
for sperm motility at ERBB4 on 2q34, which is independent of
other human diseases and traits.

The expression of ERBB4 is evident in male reproduc-
tive tissues, including testis. In the testicular tissue, ERBB4 is
expressed in both somatic cells (Sertoli cells and Leydig cells) and
germ cells.*” It is notable that Sertoli cell-specific Erbb4-knockout
mice exhibit a developmental defect in the organisation of the
testicular seminiferous tubules, which reduces male fertility.
Aberration in the testicular cell adhesion machinery caused by
Erbb4 deficiency leads to a compromised capacity of the testes to
produce motile sperms.*” Thus, ERBB4 signalling in the Sertoli
cells may influence the sperm motility, suggestive of the prom-
ising functional role of ERBB4 in sperm motility. The lead SNP
rs3791686 identified in this GWAS is an intronic SNP of ERBB4
and displays the potential to act as a functional regulatory SNP
based on the multiple functional annotations. As the functional
annotation analyses reveal an association between other SNPs in
high LD with rs3791686 and potential regulatory domains and
motifs, the sperm motility locus at ERBB4 may have a role in
the regulation of ERBB4 expression via a cis-regulatory mech-
anism. Sandholm et al,*® reported that a cis-eQTL for ERBB4
in tubulointerstitial-enriched kidney biopsies maps to intronic
ERBB4 SNPs, rs17418640 and rs17418814. Both of these SNPs
are proxies for rs7588550, representing a suggestive association
with diabetic nephropathy; however, these eQTL SNPs are not
in LD (+*<0.01 in East Asians) with the sperm motility-lead SNP
rs3791686. Further studies are warranted to assess the potential
contribution of the sperm motility-associated locus indexed by
rs3791686 to the regulation of EBRR4 expression. These studies
will also help explore the possible involvement of this locus in
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the expression regulation on a genome-wide scale via transregu-
latory mechanisms.

Liu et al*® have reported that five SNPs (rs215702, rs6476866,
rs10129954, rs2477686 and rs10841496) were significantly
correlated with sperm progressive motility. However, present
study did not detect the variants associated with sperm motility
including the region 400kb upstream and downstream of these
five SNPs. Previously, we also have reported that four SNPs as
being significantly associated with risk factors for non-obstruc-
tive azoospermia (NOA) by Chinese GWAS" were not associated
with NOA in Japanese population.?! The reason for these may
be that there are small genetic differences between Han Chinese
and Japanese population by a principal component analysis using
genotype data of the HapMap CHB and JPT (online supple-
mentary figure S1). Additionally, we found a strong association
between Y-haplogroup and sperm motility in the same Japanese
populations.”? However, none of the SNPs on Y chromosome
display a significant association (P<0.05) with sperm motility
in this study. The Illumina Human Core V.1.0 DNA analysis kit
includes 1943 Y-chromosome markers. However, of these, only
177 markers could be examined in the discovery stage. Because
this kit does not include Japanese Y-haplogroup specific markers,
we did not find a significant association between Y-chromosome
variants and sperm motility in this study.

Several limitations of this study should be noted. In this study,
men of proven fertility were used, instead of randomly selected
subjects as the replication samples. These were the only samples
available for the current replication analysis. Using samples
selected on the basis of fertility may cause bias. In fact, absti-
nence periods were significantly different between two cohorts
(table 1). In general, longer abstinence period is correlated with
lower sperm motility. As the previous study described, absti-
nence period was nagatively correlated with sperm motility in
both cohorts.** To reduce the influence of the abstinence period
on sperm motility, we included this as a covariate for a multiple
linear regression analysis. Therefore, we think that the effect of
abstinence period on the power to detect sperm motility-associ-
ated SNPs is minimized in this study. Additionally, all the partic-
ipants in the current two-staged GWAS were Japanese men.
Independent validation studies are required to test the observed
association between ERBB4 SNPs and sperm motility using other
general populations and ethnicities. The transethnic association
analyses at the ERBB4 locus will also enable us to narrow the
association signal to smaller sets of SNPs, when leveraging differ-
ences in LD structures across diverse populations. The limited
statistical power of this two-staged GWAS prevented the detec-
tion of other true positive associations at a genome-wide signifi-
cance level because the sample size was not large. We believe that
other genetic loci may account for the interindividual variation
in sperm motility, and therefore, larger scale GWAS analyses may
be expected to identify novel associations between genetic vari-
ants and sperm motility.

