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Genome-wide association analyses of physical
activity and sedentary behavior provide insights
into underlying mechanisms and roles in disease
prevention

Although physical activity and sedentary behavior are moderately heritable, little is known about the mechanisms that
influence these traits. Combining data for up to 703,901 individuals from 51 studies in a multi-ancestry meta-analysis of
genome-wide association studies yields 99 loci that associate with self-reported moderate-to-vigorous intensity physical
activity during leisure time (MVPA), leisure screen time (LST) and/or sedentary behavior at work. Loci associated with LST
are enriched for genes whose expression in skeletal muscle is altered by resistance training. A missense variant in ACTN3
makes the alpha-actinin-3 filaments more flexible, resulting in lower maximal force in isolated type ll, muscle fibers, and
possibly protection from exercise-induced muscle damage. Finally, Mendelian randomization analyses show that beneficial
effects of lower LST and higher MVPA on several risk factors and diseases are mediated or confounded by body mass index

(BMI). Our results provide insights into physical activity mechanisms and its role in disease prevention.

burden and it is estimated that more than 5 million deaths per

year might be prevented by ensuring adequate levels'. Despite
efforts to increase physical activity levels’, an estimated 28% of the
world's population is insufficiently active, and the prevalence of
physical inactivity in high-income countries rose from 31.6% in
2001 to 36.8% in 2016 (ref. °). Trends of decreasing physical activity
levels over time coincide with increases in the time spent seden-
tary’, which may pose an independent risk for public health>*.

Physical activity and sedentary behavior are affected by public
policy and social support, as well as by cultural, environmental
and individual factors’. Factors like socioeconomic status, built
environment and media all influence physical activity at a pop-
ulation level’. In parallel, innate biological factors (for example,
age, sex hormones, pre-existing medical conditions, epigenetics
and genetics) also explain a moderate proportion of the interin-
dividual variability in physical activity and sedentary behavior.
Heritability estimates (h?) range from 31% to 71% in large twin
studies®’. Identifying the genetic factors that influence daily
physical activity will improve our understanding of this complex
behavior, and may (1) facilitate unbiased causal inference; (2)
help identify vulnerable subpopulations; and (3) fuel the design
of tailored interventions to effectively promote physical activity.
A mechanistic understanding of physical activity at a molecular
level may even allow its beneficial effects to be attained through
pharmacological intervention'.

Genome-wide association studies (GWAS) have identified
thousands of loci associated with cardiometabolic risk factors and
diseases''. However, similar efforts for physical activity have been
sparse and initially had limited success. This likely reflects the com-
paratively small sample size of these efforts', along with heteroge-
neous assessments of physical activity across studies. More recently,
GWAS using data from UK Biobank identified nine loci associated
with self-reported moderate and/or vigorous intensity physical
activity or sports and exercise participation (n~377,000 individu-
als) and eight associated with accelerometry-assessed physical

|_0w levels of physical activity have a major effect on disease

activity and sedentary behavior (n=91,000)"*"". Hence, on the
assumption that physical activity is a highly polygenic trait, many
common variants influencing physical activity undoubtedly remain
to be identified.

Here, we combine data from up to 703,901 individuals (94.0%
European, 2.1% African, 0.8% East Asian, 1.3% South Asian ances-
tries, and 1.9% Hispanic) from 51 studies in a multi-ancestry
meta-analysis of GWAS for MVPA, LST, sedentary commuting and
sedentary behavior at work. This yields 104 independent associa-
tion signals in 99 loci, implicating brain and muscle, among oth-
ers organs. Follow-up analyses improve our understanding of the
molecular basis of leisure time physical activity and sedentary
behavior, and their role in disease prevention.

