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exercise behavior, there is currently no evidence of a significant genomewide association, and candidate gene replication studies have

produced inconsistent results. Methods: We conducted a two-stage genomewide association study and candidate single-nucleotide poly-

morphisms (SNP) association study on leisure-time exercise behavior using 13,980 discovery samples from the Japan Multi-Institutional

Collaborative Cohort (J-MICC) study, and 2036 replication samples from the Hospital-based Epidemiologic Research Program at Aichi Cancer

Center-2 study. Leisure-time physical activity was measured using a self-administered questionnaire that inquired about the type, frequency and

duration of exercise. Participants with Q4 METIhIwkj1 of leisure-time physical activity were defined as exhibiting leisure-time exercise

behavior. Association testing using mixed linear regression models was performed on the discovery and replication samples, after which the

results were combined in a meta-analysis. In addition, we tested six candidate genetic variants derived from previous genomewide association

study.Results: We found that one novel SNP (rs10252228) located in the intergenic region between NPSR1 and DPY19L1was significantly

associated with leisure-time exercise behavior in discovery samples. This association was also significant in replication samples (combined

P value by meta-analysis = 2.2 � 10j9). Several SNP linked with rs10252228 were significantly associated with gene expression of DPY19L1

and DP19L2P1 in skeletal muscle, heart, whole blood, and the nervous system. Among the candidate SNP, rs12612420 in DNAPTP6 dem-

onstrated nominal significance in discovery samples but not in replication samples. Conclusions: We identified a novel genetic variant asso-

ciated with regular leisure-time exercise behavior. Further functional studies are required to validate the role of these variants in exercise

behavior. Key Words: PHYSICAL ACTIVITY, SPORTS PARTICIPATION, GENOTYPE

M
any epidemiological studies have shown that
physical activity (PA) reduces the risk of all-cause
mortality, coronary heart disease, hypertension,

stroke, metabolic syndrome, type 2 diabetes, breast cancer,
colon cancer, and depression (1). Inactivity was estimated to
have caused 9.4% of 57 million premature deaths worldwide in
2008 (2). Although most countries have national recommen-
dations for PA (3), the general population remains physically
inactive or only rarely participates in leisure-time exercise (4).

Although environmental factors are well known to influ-
ence exercise participation, recent studies have shown that
genetic factors also play a role (5–7). The heritability of
exercise behavior in adults has been well documented (8,9).
According to twin studies, between 48% and 71% of the
variance in exercise behavior among adults can be explained
by genetic factors (8). Early linkage and candidate gene
studies have reported associations between several genomic
regions and exercise behavior (10–14). Of these candidates
or linkage regions, rs12405556 in the leptin receptor (LEPR)
gene and rs8036270 on 15q13 are significantly associated
with leisure-time exercise behavior in Dutch and American
populations (15), while other reported associations have not
been replicated.

To date, only two genomewide association studies (GWAS)
have been carried out on PA (15,16). The first study, which
examined Dutch and American populations, reported that 3
single-nucleotide polymorphisms (SNP), located in the
DNA polymerase-transactivated protein 6 (DNAPTP6) gene,
3¶-phosphoadenosine 5¶-phosphosulfate synthase 2 (PAPSS2)
gene, and chromosome 18 open reading frame 2 (C18orf2)
gene, were associated with exercise participation (combined
P G 1 � 10j5) (15). Another GWAS of the Korean popula-
tion reported that even the most significant association be-
tween a SNP (rs7023003) and exercise participation did not
reach genomewide significance (16). It is also important to
note that not all significant associations between SNP and
exercise participation have been replicated for all candidate
SNP (15,16). Because the effect size of most SNP is small,
very large sample sizes are needed to detect significant ef-
fects, and the number of detected variants increases with in-
creasing sample size (17). Previous studies have shown that

relatively small sample sizes, such as those less than 10,000,
may constitute a factor in the ability of GWAS studies (15,16)
to detect significant genomewide associations or replicate
previous findings. In addition, differences in the ancestry of
participants among studies might also influence the replication
of results. Therefore, it remains unclear which genes or genetic
regions are responsible for the physically active phenotype.

Here, we conducted a GWAS study to detect new genetic
variants that are associated with leisure-time exercise be-
havior, and to replicate associations for previously reported
candidate SNP in a Japanese population.