It is one of the limitations that sperm motility may show
sometimes intraindividual variation between samples from the
same individual. When phenotypic repeatability is low, setting
the upper boundary of heritability of a trait may decrease sensi-
tivity to detect genetic variant/variants associated with a trait.
As aforementioned, sperm motility depends on the abstinence
period; in general, abstinence period and sperm motility shows a
negative relationship. In our samples, although there is a differ-
ence in the strength of association, the abstinence period was
indicated to be negatively correlated with sperm motility in
both cohorts,”® which is not contradictory. In this study, we
set a significance threshold of P values <1x107° in discovery

stage and performed the replication analysis of the selected SNP.
The strength of the SNP-trait association between cohorts was
slightly different, but there was no significant heterogeneity. As
well as intraindividual variation of sperm motility between indi-
vidual samples, the measurement of sperm motility may have
variability by operators (individual technicians). To reduce the
between-centre variability, technicians from each centre were
initially trained by one technician from St. Marianna University
in Kawasaki. In addition, to statistically reduce the influence of
differences in sperm assessment between the centres, we added
each centre as a covariate and further conducted an association
analysis between sperm motility and rs3791686. We found that
rs3791686 was associated with sperm motility in the discovery
stage (B=—4.35, P=1.62x1077) and in the replication stage
(B=—-3.16, P=0.012). When we combined two results using
meta-analysis, rs3791686 was genome-wide significantly asso-
ciated with sperm motility (B=-3.99, P=6.60x107"). This
finding was very similar to the result (table 2) from the asso-
ciation analysis without adjustment for semen analysis centre.
Although the measurements of the semen analysis may not neces-
sarily be representatives of individual sperm motility, together
with the previous finding of Sertoli cell-specific Erbb4-knockout
mice, we are confident that the results of our GWAS are valid.

In conclusion, this first two-staged GWAS for sperm motility
identifies a novel sperm motility-associated locus at ERBB4 on
2q34. The genetic evidence suggests that ERBB4 is a promising
candidate for future association studies in diverse populations
with larger sample sizes. Further studies such as fine-scale genetic
mapping are needed to uncover a functional variant at this locus
as well as the underlying molecular mechanism.

Acknowledgements We thank all the volunteers who participated in this study.
We are grateful to the late Professor Yutaka Nakahori and Professors Eitetsue Koh,
Jiro Kanaya, Mikio Namiki,Kiyomi Matsumiya, Akira Tsujimura, Kiyoshi Komatsu,
Naoki Itoh andJiro Equchi for collecting blood samples from the participants. We
also thank Professor Toyomasa Katagiri for his assistance with the AB GeneAmp PCR
System 9700.

Contributors YS and AT conceived, designed the experiments, performed the
experiments and wrote the paper. TS performed the imputation analysis. SN, MY and
Tl prepared and collected samples. Il contributed material and analysis tools. YS, AT,
TS, II, AY and Tl reviewed and revised the manuscript.

Funding This study was supported in part by the Ministry of Health and Welfare

of Japan (1013201) (to Tl), Grant-in-Aids for Scientific Research (C) (26462461) (to
YS), (23510242) (to AT) and Grant-in-Aids for Scientific Research (B) (17H04331)
(to'YS), (15H04320) (to AT) from the Japan Society for the Promotion of Science, the
European Union (BMH4-CT96-0314) (to Tl), the Takeda Science Foundation (to AT)
and The Suzuki Urinary Foundation (to YS).

Competing interests None declared.
Patient consent Obtained.

Ethics approval This study was approved by the ethics committees of the
University of Tokushima and St. Marianna Medical University. All participants
provided written informed consent.

Provenance and peer review Not commissioned; externally peer reviewed.

Open Access This is an Open Access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work
is properly cited and the use is non-commercial. See: http://creativecommons.org/
licenses/by-nc/4.0/

© Article author(s) (or their employer(s) unless otherwise stated in the text of the
article) 2018. All rights reserved. No commercial use is permitted unless otherwise
expressly granted.

REFERENCES

1 Skakkebaek NE, Giwercman A, de Kretser D. Pathogenesis and management of male
infertility. Lancet 1994,343:1473-9.

Sato Y, et al. J Med Genet 2018;55:415-421. doi:10.1136/jmedgenet-2017-104991

419


https://dx.doi.org/10.1136/jmedgenet-2017-104991
https://dx.doi.org/10.1136/jmedgenet-2017-104991
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://dx.doi.org/10.1016/S0140-6736(94)92586-0

Complex traits

2 McLachlan RI, de Kretser DM. Male infertility: the case for continued research. Med J 25 Sato Y, Tajima A, Tsunematsu K, Nozawa S, Yoshiike M, Koh E, Kanaya J, Namiki M,
Aust 2001;174:116-7. Matsumiya K, Tsujimura A, Komatsu K, Itoh N, Eguchi J, Imoto I, Yamauchi A, lwamoto

3 Agarwal A, Virk G, Ong C, du Plessis SS. Effect of oxidative stress on male T. An association study of four candidate loci for human male fertility traits with male
reproduction. World J Mens Health 2014;32:1-17. infertility. Hum Reprod 2015;30:1510-4.