Results

Genome-wide analyses yield 99 associated loci. In our primary
meta-analysis of European ancestry men and women combined
(Supplementary Tables 1, 2), we identify 91 loci that are associ-
ated (P<5x107°) with at least one of four self-reported traits:
MVPA (n up to 606,820), LST (n up to 526,725), sedentary com-
muting (n up to 159,606) and sedentary behavior at work (n up to
372,605) (Supplementary Table 3, Figs. 1 and 2, and Supplementary
Fig. 1). The non-European ancestry meta-analyses do not provide
new associations themselves and are only used in multi-ancestry
meta-analyses. Multi-ancestry and sex-specific meta-analyses
yield eight additional loci, resulting in a total of 104 independent
association signals in 99 loci (Supplementary Tables 3 and 4). The
vast majority of these—89 independent single nucleotide poly-
morphisms (SNPs) in 88 loci (35 not previously reported'>'")—are
associated with LST, explaining 2.75% of its variance. We also iden-
tify 11 loci for MVPA (six not previously reported'>'>'®, four that
overlap with LST) and four loci for sedentary behavior at work (all
previously reported'*'’; Supplementary Table 3). No loci are identi-
fied for sedentary commuting. To increase statistical power for the
discovery of new loci, we perform a multi-trait analysis of GWAS
(MTAG) using summary statistics of MVPA and LST. This yields

A full list of authors and their affiliations appears at the end of the paper.
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Fig. 1| Overview of the four self-reported physical activity and sedentary traits and correlations with objectively assessed traits. a, An overview of

the four self-reported physical activity and sedentary traits. b, Phenotypic (upper left) and genetic (lower right) correlation coefficients between the four
self-reported physical activity and sedentary traits studied here and three accelerometer-assessed traits quantified in UK Biobank participants. AccMod,
accelerometer-assessed proportion of time spent in moderate intensity physical activity; AccSed, accelerometer-assessed proportion of time spent
sedentary; AccWalking, accelerometer-assessed proportion of time spent walking; SDC, sedentary commuting behavior; SDW, sedentary behavior at work.

13 additional loci: eight loci for MVPA and eight for LST, with three
loci overlapping (Supplementary Table 5)".

SNP-heritability estimates range from 8% for MVPA to 16% for
LST (Supplementary Table 6 and Methods). Genetic correlations
between the four traits range from —0.32 for sedentary behavior
at work and sedentary commuting, to —0.49 for LST and MVPA
(Fig. 1b). To ensure adequate statistical power in instrumental vari-
able and enrichment analyses, we focus on LST and MVPA from
here onwards.

Genetic correlations of self-reported LST and MVPA with
objective, accelerometry-assessed daily physical activity traits in
UK Biobank range from 0.14 to 0.44 (Fig. 1b). Importantly, five
of the eight loci previously identified for objectively assessed daily
physical activity in UK Biobank data'*'* show directionally consis-
tent associations (P<0.05) with self-reported LST and/or MVPA
in our study (Supplementary Table 7). By contrast, 39 LST- and 4
MVPA-associated loci observed here show directionally consis-
tent associations (P<0.05) with at least one objectively assessed
physical activity and/or sedentary trait (using accelerometry) in UK
Biobank (Supplementary Table 8). In line with this, each additional
LST-decreasing and MVPA-increasing allele in unweighted genetic
predisposition scores of the 88 LST- and 11 MVPA-associated
loci, respectively, are associated with higher objectively assessed
daily physical activity levels in UK Biobank (P=5x10"% for LST;
P=2x10"? for MVPA, Supplementary Table 8).

As external validation, we use the European ancestry sum-
mary statistics of LST and MVPA to construct polygenic scores
(PGSs), and examine their associations with MVPA in 8,195 BioMe
BioBank participants of European (n = 2,765), African (n = 2,224)
and Hispanic (n = 3,206) ancestry. In general, a higher PGS for
MVPA is associated with higher odds of engaging in more than 30
min per week of MVPA, and a higher PGS for LST with lower odds
of engaging in MVPA. Individuals at the highest decile of the PGS
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for LST are 26% less likely to spend more than 30 min per week
on MVPA compared with individuals at deciles 4 to 6 (odds ratio
(OR) [95% confidence intervals (CI)] = 0.74 [0.55-0.99]) (Fig. 3
and Supplementary Table 9).

