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Abstract

Purpose—Leisure-time physical activity (LTPA) is a well-established modifiable lifestyle
determinant for multiple cardio-metabolic outcomes. However, current understanding of the
genetic architecture that may determine LTPA remains very limited. Therefore, we aimed to
examine the role of genetic factors in affecting LTPA, which has yet to be investigated
comprehensively and in-depth.

Methods—We conducted a genome-wide analysis using 1000 Genomes Project imputed data
from the Women’s Health Initiative (n=11,865), the Jackson Heart Study (n=3,015) and the
Framingham Heart Study (n=7,339). A series of secondary analyses, including candidate gene
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analysis, sequence kernel association tests, pathway analysis, functional annotation and expression
quantitative trait loci analysis, were performed to follow up on the primary findings.

Results—Ethnicity-specific genetic signals were investigated respectively for African Americans
(AA) and European Americans (EA). Two variants, rs116550874 (meta-analysis: = 1.63 x 1077)
and rs3792874 (meta-analysis: A= 8.33 x 107), were associated with LTPA in AA; rs28524846
(meta-analysis: = 1.30 x 1078) was identified for EA. We also replicated four previously
reported loci (GABRG3, CYP19A1, PAPSS2and CASR; Pfor lead SNPs < 0.005). Further fine-
mapping and functional annotation suggested that several identified loci (novel and replicated) are
involved in 1) the homeostatic drive coupled with the reward system and 2) the development and
regulation of the capacity to perform LTPA.

Conclusions—To our knowledge, our analysis is the first to comprehensively investigate the
genome-wide signals for LTPA in multiple ethnicities. These findings support the notion that
genetic predisposition plays a critical role in determining LTPA, of which the biological and
clinical implications warrants further investigation.
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INTRODUCTION

Leisure-time physical activity (LTPA) is a well-established modifiable lifestyle factor related
to multiple cardio-metabolic outcomes, including obesity, type 2 diabetes, and
cardiovascular diseases(1). Various psychological, biological, social, and environmental
correlates of LTPA in humans have been identified(2), and many studies have examined the
extent to which these correlates influence LTPA. Nevertheless, the role of genetic factors in
affecting LTPA has yet to be investigated comprehensively and in-depth.

Twin studies have estimated the heritability for LTPA in the range from 35% to 83%(3).
Recent work of candidate gene analyses(4-9), linkage studies(10-12), and genome-wide
association study (GWAS)(13), primarily among European-derived populations, have
identified eight potentially relevant genes: the leptin receptor gene (LEPR), the
melanocortin-4 receptor gene (MC4R), the dopamine 2 receptor gene (DRDZ2), the gamma-
aminobutyric acid type A receptor-gamma 3 (GABRGJ3), cytochrome P450 family 19
subfamily A member 1 (CYP19A1I),the calcium-sensing receptor gene (CASR), the 3’-
Phosphoadenosine 5’ -Phosphosulfate Synthase 2 gene (PAPSS2), and the angiotensin-
converting enzyme gene (ACE). The only GWAS that has been conducted to date used a
binary variable for leisure-time exercise participation (= 4 metabolic equivalents (MET)-
hour per week vs. < 4 MET-hour per week) and was based on a HapMap imputation training
set with only ~2.5 x 1076 SNPs(13). Because the phenotype of LTPA is likely to be
determined by a large number of genetic variants with modest independent effects, statistical
power of this GWAS was apparently insufficient in detecting these potential signals of
importance (Dutch sample: n=1644; US sample: n=978). With the emerging techniques of
genotyping, imputation and next-generation sequencing, along with the increasing resources
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allocated to genetic studies, the ability to investigate the genetic architecture underlying
LTPA has substantially improved.

Our current understanding of the genetic architecture underpinning LTPA is still limited,
especially compared to other phenotypes, such as obesity and diabetes. Further, relative to
European Americans, other ethnic groups are disproportionately affected by physical
inactivity and yet under-represented in almost all genetic studies. Defining the underlying
genetic architecture responsible for physical inactivity in multiple ethnicities will not only
generate novel insights into the etiology of many complex diseases related to insufficient PA
and potential new molecular targets for lifestyle interventions, but will also have significant
implications for the development of personalized and precision lifestyle intervention
programs. Thus, we aimed to identify the genetic components of human LTPA by
augmenting standard GWAS with the 1000 Genomes Project imputed data from multiple
well-established cohorts, advanced statistical analysis methodologies, comprehensive
functional annotation and strategies of systems biology.