4 Opuwari CS, Henkel RR. An update on oxidative damage to spermatozoa and oocytes. 26 Sato Y, Tajima A, Katsurayama M, Nozawa S, Yoshiike M, Koh E, Kanaya J, Namiki
Biomed Res Int 2016;2016:1-11. M, Matsumiya K, Tsujimura A, Komatsu K, Itoh N, Eguchi J, Imoto |, Yamauchi A,

5 Sato Y, lwamoto T, Shinka T, Nozawa S, Yoshiike M, Koh E, Kanaya J, Namiki M, Iwamoto T. A replication study of a candidate locus for follicle-stimulating hormone
Matsumiya K, Tsujimura A, Komatsu K, Itoh N, Equchi J, Yamauchi A, Nakahori Y. Y levels and association analysis for semen quality traits in Japanese men. J Hum Genet
Chromosome gr/gr subdeletion is associated with lower semen quality in young men 2016;61:911-5.
from the general Japanese population but not in fertile Japanese men. Biol Reprod 27 World Health Organization. WHO laboratory manual for the examination of human
2014;90:116. semen and sperm-cervical mucus interaction. 4th edn. Cambridge: Cambridge

6 Lazaros L, Xita N, Kaponis A, Hatzi E, Plachouras N, Sofikitis N, Zikopoulos K, Georgiou University Press, 1999.

. The association of aromatase (CYP19) gene variants with sperm concentration and 28 Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, Bender D, Maller J, Sklar P,
motility. Asian J Androl 2011;13:292-7. de Bakker PI, Daly MJ, Sham PC. PLINK: a tool set for whole-genome association and

7 Delli Muti N, Agarwal A, Buldreghini E, Gioia A, Lenzi A, Boscaro M, Balercia G. Have population-based linkage analyses. Am J Hum Genet 2007,81:559-75.
androgen receptor gene CAG and GGC repeat polymorphisms an effect on sperm 29 Browning SR, Browning BL. Rapid and accurate haplotype phasing and missing-
motility in infertile men? Andrologia 2014;46:564-9. data inference for whole-genome association studies by use of localized haplotype

8 Lazaros L, Xita N, Takenaka A, Sofikitis N, Makrydimas G, Stefos T, Kosmas |, clustering. Am J Hum Genet 2007;81:1084-97.

Zikopoulos K, Hatzi E, Georgiou I. Synergistic effect of follicle-stimulating hormone 30 Browning BL, Browning SR. Genotype imputation with millions of reference samples.
receptor and androgen receptor gene variants on semen quality. Andrologia Am J Hum Genet 2016;98:116-26.
2013;45:339-44. 31 Auton A, Brooks LD, Durbin RM, Garrison EP, Kang HM, Korbel JO, Marchini JL,

9 Zhao D, Wu W, Xu B, Niu X, Cui H, Zhang Y, Wang Z, Wang X. Variants in the SRD5A2 McCarthy S, McVean GA, Abecasis GR; 1000 Genomes Project Consortium. A global
gene are associated with quality of semen. Mol Med Rep 2012;6:639-44. reference for human genetic variation. Nature 2015;526:68-74.

10 Lazaros LA, Xita NV, Kaponis Al, Zikopoulos KA, Plachouras NI, Georgiou IA. Estrogen 32 Sudmant PH, Rausch T, Gardner EJ, Handsaker RE, Abyzov A, Huddleston J, Zhang
receptor alpha and beta polymorphisms are associated with semen quality. J Androl Y, Ye K, Jun G, Fritz MH, Konkel MK, Malhotra A, Stiitz AM, Shi X, Casale FP, Chen
2010;31:291-8. J, Hormozdiari F, Dayama G, Chen K, Malig M, Chaisson MJP, Walter K, Meiers

11 Safarinejad MR, Shafiei N, Safarinejad S. Association of polymorphisms in the estrogen S, Kashin S, Garrison E, Auton A, Lam HYK, Mu XJ, Alkan C, Antaki D, BaeT,
receptors alpha, and beta (ESR1, ESR2) with the occurrence of male infertility and Cerveira E, Chines P, Chong Z, Clarke L, Dal E, Ding L, Emery S, Fan X, Gujral M,
semen parameters. / Steroid Biochem Mol Biol 2010;122:193-203. Kahveci F, Kidd JM, Kong Y, Lameijer EW, McCarthy S, Flicek P, Gibbs RA, Marth G,

12 Aston KI, Carrell DT. Genome-wide study of single-nucleotide polymorphisms Mason CE, Menelaou A, Muzny DM, Nelson BJ, Noor A, Parrish NF, Pendleton M,
associated with azoospermia and severe oligozoospermia. / Androl 2009;30:711-25. Quitadamo A, Raeder B, Schadt EE, Romanovitch M, Schlattl A, Sebra R, Shabalin

13 HuZ, XiaY, Guo X, Dai J, Li H, Hu H, Jiang Y, Lu F Wu Y, Yang X, Li H, Yao B, Lu C, AA, Untergasser A, Walker JA, Wang M, Yu F, Zhang C, Zhang J, Zheng-Bradley
Xiong C, Li Z, Gui Y, Liu J, Zhou Z, Shen H, Wang X, Sha J. A genome-wide association X, Zhou W, Zichner T, Sebat J, Batzer MA, McCarroll SA, Mills RE, Gerstein MB,
study in Chinese men identifies three risk loci for non-obstructive azoospermia. Nat Bashir A, Stegle O, Devine SE, Lee C, Eichler EE, Korbel JO; 1000 Genomes Project
Genet 2012;44:183-6. Consortium. An integrated map of structural variation in 2,504 human genomes.