Shared genetic architecture. Using linkage disequilibrium (LD)
score regression implemented in the LD-Hub'®, we observe sig-
nificant (P <4.6 X 107*) genetic correlations of LST and MVPA with
adiposity-related traits (r=—0.41 to —0.20), especially with body
fat percentage (r,=0.4 and —0.3, respectively; Fig. 4, Supplementary
Fig. 2and Supplementary Table 10). Inline with moderate genetic cor-
relations, 11 of the 99 self-reported loci for physical activity and sed-
entary behavior have previously been associated with obesity-related
traits'*. In addition, PGSs for lower LST and higher MVPA are
associated with lower BMI in up to 23,723 participants from the
BioMe BioBank (Supplementary Table 9), and a phenome-wide asso-
ciation study (PheWAS) in 8,959 BioMe European ancestry samples
shows a negative association between the PGS for MVPA and mor-
bid obesity (P=1.1x 10>, Supplementary Fig. 3). Strikingly, genetic
correlations with body fat percentage are similar for self-reported
LST, MVPA (Fig. 4) and accelerometer-assessed physical activity
traits'>'* (Supplementary Fig. 2).

Besides adiposity, less sedentary behavior and higher physical
activity levels are also genetically correlated with a more favorable
cardiometabolic status, including lower triglyceride, total choles-
terol, fasting glucose and fasting insulin levels, and lower odds of
type 2 diabetes and coronary artery disease; as well as with better
mental health outcomes, a lower risk of lung cancer and with lon-
gevity (Fig. 4 and Supplementary Fig. 2).

Causal inference. To assess directions of causality between sed-
entary behavior/physical activity and BMI, we next perform two-

sample Mendelian randomization (MR) analyses using multiple

1333


http://www.nature.com/naturegenetics

ARTICLES NATURE GENETICS

@
3
8
E
%
L
Ge
o0
g0
N o
Bk
Sby
Og: gylre
Ry
ors, ;, 5
m o P
St 731007575 ;’f
oMo 0 /53545375,, gg? g, SST
Srbius e ARG S ol 7. oDlg S
Sbrsm; Ms o GFOD2 © @ Dg; ABC

S
S
CCDCY3 G 55411493 /f&
DGABCO  COPSTAS
ABC O LAG3 0 p o3
153759344 0

o CADN?
CARTE
SR prrt oDg

e AN
= Koaboo
e Wade®
s SN
o8 e o NS o
0o &
Eat &
®o £
o0 & 3
ST ) \
S, Ses00 ES oo
Eak S 8g3rs e Y
5 o® 4 E5EsS 351 © .
5 N ST o
H
T

2K
T
LN
00

ogv:6a e

w1y 10gy ‘WSS &

Fig. 2 | Main results of GWAS and downstream gene prioritization for LST and MVPA. a, Circular Manhattan plot summarizing the results from European
ancestry meta-analyses for LST and MVPA. Outer track, LST; inner track, MVPA. Genome-wide significant variants (P <5x10°) are highlighted in orange
for loci associated with MVPA and in blue for loci associated with LST. b, Dendrogram showing the 101 independent association signals in LST- and
MVPA-associated loci from European ancestry or multi-ancestry meta-analyses. Moving outwards from the center are: (1) chromosome; (2) lead SNP
identifiers, in orange for loci associated with MVPA, in blue for loci associated with LST; (3) the most promising gene(s) prioritized in the locus (closest
genes are highlighted by filled circles); and (4) the approach(es) by which the gene was prioritized, that is, DEPICT gene prioritization (Dg) or tissue
enrichment (Dt); SMR of eQTL signals in blood (Sbl), brain (Sbr) or skeletal muscle (Ssm); credible variants identified by FINEMAP that (i) are coding and
likely to have a detrimental effect on protein function (Fcadd) or (ii) show evidence of three-dimensional interactions with the candidate gene in central
nervous system cell types (Fcrt); activity-by-contact (ABC) in 26 relevant tissues and cell types; a contribution to enrichment for altered expression in
skeletal muscle following a resistance training intervention (RTsm); and/or proximity to an association signal for spontaneous running speed (Ms), time

run (Mt) or distance run (Md) in a GWAS of 100 inbred mouse strains.