MATERIALS AND METHODS

Study Population

Japan Multi-institutional Collaborative Cohort
study. The discovery phase used data from participants from
the Japan Multi-institutional Collaborative Cohort (J-MICC)
Study (18). Briefly, the J-MICC study includes volunteers age
35 to 69 yr from 13 sites in Japan: Aichi, Chiba, Fukuoka, Iga,
Kagoshima, KOPS, Kyoto, Okazaki, Sakuragaoka, Saga,
Shizuoka-Daiko, Takashima, and Tokushima subcohorts. The
study had recruited 92,647 participants by the end of March
2014. All participants gave written informed consent; an-
swered a questionnaire that inquired about lifestyle-related
factors, past medical history, medication status, and anthro-
pometric characteristics; and donated a blood sample. The
study protocol was approved by the ethics committees of
Nagoya University School ofMedicine and other participating
institutions. A total of 14,539 participants were randomly se-
lected to be genotyped from 47,163 participants in 12 sites
(except for the Iga subcohort, where the survey was conducted
from 2013 to 2014) who were recruited between 2004 and
2013. Participants with inconsistent baseline information on
sex between the questionnaire and genotyping results were
excluded (n = 26). Quality control (QC) (described below)
was conducted for the remaining 14,513 participants, of
whom 422 participants whose genotype data did not meet QC
filters were excluded. Of the 14,091 individuals who passed
genotype QC filtering, three were excluded because leisure-time
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PA data was not available. In addition, 108 subjects were ex-
cluded because body mass index (BMI) data were not available.
The remaining 13,980 subjects were used in the GWAS analysis.

Hospital-based Epidemiologic Research Program
at Aichi Cancer Center-2 study. The replication phase of
this GWAS study was conducted using data from participants
of the Hospital-based Epidemiologic Research Program at
Aichi Cancer Center (HERPACC)-2 study (19) conducted
between January 2001 and November 2005 at the Aichi
Cancer Center. Briefly, all first-visit outpatients (n =
29,736) during the study period were asked to complete a
self-administered questionnaire and provide blood sam-
ples. Of these, 28,776 (96.7%) participated in the study by
giving written informed consent and 13,824 subjects
(48.0% of participants) further provided blood samples.
Among the 13,824 subjects, 7053 were confirmed to have
had no detectable cancer and no history of neoplasia within a
1-yr period from participation. The study protocol was ap-
proved by the ethics committees of the Aichi Cancer Center.

A total of 2074 participants were randomly selected from
the 7053 noncancer subjects, genotyped using Illumina
Human Core Exome 12 chips, and selected for this replica-
tion phase. After exclusion of subjects lacking baseline in-
formation on BMI and leisure-time PA (n = 35), and those
with low imputation quality (n = 3), 2036 subjects were used
for the replication analysis.

Leisure-time Exercise Behavior

Leisure-time PA was determined using a self-
administered questionnaire, similar to a short format of the
International Physical Activity Questionnaire, for both the
discovery and replication phases (20). Physical activity was
assessed by METs of leisure-time exercise (21). Participants
were asked about the frequency and average duration of
exercise behavior according to three broad categories of in-
tensity (vigorous, moderate and light). Vigorous activities,
defined as those that cause a person to breathe more heavily
than normal (to the extent that they cannot talk), were allo-
cated 8 METs; moderate activities, defined as those that
cause a person to breathe somewhat more heavily than
normal (to the extent that they can still talk), were allocated
4.0 METs; and light activities, defined as those that cause a
person to breathe normally (e.g., walking), were allocated
3.3 METs. The frequency categories (assigned average days
per week) for leisure-time PA were: almost none (0), one to
three times per month (0.1), one to two times per week (0.2),
three to four times per week (0.5), and five to six times per
week (0.8). The average duration categories (assigned av-
erage hours per activity) were: G30 min (0.3), 30 min to G1 h
(0.8), 1 to G2 h (1.5), 2 to G3 h (2.5), 3 to G4 h (3.5), and Q4 h
(4.5). A MET-hour per week of leisure-time PA for each
category of intensity was calculated using the weekly fre-
quency, duration, and intensity of leisure time PA, according
to the formula: Leisure time PA (METIhIwkj1) = intensity
of PA (METs)*duration (h)*frequency (dIwkj1). The

resulting values for the three intensities were summed and
reported as an outcome. Although the use of a continuous
outcome results in a higher statistical power than a dichot-
omous outcome, the distribution of leisure-time physical
activity levels was extremely right-skewed (P = 0.005,
Anderson-Darling test; see Figure, Supplemental Digital
Content 1, the distribution of leisure-time physical activity
levels, http://links.lww.com/MSS/B331), making it difficult
to handle this parameter as a continuous outcome. Thus,
we defined participants who reported Q4 or more METIhIwkj1

of leisure-time PA as exhibiting regular leisure-time exercise
behavior and used a dichotomous outcome (i.e., with or without
regular leisure-time exercise behavior) in our analyses.