METHODS

Study Participants

The WHI is the major national study of women’s health that began in 1993 when 161,808
postmenopausal women of diverse ethnicities, aged 50 to 79 years were enrolled and
followed. The WHI is still ongoing with funding committed by NIH until 2018. The WHI
SNP Health Association Resource (WHI-SHARe) was conducted in ~13,000 AA and
Hispanic American (HA) participants who had consented. Among them, a random
subsample of 8,515 AA and 3,642 HA women were selected for the genetic study due to
budget constraints. DNA samples were collected at the time of enrollment and extracted by
the Specimen Processing Laboratory at the Fred Hutchinson Cancer Research Center. In
addition, the participants of the WHI Genomics and Randomized Trials Network (WHI-
GARNET) were women enrolled in the WHI Hormone Therapy (HT) Trial who meet
eligibility requirements for this study and eligibility for submission to dbGaP, and who
provided DNA samples. In total, the WHI-GARNET included ~4,900 participants,
predominantly EA. All participants of the WHI-SHARe and the WHI-GARNET provided
written informed consent as approved by local human subjects committees. After quality
control and excluding those participants without data on LTPA, the current study includes
8,092 AA participants of the WHI-SHARe (WHI-AA) and 3,773 EA participants of the
WHI-GARNET (WHI-EA) with LTPA data as the discovery samples for AA and EA
respectively.

The JHS is a community-based, observational study that consists of 5,301 African American
women and men aged between 35 and 84 years, who were followed from the baseline
examination in 2000-2004 and at the 12-month intervals after the baseline. Major
components of each exam include medical history, physical examination, blood/urine
analytes and interviews. In total, 3,001 AA with available GWAS and LTPA data are
included for the proposed research. The JHS was used for the replication and validation of
the findings in the WHI-AA.
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The FHS is a large prospective, community-based, three-generation family-based cohort
study. The Original Cohort consists of 5,209 participants. The Offspring Cohort consists of
5,124 participants and includes biological descendants of the Original Cohort as well as
spouses and adopted offspring. The Third Generation Cohort consists of 4,095 participants
and is the biological descendants of the Offspring Cohort and adopted offspring. After
excluding the participants with no genetic data or LTPA data, 6,911 EA participants are
included in the current study. The FHS was used for the replication and validation of the
discoveries in the WHI-EA, accounting for the family structure by using generalized
estimation equation models with each pedigree treated as a cluster.

The current study includes four study populations: the African Americans participated in the
WHI (WHI-AA, n=8,092), the Jackson Heart Study (JHS, n=3,001), the European
Americans participated in the WHI (WHI-EA, n=3,773), and the Framingham Heart Study
(FHS, n=6,911). Each study was approved by the Institutional Review Boards (IRBS).
Detailed information regarding demographics, genotyping and imputation for each study
population are provided in Supplementary Table 1 (see Table, SDC1, Summary of
genotyping, imputation and quality control procedures in each cohort). WHI-AA and WHI-
EA were used in the discovery stage (Stage 1), and in the validation stage (Stage 2) the
ethnicity-specific SNPs discovered in Stage 1 were examined in JHS and FHS respectively.
The confirmed SNPs will be taken forward to the ethnicity-specific meta-analysis by using
the data from the discovery and the validation cohorts combined.