14 Zhao H, Xu J, Zhang H, Sun J, Sun Y, Wang Z, Liu J, Ding Q, Lu S, Shi R, You L, Qin Y, Nature 2015;526:75-81.

Zhao X, Lin X, Li X, Feng J, Wang L, Trent JM, Xu C, Gao Y, Zhang B, Gao X, Hu J, Chen 33 Higgins JP, Thompson SG, Deeks JJ, Altman DG. Measuring inconsistency in meta-

H, Li G, Zhao J, Zou S, Jiang H, Hao C, Zhao Y, Ma J, Zheng SL, Chen ZJ. A genome- analyses. BMJ 2003;327:557-60.

wide association study reveals that variants within the HLA region are associated with 34 Pruim RJ, Welch RP, Sanna S, Teslovich TM, Chines PS, Gliedt TP, Boehnke M, Abecasis
risk for nonobstructive azoospermia. Am J Hum Genet 2012;90:900-6. GR, Willer CJ. LocusZoom: regional visualization of genome-wide association scan

15 NiB, LinY, Sun L, Zhu M, Li Z, Wang H, Yu J, Guo X, Zuo X, Dong J, Xia Y, Wen Y, results. Bioinformatics 2010;26:2336-7.

Wu H, Li H, Zhu Y, Ping P, Chen X, Dai J, Jiang Y, Xu P, Du Q, Yao B, Weng N, Lu H, 35 GTEx Consortium. The Genotype-Tissue Expression (GTEx) project. Nat Genet

Wang Z, Zhu X, Yang X, Xiong C, Ma H, Jin G, Xu J, Wang X, Zhou Z, Liu J, Zhang X, 2013;45:580-5.

Conrad DF, Hu Z, Sha J. Low-frequency germline variants across 6p22.2-6p21.33 are 36 Ward LD, Kellis M. HaploReg: a resource for exploring chromatin states, conservation,
associated with non-obstructive azoospermia in Han Chinese men. Hum Mol Genet and regulatory motif alterations within sets of genetically linked variants. Nucleic
2015;24:5628-36. Acids Res 2012;40:D930—-4.

16 Kosova G, Scott NM, Niederberger C, Prins GS, Ober C. Genome-wide association 37 Boyle AP, Hong EL, Hariharan M, Cheng Y, Schaub MA, Kasowski M, Karczewski K,
study identifies candidate genes for male fertility traits in humans. Am J Hum Genet Park J, Hitz BC, Weng S, Cherry JM, Snyder M. Annotation of functional variation in
2012;90:950-61. personal genomes using RegulomeDB. Genome Res 2012;22:1790-7.

17 Iwamoto T, Nozawa S, Mieno MN, Yamakawa K, Baba K, Yoshiike M, Namiki M, Koh E, 38 Zhang K, Cui S, Chang S, Zhang L, Wang J. i-GSEA4GWAS: a web server for
Kanaya J, Okuyama A, Matsumiya K, Tsujimura A, Kanetake H, Equchi J, Skakkebaek identification of pathways/gene sets associated with traits by applying an improved
NE, Vierula M, Toppari J, Jergensen N. Semen quality of 1559 young men from four gene set enrichment analysis to genome-wide association study. Nucleic Acids Res
cities in Japan: a cross-sectional population-based study. BMJ/ Open 2013;3:002222. 2010;38:W90-5.

18 Iwamoto T, Nozawa S, Yoshiike M, Namiki M, Koh E, Kanaya J, Okuyama A, Matsumiya 39 Marte BM, Jeschke M, Graus-Porta D, Taverna D, Hofer P, Groner B, Yarden Y, Hynes
K, Tsujimura A, Komatsu K, Tsukamoto T, Itoh N, Mieno MN, Vierula M, Toppari J, NE. Neu differentiation factor/heregulin modulates growth and differentiation of
Skakkebaek NE, Jargensen N. Semen quality of fertile Japanese men: a cross-sectional HC11 mammary epithelial cells. Mol Endocrinol 1995;9:14-23.
population-based study of 792 men. BMJ Open 2013;3:e002223. 40 Yang Y, Spitzer E, Meyer D, Sachs M, Niemann C, Hartmann G, Weidner KM,

19 NakahoriY, Sato Y, Ewis AA, lwamoto T, Shinka T, Nozawa S, Yoshiike M, Yang XJ, Sei Birchmeier C, Birchmeier W. Sequential requirement of hepatocyte growth factor and
M, Namiki M, Kou E, Ito N, Komatsu K, Matsumiya K, Nakagome Y. Climatic influence neuregulin in the morphogenesis and differentiation of the mammary gland. J Cell
on the reproductive characteristics of Japanese males. J Hum Genet 2012;57:375-8. Biol 1995;131:215-26.