Genotyping and QC Filtering

J-MICC study. Buffy coat fractions and DNA were pre-
pared from blood samples and stored at j80-C at the central
J-MICC study office. DNA was extracted from all buffy coat
fractions using a BioRobot M48 Workstation (Qiagen Group,
Tokyo, Japan) at the central study office. For samples from
two sites (Fukuoka and Kyushu-KOPS), DNA was extracted
from samples of whole blood using an automatic nucleic acid
isolation system (NA-3000, Kurabo, Co., Ltd, Osaka, Japan)
at the original study site. The 14,539 study participants
from the 12 sites of the J-MICC study were genotyped
at the RIKEN Center for Integrative Medicine using a
HumanOmniExpressExome-8 v1.2 BeadChip array (Illumina
Inc., San Diego, CA). Twenty-six samples with inconsistent
information regarding sex between the questionnaire and
genotyping results were excluded. The identity-by-descent
method implemented in PLINK software (22) found 388 close
relationship pairs (pi-hat 90.1875); one sample of each pair
was excluded. Principal component analysis (23,24) with
the 1000 Genomes reference panel (phase 3) (25) detected
34 subjects with non-Japanese ancestry (26); their samples
were excluded. The remaining 14,091 samples met the
sample-wise genotype call rate criterion (Q0.99). Single-nucleotide
polymorphismwith a genotype call rate G0.98 and/or a Hardy-
Weinberg equilibrium exact test P value G1 � 10j6 were re-
moved. This QC filtering left 14,091 individuals and 873,254
autosomal variants.

HERPACC-2 study. DNAwas prepared from buffy coat
fractions using a Qiagen Blood Mini Kit (Qiagen Group,
Tokyo, Japan) at the Aichi Cancer Center. Genotyping of the
2074 HERPACC-2 study subjects was conducted at the
Center for Genomic Medicine, Kyoto University Graduate
School of Medicine using a Human Core Exome-12 v1.1
BeadChip array (Illumina Inc.). The same QC procedure used
in the discovery phase was performed. Data for rs10252228,
rs187522732, rs374914476, rs565411857, 10:120175179,
rs11350613 were extracted from imputed data for validation.

Heritability Estimation

Narrow-sense heritability of exhibiting leisure-time exer-
cise behavior was estimated from genotyping data using a
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mixed linear model with adjustments for age, sex, and site.
Briefly, the model assumes that a genetic random effect for
each individual is drawn from a multivariate normal distribu-
tion with a mean 0 and variance–covariance matrix calculated
from genotype data (i.e., genetic relationship matrix [GRM]).
Similarly, a nongenetic random effect is assumed to be nor-
mally distributed with mean 0 and identity variance-
covariance matrix. Adjustment variables were modeled as
fixed-effect variables. The relative contributions of genetic
and nongenetic effects were estimated using the restricted
maximum likelihood method. For calculation of the GRM,
additional QC filtering was applied according to a previous
study (Hardy-Weinberg exact test P-value Q0.05, and minor
allele frequency [MAF] Q 0.01) (27,28), and the remaining
482,567 directly genotyped SNP on autosomal chromo-
somes were used. Calculation of the GRM and heritability
estimation was performed using GCTA software (29) ver-
sion 1.24.2. Observed-scale heritability was transformed into
liability-scale heritability according to a previously proposed
formula (27).

Genotype Imputation

Genotype imputation was performed using SHAPIT (30)
and Minimac3 (31) software based on the 1000 Genomes
reference panel (phase 3) (25) in both the discovery and
replication phases. After genotype imputation, variants with
an imputation quality R2 G 0.8 for discovery samples and 0.3
for replication samples, and a MAF G 0.01 were excluded,
leaving 7,094,228 variants in discovery samples and 11,070,774
variants in replication samples.