Phenotype Measurements

LTPA levels were ascertained by questionnaires and interviews in each cohort. For WHI,
detailed questionnaires were administered to collect data on different types of activities
(strenuous, moderate, and mild) done in leisure time, including the frequency and duration.
Examples of strenuous activities included activities that result in increased heart rate and
sweating, such as aerobics, aerobic dancing, jogging, tennis, and swimming laps. Examples
of moderate activity included biking outdoors, using an exercise machine (such as stationary
bicycle or a treadmill), calisthenics, easy swimming, and popular or folk dancing. Examples
of mild exercise were slow dancing, bowling, and golf. Standard METs were taken from the
most current version of the national compendium(14) and assigned to different activity
categories. Then the total leisure-time physical activity related energy expenditure (LTPA-
EE) was obtained by multiplying standard METSs for each activity by its frequency and
duration, summing over activities, and then multiplying the sum by the body weight(15, 16).
For the JHS participants, the 40-item Jackson Heart Physical Activity Cohort (JPAC) survey
was administered by trained interviewers to assess physical activity over the past 12
months(17). The JPAC provides index scores summarized for different domains of physical
activity, and the Sport and Exercise Index, which captures LTPA, was computed by taking
the sum of the product of intensity and time engaged in each activity and then mapped onto
a scale with lower scores indicating lower activity. For FHS, physical activity during the past
year was assessed using questionnaires. Participants were asked about their time spent on
different categories of physical activity on an average day. Time spent at each activity in
hours per week was recorded. Then a composite score, the Physical Activity Index (PAI),
was calculated by summing up the products of hours at each activity level multiplied by a
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weight based on required oxygen consumptions required for that activity(18).
Questionnaires used for PA assessment have been validated in the original cohorts(17, 19).
Although each LTPA measure used for the study cohorts has been validated previously, there
is no perfect correspondence across cohorts. To accommodate this issue, we will use a ~-
value based approach, detailed in Statistical Analysis, for results synthesis across cohorts.

Genotyping and Imputation

Study samples were genotyped on either Illumina or Affymetrix platforms. Each study
imputed the genetic data to the 1000 Genomes Project. The details regarding genotyping and
imputation procedures for each study are provided in Supplementary Table 1 (see Table,
SCD1, Summary of genotyping, imputation and quality control procedures in each cohort).
Several quality control filters have been applied to the genotyped and imputed data from
each study. In brief, single nucleotide polymorphisms (SNPs) with a low sample call rate, a
low SNP call rate, a minor allele frequency < 0.01, or violating Hardy-Weinberg Equilibrium
were excluded, and the details regarding specific filters in each study are also provided in
Supplementary Table 1 (see Table, SDC1, Summary of genotyping, imputation and quality
control procedures in each cohort). Markov Chain Haplotyping software, MACH(20), was
adopted for imputation. For each participating cohort, only SNPs with sufficient imputation
quality scores (r2 of MACH > 0.3) were included. In total, 13,892,960 and 8,258,952 SNPs
were included in the discovery GWAS for AA and EA respectively.

Statistical Analysis

The primary analysis has two analytical stages. Stage 1 is the discovery stage where
standard GWAS were conducted separately for WHI-AA and WHI-EA. Stage 2 is the
validation stage where the ethnicity-specific SNPs discovered in Stage 1 were examined in
JHS and FHS respectively. The confirmed SNPs were taken forward to the ethnicity-specific
meta-analyses by using the data from the discovery and the validation cohorts combined.
Subsequently, we performed an extensive series of follow-up analyses to explore the
potential pathways and further fine map the genomic areas of interest.

Stage 1—Standard GWAS was conducted for the WHI-AA (n=8,092) and WHI-EA
(n=3,773), respectively. Values of LTPA-EE were natural logarithm-transformed before
analysis, and outliers (> 3 S.D.) were removed if existed. Assuming an additive genetic
mode, linear regression models, adjusting for age, region and the first four principal
components for population stratification, were used to determine the association of each
SNP with LTPA-EE. For WHI-EA, the analysis was adjusted for the matching factors (age
and hysterectomy status) used for selecting participants into the original cohorts, in addition
to the first four principal components. Genomic control correction was applied to each
ancestral group separately. Ethnicity-specific candidate SNPs reached the suggestive
significance level of P< 1 x 107> were identified and taken forward to the subsequent
ethnicity-specific meta-analysis in Stage 2.

Stage 2—Ethnicity-specific SNPs discovered in Stage 1 were then examined in JHS and
FHS as the validation samples by fitting linear regression models, adjusting for age, sex and
the first four principal components. For FHS, the family structure was additionally
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accounted for by using generalized estimation equation models with each pedigree treated as
a cluster. The ethnicity-specific candidate SNPs passed the threshold of £< 0.05 in the
validation sample were then taken forward to the ethnicity-specific meta-analysis. To
account for the fact that each cohort used slightly different LTPA measures, the ethnicity-
specific meta-analyses, combining WHI-AA with JHS and WHI-EA with FHS, were
performed using the AP-value based method, taking into account the sample size and the
direction of effect in METAL(21). We also conducted a sequence kernel association test
(SKAT) based analysis to test for association between the genetic variants in each novel
region discovered in the primary analysis as a set and LTPA levels, adjusting for covariates.
SKAT, as a score-based variance-component test, has the advantage to quickly calculate p
values analytically by fitting the null model containing only the covariates(22).