MR methods that utilize genome-wide full summary results
or genome-wide significant loci (Supplementary Table 11 and
Methods)**". Causal Analysis Using Summary Effect Estimates
(CAUSE)* as well as traditional MR methods consistently show that
LST and BMI causally affect each other, with the causal effect (the
per 1 s.d. unit increase in each trait) of higher LST on higher BMI
being two- to threefold larger than the effect of BMI on LST (Fig. 5a,
Table 1 and Supplementary Table 11). Results are similar for bidi-
rectional causal inference tests using body fat percentage instead of
BMI (Table 2). However, CAUSE cannot distinguish a model of cau-
sality from horizontal pleiotropy for body fat percentage and LST
(Table 2). CAUSE also illustrates a causal effect of higher LST on
higher recalled adiposity and height in childhood (Table 2), sup-
porting our hypothesis that a genetic predisposition for higher LST
later in life represents a lifelong predisposition that already influ-
ences adiposity through sedentary behavior early in life. We observe
similar evidence for causal effects between MVPA and adiposity,
with smaller effects when compared with LST.

We next investigate the causal effects of LST and MVPA on
common diseases and risk factors, with and without adjusting for
BMI (Supplementary Tables 12 and 13). In univariate analyses, we
observe effects of lower LST on higher high-density lipoprotein
cholesterol levels, higher parental age at death, and on lower odds of
type 2 diabetes, attention deficit hyperactivity disorder and depres-
sion. The CAUSE model only supports evidence for a causal effect
of LST on attention deficit hyperactivity disorder and parental age at
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death. Importantly, multivariable MR analyses show that all protec-
tive causal effects of lower LST are either mediated or confounded
by BML

Directions of causal effects are consistent across LST and MVPA,
but only reach significance for MVPA on parental age at death when
using the CAUSE model. As for LST, multivariable MR results sug-
gest that the protective causal effects of higher MVPA are either
mediated or confounded by BMI, but results should be interpreted
with caution for MVPA because of weak instrument bias (condi-
tional F statistics <10)*' (Fig. 5b and Supplementary Table 13).

Gene expression in skeletal muscle following training. Although
behavior is mainly influenced by signals from the brain, in the case
of physical activity, characteristics of skeletal muscle can play a
facilitating or restricting role’”. Therefore, we next examine whether
genes in LST- and MVPA-associated loci are enriched for altered
messenger RNA expression in skeletal muscle following an acute
bout of exercise or a period of training or inactivity’”’ (Methods).
A mild enrichment for transcripts with an altered expression in
skeletal muscle after resistance training is observed for genes near-
est to lead SNPs in LST-associated loci (P=0.02) (Extended Data
Figs. 1 and 2, and Supplementary Table 14). Of the ten genes driv-
ing the enrichment, PDEI0A may play a critical role in regulating
cyclic AMP and cyclic GMP levels in the striatum, a brain region
that harbors the central reward system and is important for physical
activity regulation®, and in regulating striatum output®; ILF3 and
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Table 1| Bidirectional MR results for LST and MVPA with BMI or body fat percentage using significant loci only

Exposure Outcome Beta s.e. P value Exposure Outcome Beta s.e. P value
LST Body fat % 0.16 0.07 0.016 LST BMI 0.40 0.04 8.4x107
Body fat % LST 0.12 0.03 0.005 BMI LST 0.16 0.01 1.4x10-"
MVPA Body fat % -0.21 0.17 0.22 MVPA BMI -0.25 0.04 0.002
Body fat % MVPA —0.001 0.036 0.97 BMI MVPA -0.10 0.01 5.8%107"

We use MR-PRESSO with outliers removed for all pairs of traits except for the causal effect estimation between body fat percentage (body fat %) and MVPA because no outliers were detected by
MR-PRESSO. For body fat percentage — MVPA, we reported the causal estimates using an inverse variance-weighted test; for MVPA — body fat percentage, we reported the weighted median method
because these two methods were selected by the machine learning framework (Methods) to be the most appropriate approaches for each analysis, respectively. P < 0.0125 indicates significant effects.

NECTIN2—near APOE—influence the host response to viral infec-
tions™>*’; EXOC4 plays a role in insulin-stimulated glucose uptake in
skeletal muscle®; and IMMP2L influences the transport of proteins

across the inner mitochondrial membrane® (Supplementary Note).