Association Tests between Genetic Variants and
Leisure-time Exercise Behavior

Statistical analysis for novel findings. To calculate
the GRM, genotyped SNP were excluded using the QC criteria
proposed in a previous study (genotype call rate Q 0.95, Hardy-
Weinberg exact test P-value Q0.05, and MAF Q 0.01) (27). The
remaining 482,567 SNP on autosomal chromosomes were used
to calculate the GRM. Calculations for the GRM, heritability
estimation, and GWAS tests were performed using GCTA
software (29) version 1.24.2. Observed-scale heritability was
transformed into liability-scale heritability using a previously
proposed formula (27). The association between 7,094,228
imputed genetic variants and leisure-time exercise behavior
(defined as Q4 METIhIwkj1 of leisure time PA) was ana-
lyzed using a mixed linear model association method (32)
adjusted for age, sex, and site. The mixed linear model used
adjustment covariates as fixed-effect variables and GRM
as a variance-covariance matrix for random-effects. The
genomewide significance level was set at P G 5 � 10j8, and
the suggestive significance level was set at P G 1 � 10j6 for
all analyses. Because high BMI has been suggested as a factor
preventing people from exercising, we also conducted
genomewide association tests with adjustment for age, sex,
site, and BMI as a sensitivity analysis. To seek genetic

variants that are associated with leisure time PA specifically
in younger or older adults, we stratified our population based
on the median age (56 yr) into younger (age e 56) and older
(age 9 56) strata, and performed genomewide association
tests for each stratum. The summary statistics derived from
the present GWAS are available upon request to the authors.

To further validate our GWAS findings in the discovery
phase, we performed multiple linear regression analyses adjusted
for age, sex, and site for the imputed data from HERPACC-2
samples in the replication phase. Subsequently, meta-analysis
was performed using discovery and replication samples. Hetero-
geneity across the two data sets was evaluated using the I2 index.

Statistical analysis for replication of candidate
SNP. For replication analysis of previously reported SNP
associated with exercise behavior, we used discovery sam-
ples (N = 13,980) for association tests. We examined the
three SNP in DNAPTP6, PAPSS2, and C18orf2 found in
Dutch and American populations (combined P G 1 � 10j5)
(11), and a SNP in the RNA, 7SK small nuclear (RN7SK)
gene-solute carrier family member 1 (SLC44A1) gene found
in the Korean population (P G 1 � 10j6) (16). We also
examined SNP in LEPR and GABRG3 because these were
candidates from earlier studies (12,14), and their associa-
tions were replicated in the Dutch and American populations
(15). To further validate our replication of the association
between previously identified SNP and exercise behavior in
the discovery phase, we also performed the analysis in rep-
lication samples and conducted a meta-analysis.

Expression Quantitative Trait Locus Analysis

To explore the functional consequences of SNP identified
in our GWAS, we used data from Genotype-Tissue Expres-
sion (GTEx), a publicly available database for expression
Quantitative Trait Locus (eQTL) (33).

Enrichment Analysis

Based on GWAS summary data (chromosomal position and
P value) for the directly genotyped SNP, gene- and pathway-
based analyses were conducted using the MAGMA software
(version 1.06) (34). The details have been described elsewhere
(35). Briefly, variants were mapped onto protein-coding genes
based on gene annotations downloaded from the NCBI Gene
database. Gene-based P values were then calculated by aggre-
gating variant-based P values after accounting for the linkage-
disequilibrium structure based on the East Asian population
(25,36). Pathway-based P values were calculated by aggre-
gating the gene-based P values.

RESULTS

Baseline characteristics of the subjects in the discovery and
replication phases are shown in Table 1. The mean age of
individuals in the discovery and replication populations was
54.8 T 9.4 yr and 51.8 T 11.1 yr, and the percentage of
female participants was 54.8% and 50.8%, respectively. Mean
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leisure-time PA was 1.6 T 2.3 METIhIwkj1 for the discovery
population and 1.6 T 2.7 METIhIwkj1 for the replication
population. The proportion of subjects that exhibited regular
leisure-time exercise behavior was 12.8% for the discovery
population and 12.3% for the replication population.

Heritability Estimation

We estimated the narrow-sense heritability of target phe-
notype variables using data from the discovery samples (N =
13,980). The observed-scale heritability was 1.3% (standard
error [SE], 2.3%), whereas the transformed liability-scale
heritability was 3.3% (SE = 5.9%); the difference was not
statistically significant (P = 0.28). Therefore, the overall SNP
heritability of regular leisure-time exercise behavior was
considered small.