20 SatoY, Shinka T, lwamoto T, Yamauchi A, Nakahori Y. Y chromosome haplogroup D2* 41 Carpenter G, Liao H. Trafficking of receptor tyrosine kinases to the nucleus. Exp Cell
lineage is associated with azoospermia in Japanese males. Biol Reprod 2013;88:107. Res 2009;315:1556-66.

21 SatoY, Jinam T, Iwamoto T, Yamauchi A, Imoto I, Inoue |, Tajima A. Replication study 42 Roskoski R. The ErbB/HER family of protein-tyrosine kinases and cancer. Pharmacol
and meta-analysis of human non-obstructive azoospermia in Japanese populations. Res 2014;79:34-74.

Biol Reprod 2013;88:87. 43 Sartor Cl, Zhou H, Kozlowska E, Guttridge K, Kawata E, Caskey L, Harrelson J, Hynes

22 SatoY, lwamoto T, Shinka T, Nozawa S, Yoshiike M, Koh E, Kanaya J, Namiki M, N, Ethier S, Calvo B, Earp HS. Her4 mediates ligand-dependent antiproliferative
Matsumiya K, Tsujimura A, Komatsu K, Itoh N, Eqguchi J, Yamauchi A, Nakahori Y. Y and differentiation responses in human breast cancer cells. Mol Cell Biol
chromosome gr/gr subdeletion is associated with lower semen quality in young men 2001;21:4265-75.
from the general Japanese population but not in fertile Japanese men. Biol Reprod 44 Kim HC, Lee JY, Sung H, Choi JY, Park SK, Lee KM, Kim YJ, Go M, Li L, Cho YS, Park
2014;90:116. M, Kim DJ, Oh JH, Kim JW, Jeon JP, Jeon SY, Min H, Kim HM, Park J, Yoo KY, Noh DY,

23 SatoY, Shinka T, Nozawa S, Yoshiike M, Koh E, Kanaya J, Namiki M, Matsumiya Ahn SH, Lee MH, Kim SW, Lee JW, Park BW, Park WY, Kim EH, Kim MK, Han W, Lee SA,
K, Tsujimura A, Komatsu K, Itoh N, Eguchi J, Yamauchi A, Iwamoto T, Nakahori Y. Matsuo K, Shen CY, Wu PE, Hsiung CN, Lee JY, Kim HL, Han BG, Kang D. A genome-
Y chromosome haplogroup D2a1 is significantly associated with high levels of wide association study identifies a breast cancer risk variant in ERBB4 at 2q34: results
luteinizing hormone in Japanese men. Andrology 2015;3:520-5. from the Seoul Breast Cancer Study. Breast Cancer Res 2012;14:R56.

24 Sato Y, Tajima A, Tsunematsu K, Nozawa S, Yoshiike M, Koh E, Kanaya J, Namiki M, 45 Day FR, Hinds DA, Tung JY, Stolk L, Styrkarsdottir U, Saxena R, Bjonnes A, Broer L,
Matsumiya K, Tsujimura A, Komatsu K, Itoh N, Eguchi J, Imoto I, Yamauchi A, lwamoto Dunger DB, Halldorsson BV, Lawlor DA, Laval G, Mathieson |, McCardle WL, Louwers
T. Lack of replication of four candidate SNPs implicated in human male fertility traits: Y, Meun C, Ring S, Scott RA, Sulem P, Uitterlinden AG, Wareham NJ, Thorsteinsdottir U,
a large-scale population-based study. Hum Reprod 2015;30:1505-9. Welt C, Stefansson K, Laven JS, Ong KK, Perry JR. Causal mechanisms and balancing