Follow-up Analyses—In addition to the SNPs discovered in the current study, SNPs
located in eight genes (LEPR, CASR, PAPSSZ, DRDZ, GABRG3, CYP19A1, ACE and
MC4R) reported in previous studies(4-9, 13) were also examined by using the data available
in the current study. The replicated loci, along with all novel SNPs identified were further
scrutinized based on previous evidence and biological plausibility.

As another follow-up analysis, we fine mapped the potentially relevant regions (within 300
kb upstream and downstream to the lead SNP confirmed in the current study). Linkage-
disequilibrium (LD) information from the 1000 Genomes Project reference populations
(AFR and EUR) were incorporated in the fine-mapping analysis of the top signals identified.
LocusTrack (http://gump.qgimr.edu.au/general/gabrieC/LocusTrack/) was used to generate
the regional association and LD plot and annotate the genomic regions of interest(23).
Publicly available expression quantitative trait loci (eQTLs) data from the Genotype-Tissue
Expression (GTEX) Project (http://gtexportal.org/home/) was accessed to examine tissue-
specific eQTLs(24).

To explore the biological mechanisms involving those genes located near the confirmed
SNPs, a hypothesis-based pathway analysis was performed using MAGENTA(25). Using
curated biological pathways from Gene Ontology databases, Protein Analysis Through
Evolutionary Relationships (PANTHER), Ingenuity, Kyoto Encyclopedia of Genes and
Genomes (KEGG), Reactome and Biocarta, we tested for the enrichment of genetic signals
in pathways that contain at least one gene from the loci confirmed in the current study.
Specifically, a corrected gene association P value for each gene was calculated in the
genome based on the most significant P value of SNPs within 110 kb upstream and 40 kb
downstream to each gene’s most extreme transcript start and end sites, adjusting for gene
size, number of SNPs per kb, number of recombination hotspots per kb, LD units per kb and
genetic distance. For each pathway, the potential enrichment of highly ranked gene scores
was evaluated by comparing the proportions of genes within each set whose corrected P
values is more significant than the 75! percentile of gene P values of 10,000 randomly
sampled gene sets of identical size from the genome.
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RESULTS

Stage 1 Discovery Stage

We firstly performed the ethnicity-specific GWAS of LTPA-EE for both AA and EA
participants in the WHI. The demographic characteristics of the discovery samples used in
Stage 1, WHI-AA and WHI-EA, are summarized according to quartiles of LTPA-EE in
Supplementary Table 2 [see Table, SDC2, Characteristics of WHI-SHARe African
American participants (N=8,092) according to quartiles of leisure time physical activity
related energy expenditure] and Supplementary Table 3 [see Table, SDC3, Characteristics of
WHI-GARNET European American participants (N=3,773) according to quartiles of leisure
time physical activity related energy expenditure]. In total, 8,092 African Americans and
3,773 European Americans are included in the current study. The results from the GWAS are
shown in the Manhattan plots (see Figure, SDC4, Stage 1 Manhattan plots for the African
Americans (Panel A; N=8,092) and the European America). Stage 1 analysis revealed one
significant (P< 5 x 1078) and 130 suggestive (P< 1 x 107°) SNPs related to LTPA-EE for
the African Americans and 369 suggestive (P< 1 x 10~°) SNPs for the European Americans
participated in the WHI [see Table, SDC5, Suggestive SNPs (P < 1x107°) related to LTPA-
EE identified in the Stage 1 GWAS for WHI-AA,; see Table, SDC6, Suggestive SNPs (P <
1x107°) related to LTPA-EE identified in the Stage 1 GWAS for WHI-EA].