Novel associations and their replications. We
performed genomewide scans for leisure-time exercise behavior-
associated genetic variants using the discovery samples (N =
13,980). The quantile–quantile plot for P values (see Figure,

Supplemental Digital Content 2, quantile–quantile plot for P
values, http://links.lww.com/MSS/B332) shows an inflation
factor for the genomewide scan of 0.996 (95% confidence
interval, 0.994–0.998). The Manhattan plot of genetic variants
and leisure-time exercise behavior for discovery samples is
shown in Figure 1. Table 2 summarizes the two-stage GWAS
and meta-analysis findings. Results from the discovery and
replication phases were analyzed using a mixed linear model
association method adjusted for age, sex, and site, and mul-
tiple linear regression analysis adjusted for age, sex, and site,
respectively. We found that rs10252228, located in the
intergenic region between neuropeptide S receptor 1 (NPSR1)
and dpy-19 like C-mannosyltransferase 1 (DPY19L1), had
genomewide significance (effect size = 0.0269 [SE = 0.0048],
P = 2.5 � 10j8) in discovery samples. This variant also
showed significant associations in replication samples (P =
0.004). The combined P value for this variant in the meta-
analysis (P = 2.2 � 10j9) was lower than that observed in the
discovery phase, suggesting that this association is robust. In
contrast, rs187522732, located in the intergenic region between

TABLE 1. Baseline characteristics of the study subjects.

Site N
Age (yr)

(mean T SD) Female (%)
Leisure-Time PA

(METIhIwkj1) (mean T SD)
Leisure-Time

Exercise Behavior (%)
BMI (kgImj2)
(mean T SD)

Discovery samples
Aichi 1152 55.1 T 9.4 50.4 1.2 T 1.9 8.8 22.4 T 3.2
Chiba 1099 53.8 T 9.8 65.9 1.8 T 2.4 14.9 22.5 T 3.0
Fukuoka 1560 60.5 T 5.4 56.2 1.8 T 2.3 14.6 23.2 T 3.0
Kagoshima 1224 55.2 T 8.3 57.7 1.6 T 2.7 14.1 24.5 T 3.3
KOPS 1144 55.0 T 9.7 64 1.0 T 1.9 7.4 23.8 T 3.5
Kyoto 1111 49.9 T 9.8 52 1.5 T 2.4 11.9 22.4 T 3.3
Okazaki 1061 55.7 T 9.1 45.2 2.0 T 2.6 19.6 23.3 T 3.1
Sakuragaoka 573 50.1 T 9.4 38.2 1.7 T 2.4 14.8 23.1 T 3.4
Saga 1864 56.8 T 8.2 56.6 1.5 T 2.1 11.6 23.1 T 3.0
Shizuoka-Daiko 1979 52.9 T 9.7 56 1.6 T 2.1 11.4 22.4 T 3.1
Takashima 536 56.6 T 9.7 70.7 1.8 T 2.8 19.6 23.1 T 3.3
Tokushima 677 50.4 T 8.9 33.1 1.4 T 2.1 9.9 23.9 T 3.6

Total 13,980 54.8 T 9.4 54.8 1.6 T 2.3 12.8 23.1 T 3.3
Replication samples

HERPACC-2 2036 51.8 T 11.1 50.8 1.6 T 2.7 12.3 22.7 T 3.2

FIGURE 1—Genomewide association signals for discovery samples (N = 13,980). The x-axis represents chromosomal position and the y-axis represents –log10
P value calculated using mixed linear model association analysis. The gray dotted horizontal line indicates the suggestive significance level (P = 1 � 10j6).
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KCNJ3 and NR4A2, showed a trend toward a significant as-
sociation (effect size = 0.0713 [SE = 0.0145], P = 9.2 � 10j7)
in the discovery phase, but not in the replication phase
(P = 0.51).The combined P value for this variant in the
meta-analysis (P = 8.2 � 10j6) was higher than that in the
discovery phase, indicating that this association is likely a
false positive. Adjustment for BMI did not change these
findings (see Table, Supplemental Digital Content 3, Sensi-
tivity analyses of primary analyses, http://links.lww.com/
MSS/B333).

Association signals around rs10252228 (in the intergenic
region between NPSR1 and DPY19L1) for the discovery
samples (N = 13,980) are shown in Figure 2. The eQTL

analysis found no significant functional consequences for
rs10252228 in the GTEx database; however, six SNP linked
with rs10252228 were significantly associated with gene
expression of DPY19L1 and DPY19L2P1 in skeletal muscle,
heart, whole blood, and the nervous system.