420 Sato Y, et al. J Med Genet 2018;55:415-421. doi:10.1136/jmedgenet-2017-104991


http://dx.doi.org/http://www.ncbi.nlm.nih.gov/pubmed/11247612
http://dx.doi.org/http://www.ncbi.nlm.nih.gov/pubmed/11247612
http://dx.doi.org/10.5534/wjmh.2014.32.1.1
http://dx.doi.org/10.1155/2016/9540142
http://dx.doi.org/10.1095/biolreprod.114.118810
http://dx.doi.org/10.1038/aja.2010.144
http://dx.doi.org/10.1111/and.12119
http://dx.doi.org/10.1111/and.12021
http://dx.doi.org/10.3892/mmr.2012.965
http://dx.doi.org/10.2164/jandrol.109.007542
http://dx.doi.org/10.1016/j.jsbmb.2010.06.011
http://dx.doi.org/10.2164/jandrol.109.007971
http://dx.doi.org/10.1038/ng.1040
http://dx.doi.org/10.1038/ng.1040
http://dx.doi.org/10.1016/j.ajhg.2012.04.001
http://dx.doi.org/10.1093/hmg/ddv257
http://dx.doi.org/10.1016/j.ajhg.2012.04.016
http://dx.doi.org/10.1136/bmjopen-2012-002222
http://dx.doi.org/10.1136/bmjopen-2012-002223
http://dx.doi.org/10.1038/jhg.2012.38
http://dx.doi.org/10.1095/biolreprod.112.105718
http://dx.doi.org/10.1095/biolreprod.112.106377
http://dx.doi.org/10.1095/biolreprod.114.118810
http://dx.doi.org/10.1111/andr.12026
http://dx.doi.org/10.1093/humrep/dev081
http://dx.doi.org/10.1093/humrep/dev088
http://dx.doi.org/10.1038/jhg.2016.82
http://dx.doi.org/10.1086/519795
http://dx.doi.org/10.1086/521987
http://dx.doi.org/10.1016/j.ajhg.2015.11.020
http://dx.doi.org/10.1038/nature15393
http://dx.doi.org/10.1038/nature15394
http://dx.doi.org/10.1136/bmj.327.7414.557
http://dx.doi.org/10.1093/bioinformatics/btq419
http://dx.doi.org/10.1038/ng.2653
http://dx.doi.org/10.1093/nar/gkr917
http://dx.doi.org/10.1093/nar/gkr917
http://dx.doi.org/10.1101/gr.137323.112
http://dx.doi.org/10.1093/nar/gkq324
http://dx.doi.org/10.1210/mend.9.1.7760847
http://dx.doi.org/10.1083/jcb.131.1.215
http://dx.doi.org/10.1083/jcb.131.1.215
http://dx.doi.org/10.1016/j.yexcr.2008.09.027
http://dx.doi.org/10.1016/j.yexcr.2008.09.027
http://dx.doi.org/10.1016/j.phrs.2013.11.002
http://dx.doi.org/10.1016/j.phrs.2013.11.002
http://dx.doi.org/10.1128/MCB.21.13.4265-4275.2001
http://dx.doi.org/10.1186/bcr3158

Complex traits

4

(o))

selection inferred from genetic associations with polycystic ovary syndrome. Nat
Commun 2015;6:8464.