Visual information processing and the reward system. To fur-
ther improve the understanding of the biological factors that influ-
ence sedentary behavior and physical activity, we perform a tissue
enrichment analysis using DEPICT*. LST- and MVPA-associated
loci (P<1x10°) are most significantly enriched for genes
expressed in the retina, visual cortex, occipital lobe and cerebral
cortex. This suggests that: (1) possibly subtle differences in the abil-
ity to receive, integrate and process visual information influence
the likelihood to engage in MVPA; (2) MVPA alters the expression
of genes that play a role in visual processes in these tissues; and/or
(3) MVPA can slow age-related perceptual and cognitive decline.
The LST-associated loci yield similar tissue enrichment results,
with retina having the lowest P value for enrichment. Interestingly,
enrichment for genes expressed in retina was also observed in the
High Runner mouse model*. Areas related to the reward system
(for example, the hippocampus and limbic system) and to memory
and navigation (for example, the entorhinal cortex, parahippocam-
pal gyrus, temporal lobe and limbic system) are also enriched in
both LST- and MVPA-associated loci (Extended Data Fig. 3 and
Supplementary Table 15).

We next use CELLECT* to identify enriched cell types using
single-cell RNA sequencing data from the Tabula Muris and mouse
brain projects*. In Tabula Muris data, we observe enrichment in
nonmyeloid neurons for MVPA and LST, and of nonmyeloid oligo-
dendrocyte precursor cells for MVPA, possibly highlighting a role
for signal transduction (Extended Data Fig. 4 and Supplementary
Table 16). In mouse brain data, we identify enrichment for 13 and
45 cell types from 3 and 12 distinct brain regions for MVPA and
LST, respectively, including enrichment in dopaminergic neurons
(Extended Data Fig. 4 and Supplementary Table 16); a key feature of
physical activity regulation in mice®.

Candidate gene prioritization. To explore mechanisms by which
the identified loci may influence LST and MVPA, we next pinpoint
genes in GWAS-identified loci: (1) contributing to tissue enrich-
ment or identified by DEPICT’s gene prioritization algorithm
(Supplementary Tables 15 and 17); (2) whose expression in brain,
blood and/or skeletal muscle is anticipated to mediate the association
between locus and outcome based on Summary-based MR* (SMR;
Supplementary Table 18); (3) harboring credible variants with a
high posterior probability of being causal (>0.80)*” and a predicted
deleterious effect on protein function (Supplementary Table 19)*;
(4) showing chromatin-chromatin interactions with credible vari-
ants in central nervous system cell types (such genes may be fur-
ther from lead SNPs, Supplementary Table 19); (5) that—across
26 tissues and cell types—are activated by contact with enhanc-
ers presumably affected by causal variants flagged by GWAS hits*
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(Supplementary Tables 20-22); (6) associated with physical activity
in GWAS in humans and mice and located <100kb from the lead
variant in humans or mice (Supplementary Note, Supplementary
Fig. 4 and Supplementary Tables 23 and 24); and (7) driving enrich-
ment of altered expression in skeletal muscle following resistance
exercise training (Supplementary Table 14). Twelve (14%) of the
LST-associated loci harbor a variant with a high (>80%) poste-
rior probability of being causal, whereas such variants were not
identified among the 11 MVPA-associated loci (Supplementary
Table 19). Integrating results across approaches yields 268 candi-
date genes in 70 LST-associated loci and 39 candidate genes in 8
MVPA-associated loci. Forty-six candidate genes are prioritized
by multiple approaches (42 for LST and 6 for MVPA; 2 overlap)
and point to endocytosis (CNIH2, RAB1B, KLC2, PACS1, REPSI,
DNM3, EXOC4), locomotion (CADM2, KLC2) and myopathy
(MLF2, HERC1, KLC2, SIL1) as relevant pathways (Supplementary
Tables 25 and 26, and Supplementary Note). Seven clusters of pro-
tein—protein interactions are predicted, involving 17 of the 46 genes
(Extended Data Fig. 5). In vivo perturbation in model systems is
required to confirm or refute a role in sedentary behavior and phys-
ical activity.

Enrichment of previously reported candidate genes. Candidate
gene studies in humans have aimed to identify and characterize
the role of genes in exercise (physical activity behavior) and fitness
(physical activity ability) for decades. We next examine whether
variants in genes that have been linked to or associated with exercise
and fitness show evidence of associations with self-reported LST and
MVPA'>0=4 Of the 58 previously described candidate genes (13 for
exercise; 45 for fitness), 56 (13 for exercise and 43 for fitness) har-
bor variants with P <0.05 for associations with LST and/or MVPA
(Pyinomia =2-1%1077% Supplementary Fig. 5 and Supplementary
Table 27). Associations reach traditional genome-wide significance
(P<5%107®) for variants in three genes: APOE”, PPARD** and
ACTNS3 (ref. °”) (Methods).