Stage 2 Validation Stage

In Stage 2, we firstly examined the identified ethnicity-specific SNPs (131 in WHI-AA and
369 in WHI-EA) in the JHS (n=3,001) and the FHS (n=6,911) participants. The detailed
demographic characteristics of JHS and FHS are summarized in Supplementary Table 6 [see
Table, SDC7, Characteristics of JHS participants (N=3,001) according to simple sport score]
and Supplementary Table 7 [see Table, SDC8, Characteristics of FHS participants
(N=6,911) according to quartiles of physical activity index]. Among the 131 SNPs
discovered for AA in Stage 1, 5 SNPs reached the threshold of £< 0.05 in the JHS; among
the 369 SNPs discovered for EA, 100 SNPs concentrated on Chromosome 14 reached the
threshold of £< 0.05 in the FHS. Then we conducted the ethnicity-specific meta-analyses
for those SNPs, combining JHS with WHI-AA and FHS with WHI-EA. In total, there are
11,093 (8,092+3,001) participants included in the ethnicity-specific meta-analysis for
African Americans and 10,684 (3,773+6,911) participants for European Americans. For
African Americans, all five SNPs (rs116550874, rs3792874, rs3792877, rs3792878,
rs79173796) showed suggestive (P< 1 x 107°) evidence with a combined meta-analysis P
value (Pvalues = 1.63 x 1077, 8.33 x 1077, 8.48 x 1077, 8.61 x 107/, and 8.49 x 1077)
(Table 1). The effect of each SNP was in the same direction in the discovery sample and the
validation sample. For European Americans, we found genome-wide suggestive evidence (P
<1 x 1075) for 90 SNPs in high LD on Chromosome 14 (Table 1). The lead SNP was
rs28524846 with a combined APvalue of 1.30 x 1075, For all the confirmed SNPs, the
directions of the effects were consistent across WHI-EA and FHS.

Candidate Gene Analysis

A candidate gene analysis was performed on eight candidate genes (LEPR, CASR, PAPSS2,
DRD2, GABRG3, CYP19A1, ACE and MC4R) that have been reported previously for
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human physical activity. SNPs in several previously reported loci, including GABRGS3,
CYPI19A1, PAPSS2and CASR, reached P< 5 x 1073 in the meta-analysis (Table 2). In
particular, SNPs in two loci, GABRG3and CASR, were found associated with LTPA for
both ethnic groups.

Pathway Analysis

To further explore the underlying biological pathways, we assessed whether genetic signals
are enriched in pathways that contain at least one gene from the loci confirmed in the
primary analysis and previously reported, using multiple databases of curated biological
pathways (Gene Ontology databases, PANTHER, Ingenuity, KEGG, Reactome and
Biocarta). Pathways with evidence for enrichment (£<0.05) are summarized in
Supplementary Table 8 [see Table SDC9, Gene set enrichment analysis (MAGENTA) for
African Americans of biological pathways with at least one gene from the confirmed loci;
see Table, SDC10, Gene set enrichment analysis (MAGENTA) for European Americans of
biological pathways with at least one gene from the confirmed loci]. Some of the identified
loci include genes with established connections to glucose metabolisms, including glucose
transport, glucose transmembrane transporter and glycolysis. In addition, we also found
suggestive evidence of enrichment for other pathways, such as ATPase activity coupled to
transmembrane movement of substances, apoptosis, NKT pathway and oxidoreductase
activity.

Fine-mapping

To further fine map and functionally annotate our findings, we interrogated the regions
around the top SNPs identified from the primary analysis. Genomic regions with
concentrated association signals (within 300 kb upstream and downstream to the lead SNP)
are shown in Figure 1. In the plot for each locus of interest, the upper panel shows the
associated SNPs colored by their correlation to the lead variant, which was calculated on the
1000 Genome Project reference population (AFR for AA; EUR for EA). The lower panel
corresponds to a region 10-time zoom into the upper panel region. The gene track shows the
gene models from the GENCODE version 19. The other annotation tracks in the lower
panel, which highlight the genomic region that probably contains the causal variant(s), are
displayed to indicate potential functionality. Figure 1A shows that the region around the lead
SNP (rs3792874) identified among AA contains several transcription factor binding sites.
The computationally inferred chromatin state by the ENCODE/Broad indicates that the SNP
is very close to a promoter region in human embryonic stem cells (hESC), where a histone
modification site is present. Figure 1B shows the LD block around the lead SNP
(rs28524846) identified in EA covers probable transcription factor binding sites and
enhancer/promoter regions. By examining the available eQTL data from the GTEXx Portal,
we found significant associations of rs28524846 with the expression levels of MPP5 and
APT6VID in the nerve tissue (Figure 2A and 2B). For two confirmed SNPs from previously
reported candidate genes, we found evidence for differential gene expression in the skeletal
muscle tissue: rs1819162 is associated with the expression level of the PAPSS2 gene (Figure
2C); rs62020072 appears to be significantly associated with AP4E1 expression level (Figure
2D).
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DISCUSSION

The genetic architecture underlying human LTPA remain challenging to delineate. By
conducting the first ethnicity-specific meta-analysis of GWAS of LTPA, we identified three
novel loci and confirmed four previously reported loci. The genes located in these loci
provide intriguing insights into the potential mechanisms that regulate human LTPA.