Genomewide association tests on subjects stratified by age
strata did not identify any loci with even suggestive significance
in younger subjects; however, the KCNJ3-NR4A2 locus showed
genomewide significance in older subjects (P = 1.9� 10j8). An
additional three SNP showed suggestive significance in older
subjects (P = 3.5 � 10j7 to 6.3 � 10j7). However, none of
these associations could be confirmed in the replication samples
and combined samples (see Table, Supplemental Digital
Content 4, Sensitivity analyses of primary analyses, http://
links.lww.com/MSS/B334).

Replicationof associations for candidateSNP. Table 3
shows the association between six previously reported SNP
and leisure-time exercise behavior in the discovery samples,
replication samples, and meta-analysis findings. rs12612420
in DNAPTP6 showed a trend toward an association in the
meta-analysis (effect size,j0.0107; SE, 0.0046; P = 0.0199),
but the association was not significant after Bonferroni
correction (P 9 0.05/6). The eQTL analysis showed that the
polymorphism in rs12612420 was significantly associated
with gene expression in the neighboring DNAPTP6 gene,
also known as spermatogenesis associated serine rich 2-like
(SPATS2L). SPATS2L expression was lower in the left
ventricle with the effect allele (A) than with the noneffect
allele (G), but was higher in sun-exposed/not sun-exposed
skin with the effect allele.

Enrichment analysis. Our gene-based analyses did not
identify any significant genes associated with regular leisure-
time exercise behavior.We also searched formolecular pathways
that were collectively associated with regular leisure-time exer-
cise behavior. Although no significant pathways were detected
after Bonferroni correction based on the PANTHER path-
way database (37), KEGG pathway database (38) or Ingenuity
Pathway Database (http://www.ingenuity.com/index.html)
(see Table, Supplemental Digital Content 5, Enrichment analysis

FIGURE 2—Association signals around rs10252228 for discovery
samples (N = 13,980). The x-axis represents the chromosomal position
around the rs10252228 variant and the y-axis represents –log10 P value.
The top signal in this locus (rs10252228) is shown in purple. Dot color
for a variant represents the estimated degree of linkage disequilibrium
(R2) between each variant and rs10252228.

TABLE 2. Leisure-time exercise behavior (Q4 METIhIwkj1 of leisure-time physical activity)-associated SNP in discovery samples (J-MICC study, N = 13,980), replication samples
(HERPACC-2 study, N = 2036), and combined samples (N = 16,016) adjusted for age, sex, and site.

SNP Chra Positionb Gene(s) EAc NEAd Population Rsqe AFf Betag SE (Beta)h P I 2

rs10252228i 7 34,940,039 NPSR1–DPY19L1 G A J-MICC 0.995 0.213 0.0269 0.0048 2.5 � 10j8 —
HERPACC-2 0.598 0.175 0.0278 0.0133 0.04 —
Meta-analysis — 0.209 0.0270 0.0045 2.2 � 10j9 0.0

rs187522732 2 156,864,816 KCNJ3–NR4A2 A T J-MICC 0.872 0.021 0.0713 0.0145 9.2 � 10j7 —
HERPACC-2 0.783 0.014 j0.0293 0.0439 0.51 —
Meta-analysis — 0.209 0.0614 0.0138 8.2 � 10j6 78.8

Results in bold emphasis showed a consistent association in discovery and replication samples.
aChromosome.
bChromosomal position (GRCh37/hg19).
cEffect allele.
dNoneffect allele.
eInputation quality in terms of R2 calculated by the Minimac3 software version 1.0.11.
fAllele frequency of effect allele.
gEffect size.
hStandard error of effect size.
iCopy number variation.
jThese SNP were directly genotyped.
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for PANTHER pathway, http://links.lww.com/MSS/B335;
Table, Supplemental Digital Content 6, Enrichment analysis
for KEGG pathway, http://links.lww.com/MSS/B336; and
Table, Supplemental Digital Content 7, Enrichment analysis
for ipath, http://links.lww.com/MSS/B337), many pathways
and enrichments with P G 0.05 tended to be related to metabo-
lism and degradation.