Locke AE, Kahali B, Berndt SI, Justice AE, Pers TH, Day FR, Powell C, Vedantam S,
Buchkovich ML, Yang J, Croteau-Chonka DG, Esko T, Fall T, Ferreira T, Gustafsson S,
Kutalik Z, Luan J, Mégi R, Randall JC, Winkler TW, Wood AR, Workalemahu T, Faul JD,
Smith JA, Zhao JH, Zhao W, Chen J, Fehrmann R, Hedman AK, Karjalainen J, Schmidt
EM, Absher D, Amin N, Anderson D, Beekman M, Bolton JL, Bragg-Gresham JL, Buyske
S, Demirkan A, Deng G, Ehret GB, Feenstra B, Feitosa MF, Fischer K, Goel A, Gong J,
Jackson AU, Kanoni S, Kleber ME, Kristiansson K, Lim U, Lotay V, Mangino M, Leach
IM, Medina-Gomez C, Medland SE, Nalls MA, Palmer CD, Pasko D, Pechlivanis S,
Peters MJ, Prokopenko I, Shungin D, Stancakova A, Strawbridge RJ, Sung YJ, Tanaka T,
Teumer A, Trompet S, van der Laan SW, van Setten J, Van Vliet-Ostaptchouk JV, Wang
Z,Yengo L, Zhang W, Isaacs A, Albrecht E, Arnlév J, Arscott GM, Attwood AP, Bandinelli
S, Barrett A, Bas IN, Bellis C, Bennett AJ, Berne C, Blagieva R, Bliiher M, Bohringer S,
Bonnycastle LL, Bottcher Y, Boyd HA, Bruinenberg M, Caspersen IH, Chen YI, Clarke R,
Daw EW, de Craen AJM, Delgado G, Dimitriou M, Doney ASF, Eklund N, Estrada K,
Eury E, Folkersen L, Fraser RM, Garcia ME, Geller F, Giedraitis V, Gigante B, Go AS,
Golay A, Goodall AH, Gordon SD, Gorski M, Grabe HJ, Grallert H, Grammer TB, GraBler
J, Gronberg H, Groves CJ, Gusto G, Haessler J, Hall P, Haller T, Hallmans G, Hartman
CA, Hassinen M, Hayward C, Heard-Costa NL, Helmer Q, Hengstenberg C, Holmen O,
Hottenga JJ, James AL, Jeff JM, Johansson A, Jolley J, Juliusdottir T, Kinnunen L, Koenig
W, Koskenvuo M, Kratzer W, Laitinen J, Lamina C, Leander K, Lee NR, Lichtner P, Lind
L, Lindstrom J, Lo KS, Lobbens S, Lorbeer R, Lu Y, Mach F, Magnusson PKE, Mahajan A,
McArdle WL, McLachlan S, Menni C, Merger S, Mihailov E, Milani L, Moayyeri A,
Monda KL, Morken MA, Mulas A, Miiller G, Miller-Nurasyid M, Musk AW, Nagaraja R,
NGthen MM, Nolte IM, Pilz S, Rayner NW, Renstrom F, Rettig R, Ried JS, Ripke S,
Robertson NR, Rose LM, Sanna S, Scharnagl H, Scholtens S, Schumacher FR, Scott WR,
Seufferlein T, Shi J, Smith AV, Smolonska J, Stanton AV, Steinthorsdottir V, Stirrups K,
Stringham HM, Sundstrom J, Swertz MA, Swift AJ, Syvanen AC, Tan ST, Tayo BO,
Thorand B, Thorleifsson G, Tyrer JP, Uh HW, Vandenput L, Verhulst FC, Vermeulen SH,
Verweij N, Vonk JM, Waite LL, Warren HR, Waterworth D, Weedon MN, Wilkens LR,
Willenborg C, Wilsgaard T, Wojczynski MK, Wong A, Wright AF, Zhang Q, Brennan EP,
Choi M, Dastani Z, Drong AW, Eriksson P, Franco-Cereceda A, Gadin JR, Gharavi AG,
Goddard ME, Handsaker RE, Huang J, Karpe F, Kathiresan S, Keildson S, Kiryluk K,
Kubo M, Lee JY, Liang L, Lifton RP, Ma B, McCarroll SA, McKnight AJ, Min JL, Moffatt
MF, Montgomery GW, Murabito JM, Nicholson G, Nyholt DR, Okada Y, Perry JRB,
Dorajoo R, Reinmaa E, Salem RM, Sandholm N, Scott RA, Stolk L, Takahashi A, Tanaka
T, van 't Hooft FM, Vinkhuyzen AAE, Westra HJ, Zheng W, Zondervan KT, Heath AC,
Arveiler D, Bakker SJL, Beilby J, Bergman RN, Blangero J, Bovet P, Campbell H,
Caulfield MJ, Cesana G, Chakravarti A, Chasman DI, Chines PS, Collins FS, Crawford
DC, Cupples LA, Cusi D, Danesh J, de Faire U, den Ruijter HM, Dominiczak AF, Erbel R,
Erdmann J, Eriksson JG, Farrall M, Felix SB, Ferrannini E, Ferriéres J, Ford |, Forouhi NG,
Forrester T, Franco OH, Gansevoort RT, Gejman PV, Gieger C, Gottesman O, Gudnason
V, Gyllensten U, Hall AS, Harris TB, Hattersley AT, Hicks AA, Hindorff LA, Hingorani AD,
Hofman A, Homuth G, Hovingh GK, Humphries SE, Hunt SC, Hypponen E, Illig T, Jacobs
KB, Jarvelin MR, Jockel KH, Johansen B, Jousilahti P, Jukema JW, Jula AM, Kaprio J,
Kastelein JJP, Keinanen-Kiukaanniemi SM, Kiemeney LA, Knekt P, Kooner JS,
Kooperberg C, Kovacs P, Kraja AT, Kumari M, Kuusisto J, Lakka TA, Langenberg C,