It has been speculated that the heritability of PA behavior reflects genes influencing
individual differences in the engagement of 1) the homeostatic drive coupled with the reward
system for physical activity (similar to eating and drinking) and 2) the development and
regulation of the capacity to perform physical activity(3) (Figure 3A). This speculation has
been partly supported by previous genetic studies. Among previously reported genes, the
GABRGS3 gene could influence the reward or aversive experience of physical activity
through dopaminergic actions directly(3, 12, 13, 26); the CYP19A1 gene has been
associated to insulin resistance and obesity(27); PAPSSZ has been reported to be involved in
initial skeletal development, which may influence the capacity to perform physical activity
later in life, and interestingly it has also been related to longevity in a recent study(28, 29).

The current study substantially deepens and expands our understanding of those mechanistic
pathways potentially implicated in the regulation of LTPA. In the replication of previously
reported genes, we confirmed the effects of GABRG3, CYP19A1, PAPSS2and CASR on
LTPA, with multiple SNPs located in those loci reached P < 0.005. The analysis also yielded
that another gene in close vicinity of CYP19A1, AP4E1, may also relate LTPA levels
(rs62020072: Pvalue from the meta-analysis for AA = 1.57x1073; Table 2). This gene
encodes a component of the adaptor protein complex 4. This protein complex mediates the
processes of vesicle formation and also sorting of integral membrane proteins, which are
both essential for the trafficking of neurotransmitters. Evidence has linked the AP4E1 gene
to diseases such as cerebral palsy, which essentially is neuromuscular mobility impairment,
and also the development of the Alzheimer’s disease(30-32). Although no novel variants
shared by AA and EA were discovered from the current genome-wide single-SNP
association analysis, it does not necessarily mean that the regulatory mechanisms of LTPA
are completely different across ethnic groups. In fact, two previously reported genes
(GABRG3and CASR) were replicated in both AA and EA, which support the notion that
the genetic architecture of human LTPA may be partly shared by different ethnic groups.

In addition, we discovered three new loci that may potentially affect human LTPA through
those speculated mechanisms. rs116550874 is located upstream (< 1 kb) to the ENOI gene
and downstream (< 1 kb) to the ENO1-AS1 gene (ENOL antisense RNA1). The ENOL1 gene
encodes a glycolytic enzyme, which has been related to glucose metabolism. The pathway
analysis in the current study also found that association signals were enriched in the pathway
of glycolysis, which contains the ENOZ gene. rs3792874 is located in the intron region of
the SLC22A4 gene, which has been associated with joint erosion and rheumatoid
arthritis(33, 34). rs28524846 is an intron variant located on the MPP5 gene. The encoded
proteins participate in cell polarization and regulate myelinating Schwann cells, which wrap
around axons of motor and sensory neurons to form the myelin sheath, essentially a
protective covering serving as an electrical insulator. Myelination greatly increases nerve
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conduction velocity and saves energy(35). Another gene covered by the LD block around
rs28524846, ATP6V1D, is related to synaptic vesicle cycle and ATPase activity, a pathway
for which the formal pathway analysis in the current study also showed evidence of
enrichment. In addition, by examining the eQTL data from the GTEX Portal, we found
differential expression levels of MPP5and ATP6VI1D associated with the lead SNP
rs28524846 in the nerve tissue, which further support the notion that variants in these genes
may contribute to the regulation of human PA by affecting neuro-muscular junction, which
is critical for motor ability. In summary, our findings, corroborated by previous studies,
suggest that human LTPA may be regulated by the genetic factors through 1) homeostasis
and neural reward system, both of which are under the constant control of the nervous
system; 2) the structural and metabolic constraints exerted on the capacity to actually
perform LTPA. These potential mechanisms are illustrated in Figure 3A and 3B.