The SNP in APOE with the lowest P value for association with
LST is rs429358, for which the C allele associated with lower LST
was previously associated with higher self-reported MVPA" and
forms part of the €4 risk allele for Alzheimer’s disease (Discussion).
The SNP with the lowest P value for association with LST in the
locus is rs6857 (D' =0.90; r* = 0.78 with rs429358), in the 3’ untrans-
lated region of NECTIN2. Neither rs429358 (P=0.16) nor rs6857
(P=0.18) is associated with MVPA in this study.

The C allele in rs1625595, ~300 kb upstream of ACTN3, is asso-
ciated with higher MVPA (P=1.9x107"") as well as with higher
ACTN3 expression in skeletal muscle (GTEx, P=6.6X107).
Alpha-actinin-3 (ACTN3) forms a structural component of the
muscle’s Z-disc that is exclusively expressed in type II, and IIy
muscle fibers®. rs1815739, a common ACTN3 variant that intro-
duces a premature stop codon, p.Arg577Ter, also known as
p-Arg620Ter, has been extensively studied in the context of exer-
cise performance”’. Although we observe little evidence for a role
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Fig. 3 | Validation of associations with MVPA and LST using PGSs in BioMe participants of three ancestries. a,c, The best performing PGSs for MVPA
(a) and LST (c) were derived using logistic/linear regression analyses; that is, those with the highest incremental R? above and beyond models with only
sex, age and the top ten principal components. This was accomplished using inclusion thresholds of P<0.1101 for MVPA and P< 0.14 for LST. b,d, The
association—examined using a logistic regression analysis—of MVPA with the PGSs for MVPA (b) and LST (d) in individuals of African (AA, n = 2,224),
European (EA, n = 2,765) and Hispanic (HA, n = 3,206) ancestry in data from the BioMe BioBank. Dots and error bars show OR and 95% Cl.

of rs1815739 in leisure time sedentary behavior or physical activity
(Pgr=0.017, Pypy=0.17), the intronic ACTN3 variants rs679228
(Pgr=4.3%107%) and 152275998 (Pyyps=1.8%1077) do show evi-
dence of such associations. Of these, rs2275998—located 646 bp
downstream of p.Arg577Ter—is in full LD (r?=1.0) with the mis-
sense variant rs2229456 (p.Glu635Ala), which likely affects protein
function (Combined Annotation Dependent Deletion (CADD)
score for the derived, minor, p.635Ala variant =28.6). Each C
allele in rs2229456 is associated with less LST (P=1.4%x107*) and
higher odds of engaging in MVPA (P=8.3x1077). Of note, given
its downstream location from p.Arg577Ter, a potentially causal
effect of rs2229456 on physical activity requires absence of the
protein-truncating p.Arg577Ter variant in rs1815739. Haplotype
analyses support this (Supplementary Table 28).

Greater ACTN3 flexibility with p.635Ala. Given the striking
finding that MVPA and LST are associated with the ACTN3 mis-
sense variant rs2229456, but not with the ACTN3-truncating vari-
ant rs1815739, we next examine whether rs2229456 (p.Glu635Ala

1336

variant) has functional consequences for ACTN3’s mechanistic
properties at the molecular level. We add ACTN2 to this com-
parison because it likely compensates for the loss of ACTN3 in the
presence of the truncating p.Arg577Ter variant. The results of
computer-based (steered) molecular dynamics (MD) simulations
and umbrella sampling (see Methods and Supplementary Note for
more details) show that the ancestral p.Glu635 variant facilitates
salt-bridge and hydrogen-bonding interactions at residue 635 with
surrounding residues (for example, R638 and Q639; Fig. 6a,b and
Supplementary Fig. 6) via its glutamate side chain. Such interac-
tions are not formed in the presence of the ACTN3 p.635Ala prod-
uct. They are also less likely to be formed in ACTN2, because of a
kink that is present at exactly this location in ACTN2 (Fig. 6¢ and
Supplementary Fig. 6). Moreover, p.635Ala and ACTN2 show dis-
tinctly different behavior from p.Glu635, with a greater magnitude
of root mean squared fluctuations (r.m.s.f.) in the middle section
of the spectrin repeats under no-load conditions (Fig. 6d), suggest-
ing a more flexible structural region. When placed under simulated
compressive loads that are likely experienced in vivo, p.635Ala
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TICLES