DISCUSSION

This was a large GWAS for leisure-time exercise behavior
which examined 13,980 Japanese adults with 7,094,228 SNP.
We found a novel association between an SNP in the NPSR1-
DPY19L1 intergenic region and confirmed it in replication
samples (rs10252228, combined P = 2.2 � 10j9). Of the only
two GWAS studies for leisure-time exercise behavior conducted
to date, neither reported significant genomewide associations
(P G 5 � 10j8). Therefore, to our knowledge, the present
study is one of the first to show significant genomewide
associations between genetic polymorphisms and leisure-time
exercise behavior. In addition, we found that a candidate SNP
(rs12612420) in DNAPTP6 (also known as SPATS2L) showed
a trend toward an association with leisure-time exercise
behavior, although the association was not significant after
Bonferroni correction. This latter association might warrant
further investigation.

We found that several SNP linked with rs10252228 were
significantly associated with gene expression of DPY19L1
and DPY19L2P1 in skeletal muscle, heart, whole blood and
the nervous system, although no significant functions for
rs10252228were identified by eQTL.DPY19L1 andDPY19L2P1
are homologs of dumpy (DPY)-19 inCaenorhabditis elegans and
mammals, and mediate C-mannosylation at thrombospondin

type 1 repeats (TSRs) in target proteins to control the locali-
zation of proteins (39). DPY19L1-knockdown causes a defect
in the radial migration of glutamatergic neurons in mice (40).
DPY19L2P1 is considered a pseudogene; however, it is
expressed and is a suggested binding protein of amyloid beta
(41,42). Further functional studies are required to unravel the
molecular mechanisms behind the association between
rs10252228 and leisure-time exercise behavior.

The Manhattan plot showed that, despite being a com-
mon variant, the chromosome 7 locus had only one variant
(rs10252228) that showed a significant association (Fig. 1).
This finding is unusual for common variants but is not sur-
prising on this occasion because rs10252228 showed low
correlations with neighboring SNP (R2 G 0.6; Fig. 2). Despite
detailed analyses using available databases including GTEx,
there was no evidence indicating that rs10252228 affected the
expression of any genes. Although the mechanism is unclear,
our findings indicate a robust association between rs1025228
and physical activity. This new finding may be worthy of
scrutiny in future studies.

In our replication study of candidate genes, we did not de-
tect any significant associations. Several reasons may explain
the discrepancy between our results and those of previous
studies. Differences in the ancestry of study participants might
have influenced the effect size. Carlson et al. (43) reported that
while most European ancestry (EA) GWAS findings can be
expected to show an effect in the same direction as for non-
EA populations, the effects tend to be lower or almost zero.
Small effect sizes make detection of significant genomewide
associations difficult. Differences in age distribution may also
be important because both genetic and social factors can in-
fluence leisure-time exercise behavior at certain ages. For
example, retired people are more likely to participate in

TABLE 3. Association signals for previously-reported SNP in discovery samples (J-MICC study, N = 13,980), replication samples (HERPACC-2 study, N = 2,036), and combined samples
(N = 16,016) adjusted for age, sex, and site.

SNP Chra Positionb Gene(s) EAc NEAd Population Rsqe AFf Betag SE(Beta)h P I 2

rs12612420i 2 201,158,122 DNAPTP6 G A J-MICC 1.000 0.772 j0.0123 0.0050 0.0092 —
HERPACC-2 1.000 0.774 j0.0018 0.0120 0.8800 —
Meta-analysis — 0.772 j0.0107 0.0046 0.0199 0.0

rs10887741i 10 89,443,310 PAPSS2 T C J-MICC 1.000 0.652 j0.0050 0.0040 0.2200 —
HERPACC-2 1.000 0.651 0.0000 0.0110 1.0000 —
Meta-analysis — 0.652 j0.0044 0.0038 0.2401 0.0

rs12405556i 1 66,063,117 LEPR G T J-MICC 1.000 0.204 0.0040 0.0050 0.4200 —
HERPACC-2 0.951 0.207 0.0074 0.0120 0.5500 —
Meta-analysis — 0.204 0.0045 0.0046 0.3292 0.0

rs7023003 9 107,880,670 RN7SK–SLC44A1 A G J-MICC 0.963 0.699 0.0033 0.0040 0.4500 —
HERPACC-2 0.969 0.687 j0.0149 0.0110 0.1900 —
Meta-analysis — 0.697 0.0012 0.0038 0.7547 58.6

rs8097348 18 1,595,021 C18orf2 A G J-MICC 0.999 0.953 0.0038 0.0090 0.6800 —
HERPACC-2 1.000 0.951 j0.0396 0.0240 0.1000 —
Meta-analysis — 0.953 j0.0016 0.0084 0.8540 65.1