There are several potential limitations to this study. First, gene-environment and gene-gene
interaction is not considered in the current study. The discovery samples from the WHI are
community-living ambulatory post-menopausal women, and the results may have limited
generalizability to men if there is gender-difference in the genetic effects on LTPA.
Compared to other complex diseases or phenotypes, such as obesity and type 2 diabetes, our
knowledge of PA genetics is relatively limited. In fact, our study is the first one investigating
the genetic components of LTPA among different ethnicities on the genome-wide scale, and
the one with the largest sample size to date. Serving as one of the first attempts to provide
genome-wide evidence, our study was aimed to explore the genetic component of human
physical activity, which generates potentially interesting hypotheses for future investigations.
Second, as in some GWAS for other complex diseases/phenotypes, not all previously
suspected loci were replicated in the current study even though our study successfully
confirmed several candidate genes, supporting the potential engagement of the homeostatic
drive coupled with the reward system as well as the structural and metabolic constraints on
the capacity to perform physical activity. This reflects the limited power of the current meta-
analysis to fully clarify the genetic components of LTPA and call for individual GWAS from
additional cohorts and further fine mapping of the identified signals. Collaborative research
across more cohorts and the use of sequence data will facilitate further investigations. Third,
some genes located in the vicinity of the SNPs identified by our study have no obvious
biological links to the regulation of PA. However, we cannot exclude the possibility that they
may have effects on the genes from the region and influence LTPA levels through the
biological mechanisms that have not been well established. Fourth, there is no perfect
correspondence between LTPA measures across cohorts. However, this issue should be
addressed as possible by the use of the P-value based method adopted by METAL in the
meta-analysis. Additionally, all the instruments used for PA measurement in WHI, JHS, and
FHS have been objectively validated and shown to have reasonably high quality. Further,
because all germline mutations/variants were objectively measured before PA assessment,
any measurement error in the genetics-LTPA relation should be non-differential and
independent, as such will not lead to spurious findings. Another limitation is the relatively
high age range of the study populations. It has been shown that the heritability of physical
activity declines with age, therefore, the current findings may not be generalizable to
younger populations.
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In conclusion, utilizing GWAS-based meta-analyses and 1000 Genomes Project imputed
data from two ancestral groups in multiple large well-established cohorts, we identified
several potential loci for human LTPA at the genome-wide scale. Most of the identified and
confirmed SNPs are located in loci with biologically plausible candidate genes involved in
different facets of human physical activity. Our study is a first step to exploit PA genetics to
inform future personalized intervention strategies, although it is important to note that the
putative genes identified in the current study require substantial further investigation and
validation before firm links can be established.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Regional association, linkage disequilibrium (L D) and functional annotation of the
ethnicity-specific loci identified

The upper panel of each plot shows the associated SNPs colored by their correlation to the
lead variant, which was calculated on the 1000 Genome Project population (AFR for AA;
EUR for EA). The lower panel corresponds to a region 10X zoom into the upper panel
region. The gene track shows the gene models from the GENCODE version 19. The other
annotation tracks in the lower panel illustrate regulatory elements, including transcription
factor binding site clusters, inferred chromatin state and histone modification sites in human
embryonic stem cells. The SKAT-based analysis P-values for the genetic variants within

+ 300 kb of rs3792874 are 0.004 for WHI-AA and 0.023 for JHS; the SKAT-based analysis
P-values for the genetic variants within £ 300 kb of rs28524846 are 0.004 for WHI-EA and
0.384 for FHS.
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Figure 2. Significant associations between the genotypes of identified SNPs and gene expression

levels

The associations and the P values are shown according to the data from the GTEx Portal
(http://gtexportal.org/home/). A: association between rs28524846 and the expression levels
of ATP6V1D; B: association between rs28524846 and the expression levels of MPP5; C:
association between rs181962 and the expression levels of PAPSSZ, D: association between

rs62020072 and the expression levels of AP4E1.
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Figure 3. Potential mechanisms perturbed by genetic variation affecting LTPA levelsin humans
Genes replicated and identified in the current study (PAPSS2, CASR, SLC22A4, ATP6VIE,

MPP5, AP4E1, GABRG3, CYP19A1, and ENOI) may affect the homeostasis, the neural
reward system, and the structural and metabolic constraints exerted on the capacity to
perform LTPA.
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