47

48

49

Marchand LL, Lehtiméki T, Lyssenko V, Mannistd S, Marette A, Matise TC, McKenzie
CA, McKnight B, Moll FL, Morris AD, Morris AP, Murray JC, Nelis M, Ohlsson C,
Oldehinkel AJ, Ong KK, Madden PAF, Pasterkamp G, Peden JF, Peters A, Postma DS,
Pramstaller PP, Price JF. Qi L, Raitakari OT, Rankinen T, Rao DC, Rice TK, Ridker PM,
Rioux JD, Ritchie MD, Rudan I, Salomaa V, Samani NJ, Saramies J, Sarzynski MA,
Schunkert H, Schwarz PEH, Sever P, Shuldiner AR, Sinisalo J, Stolk RP, Strauch K, Tonjes
A, Trégouét DA, Tremblay A, Tremoli E, Virtamo J, Vohl MC, Vélker U, Waeber G,
Willemsen G, Witteman JC, Zillikens MC, Adair LS, Amouyel P, Asselbergs FW, Assimes
TL, Bochud M, Boehm BO, Boerwinkle E, Bornstein SR, Bottinger EP, Bouchard C,
Cauchi S, Chambers JC, Chanock SJ, Cooper RS, de Bakker PIW, Dedoussis G, Ferrucci
L, Franks PW, Froguel P, Groop LC, Haiman CA, Hamsten A, Hui J, Hunter DJ, Hveem K,
Kaplan RC, Kivimaki M, Kuh D, Laakso M, Liu Y, Martin NG, Marz W, Melbye M,
Metspalu A, Moebus S, Munroe PB, Njelstad |, Oostra BA, Palmer CNA, Pedersen NL,
Perola M, Pérusse L, Peters U, Power C, Quertermous T, Rauramaa R, Rivadeneira F,
Saaristo TE, Saleheen D, Sattar N, Schadt EE, Schlessinger D, Slagboom PE, Snieder H,
Spector TD, Thorsteinsdottir U, Stumvoll M, Tuomilehto J, Uitterlinden AG, Uusitupa M,
van der Harst P, Walker M, Wallaschofski H, Wareham NJ, Watkins H, Weir DR,
Wichmann HE, Wilson JF, Zanen P, Borecki IB, Deloukas P, Fox CS, Heid IM, O'Connell
JR, Strachan DP, Stefansson K, van Duijn CM, Abecasis GR, Franke L, Frayling TM,
McCarthy MI, Visscher PM, Scherag A, Willer CJ, Boehnke M, Mohlke KL, Lindgren CM,
Beckmann JS, Barroso |, North KE, Ingelsson E, Hirschhorn JN, Loos RJF, Speliotes EK,
AKH, As G, A J, Ks L, Hw U, Study LC, Consortium A, Group A-BMIW; LifeLines Cohort
Study ADIPOGen Consortium AGEN-BMI Working Group CARDIOGRAMplusC4D
Consortium CKDGen Consortium GLGC ICBP MAGIC Investigators MuTHER
Consortium MIGen Consortium PAGE Consortium ReproGen Consortium GENIE
Consortium International Endogene Consortium. Genetic studies of body mass index
yield new insights for obesity biology. Nature 2015;518:197-206.

Naillat F, Veikkolainen V, Miinalainen |, Sipilé P, Poutanen M, Elenius K, Vainio SJ.
ErbB4, a receptor tyrosine kinase, coordinates organization of the seminiferous
tubules in the developing testis. Mol Endocrinol 2014;28:1534-46.

Sandholm N, Salem RM, McKnight AJ, Brennan EP, Forsblom C, Isakova T, McKay GJ,
Williams WW, Sadlier DM, Makinen VP, Swan EJ, Palmer C, Boright AP, Ahlqvist E,
Deshmukh HA, Keller BJ, Huang H, Ahola AJ, Fagerholm E, Gordin D, Harjutsalo V,

He B, Heikkild O, Hietala K, Kyt6 J, Lahermo P, Lehto M, Lithovius R, Osterholm AM,
Parkkonen M, Pitkdniemi J, Rosengard-Barlund M, Saraheimo M, Sarti C, Séderlund

J, Soro-Paavonen A, Syreeni A, Thorn LM, Tikkanen H, Tolonen N, Tryggvason K,
Tuomilehto J, Wadén J, Gill GV, Prior S, Guiducci C, Mirel DB, Taylor A, Hosseini SM,
Parving HH, Rossing P, Tarnow L, Ladenvall C, Alhenc-Gelas F, Lefebvre P, Rigalleau

V, Roussel R, Tregouet DA, Maestroni A, Maestroni S, Falhammar H, Gu T, Méllsten

A, Cimponeriu D, loana M, Mota M, Mota E, Serafinceanu C, Stavarachi M, Hanson
RL, Nelson RG, Kretzler M, Colhoun HM, Panduru NM, Gu HF, Brismar K, Zerbini G,
Hadjadj S, Marre M, Groop L, Lajer M, Bull SB, Waggott D, Paterson AD, Savage DA,
Bain SC, Martin F, Hirschhorn JN, Godson C, Florez JC, Groop PH, Maxwell AP; DCCT/
EDIC Research Group. New susceptibility loci associated with kidney disease in type 1
diabetes. PLoS Genet 2012:8:€1002921.

Liu SY, Zhang CJ, Peng HY, Sun H, Lin KQ, Huang XQ, Huang K, Chu JY, Yang ZQ.
Strong association of SLCTAT and DPF3 gene variants with idiopathic male infertility
in Han Chinese. Asian J Androl 2017;19:486-92.

Sato Y, et al. J Med Genet 2018;55:415-421. doi:10.1136/jmedgenet-2017-104991

421


http://dx.doi.org/10.1038/ncomms9464
http://dx.doi.org/10.1038/ncomms9464
http://dx.doi.org/10.1038/nature14177
http://dx.doi.org/10.1210/me.2013-1244
http://dx.doi.org/10.1371/journal.pgen.1002921
http://dx.doi.org/10.4103/1008-682X.178850

	Genome-wide association study identifies ﻿ERBB4 ﻿on 2q34 as a novel locus associated with sperm motility in Japanese men
	Abstract
	Introduction
	Methods
	Subjects
	Clinical trait measurements
	Genotyping, quality control and imputation
	Statistical analysis

	Results
	Discussion
	References