rs8036270i 15 27,463,874 GABRG3 A G J-MICC 0.999 0.555 0.0016 0.0040 0.6900 —
HERPACC-2 0.648 0.629 j0.0094 0.0110 0.3900 —
Meta-analysis — 0.564 0.0003 0.0038 0.9331 0.0

aChromosome.
bChromosomal position (GRCh37/hg19).
cEffect allele.
dNoneffect allele.
eInputation quality in terms of R2 calculated by the Minimac3 software version 1.0.11.
fAllele frequency of effect allele.
gEffect size.
hStandard error of effect size.
iThese SNP were directly genotyped.
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exercise (44,45); therefore, social factors are suspected to
have a greater influence on exercise behaviors than genetic
factors. We also observed an increased effect between the
effect allele of the SNP in the NPSR1-DPY19L1 intergenic
region on leisure-time PA between the ages of 40 and 59, and
a weaker association in participants age 60 to 69, most of who
might be retired (see Table, Supplemental Digital Content 8,
Sensitivity analyses according to age, http://links.lww.com/
MSS/B338). The mean age of participants in this study was
higher (mean, 55 yr; range, 35–69 yr) than that in the Dutch
and American study (mean, 50 yr; range, 19–87 yr). There-
fore, we hypothesize that the strong effect of social factors in
the present study may have affected the ability to replicate
associations for candidate genes. Discrepancies between
our results and those from the Korean population (16) may
be due to the use of different evaluation methods for PA
because inconsistencies in estimates of genetic contribution
may reflect differences in definitions of exercise behavior
(8,46). Although the Korean study evaluated total amount
of daily PA, the present study and the Dutch and American
study (15) assessed leisure-time exercise behavior, which
was defined as more than 4 METIhIwkj1 of leisure-time
PA. We suspect that the contributing genetic factors might
differ between total daily PA and leisure-time exercise
participation.

The estimated heritability of leisure-time exercise be-
havior due to common SNP was unexpectedly small in this
study. Because of the large standard error of this estima-
tion, however, the magnitude of heritability remains in-
conclusive. For example, the SNP-based heritability of
conscientiousness, which is one of the Big Five personal-
ity traits (47), was estimated to be 0.01 (SE = 0.08) in an
earlier study (N = 5011) (48). However, in a later study
with a large sample size (N = 59,176), it was estimated to
be 0.096 (SE = 0.009) (49). Additionally, the latter study
successfully identified SNP significantly associated with
conscientiousness. Therefore, we propose that it may be pos-
sible to identify loci that are associated with leisure-time ex-
ercise behavior and that such studies are worth performing.

In contrast to our low heritability (3.3%), previous
European twin studies reported that between 48% and 71% of
the variance in exercise behaviors among adults can be
explained by genetic factors (8). Various reasons may
explain the large difference between the findings in the

present study and previous twin studies. First, differences
in the measurement of leisure-time physical activity (e.g.,
categorical in this study vs continuous in previous studies)
may have influenced the results. Second, differences in study
populations (e.g., Japanese vs European) may be relevant.
Third, possible interactions between genes and environmental
factors (e.g., birth cohorts) may be important factors. A pre-
vious study reported that the heritability of different samples
was more reflective of the heterogeneity in phenotypic mea-
surements and gene–environment interactions than genetic het-
erogeneity (50). Finally, rare variants that were not accounted
for in this study may contribute to the heritability of leisure-
time exercise behavior. Although the contribution of common
variants may not be large, our study identified a common SNP
which influences leisure-time exercise behavior, indicat-
ing that common SNP may constitute a genetic factor for
such behaviors.

This study has some limitations. First, a self-reported ques-
tionnaire for evaluating leisure-time exercise behavior is not
an objective measurement method. However, the criteria of
4 METIhIwkj1 for leisure-time PA is often used in epidemio-
logical studies (8) and is used in the Japanese PA guideline
(51). Second, because analysis was restricted to individuals of
Japanese ancestry, our results may not be generalizable to
other ethnic populations.

In conclusion, this study found a novel association between an
SNP in the NPSR1-DPY19L1 intergenic region (rs10252228,
combined P = 2.2 � 10j9) and leisure-time exercise behav-
ior, although further functional studies are needed to validate
these findings. Our results suggest that genetic variants may
affect leisure-time exercise behavior in adults.
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