Self-reported physical activity
and sedentary traits

MVPA LST Sbw SDC
Height_2010 PMID:20881960 — 0,‘08 AO‘.OS O.‘12 70.‘04
Extreme BMI PMID:23563607 —  —0.03 0.23 -0.21 0.19
Childhood obesity PMID:22484627 —  —0.08 0.15 -0.20 0.07
% Hip circumference PMID:25673412 - —-0.11 0.27 -0.08 0.17
‘—: BMI PMID:20935630 -~ -0.11 0.29 -0.21 0.20
‘% Overweight PMID:23563607 ~ —0.13 0.32 -0.24 0.29
£ Obesity class 2 PMID:23563607 - -0.15 0.29 -0.23 0.23

g Obesity class 1 PMID:23563607 —  0.16 0.32 —0.26 0.27 S;?:Igfi on
£ Waist circumference PMID:25673412 - -0.20 0.35 -0.15 0.26

z Obesity class 3 PMID:23563607 - 022 027 025 020 W9
Waist-to-hip ratio PMID:25673412 —  —0.22 0.31 -0.19 0.24 0
Extreme waist-to-hip ratio PMID:23563607 -  —0.24 0.25 -0.01 0.03 -0.5
Body fat PMID:26833246 - -0.33 0.41 -0.19 0.23 u -1.0
MVPA LST Sbw SDC
| | | |
Bipolar disorder PMID:21926972 - 0.24 -0.19 0.14 -0.06
§ Subjective wellbeing PMID:27089181 - 0.16 -0.14 0 0.01
§ Anorexia nervosa PMID:24514567 - 0.15 —0.16 0.05 -0.15
g PGC cross-disorder analysis PMID:23453885 —  0.12 -0.13 0.02 -0.06
% Schizophrenia PMID:25056061 -~ 0.04 -0.14 -0.03 —0.04
5 Depressive symptoms PMID:27089181 - —0.31 0.31 -0.29 0.04
nfl>'_’ Attention deficit hyperactivity disorder (no GC) PMID:27663945 —|  —0.46 0.48 -0.48 0.14
Attention deficit hyperactivity disorder (GC) PMID:27663945 —  —0.46. 0.48 -0.48 0.13
MVPA LST SDW sDC
| | | |

Celiac disease PMID:20190752 —  0.04 -0.17 0.09 0.02
§ Rheumatoid arthritis PMID:24390342 - —0.14 0.11 -0.27 0.10
s Type 2 diabetes PMID:22885922 - -0.14 0.22 -0.13 0.14
% Coronary artery disease PMID:26343387 - -0.19 0.24 -0.17 0.16
E Squamous cell lung cancer PMID:27488534 —  —0.31 0.31 -0.33 0.19
& Lung cancer (all) PMID:24880342 - —0.31 0.21 -0.24 0.13
Lung cancer PMID:27488534 - -0.37 0.22 -0.24 0.12

Self-reported physical activity
and sedentary traits

MVPA LsT SDW sDC

| | | |
Former versus current smoker PMID:20418890 - 0.40 —0.34 0.38 -0.15
Intelligence PMID:28530673 —  0.28 -0.30 -0.42
2 Age of smoking initiation PMID:20418890 — 0.26 -0.37 0.21 0.04
g Sleep duration PMID:27494321 —  0.11 -0.19 0.04 0.16
% Excessive daytime sleepiness PMID:27992416 —  —0.09 0.16 —-0.06 0.06
3 Ever versus never smoked PMID:20418890 - -0.27 0.32 -0.24 0.20
3 Insomnia PMID:27992416 - -0.3 0.32 -0.14 0.02
Cigarettes smoked per day PMID:20418890 —  -0.33 0.32 -0.14 0.39
Insomnia PMID:28604731 - -0.33 0.35 -0.15 0.15
MVPA LsT SDw SDC

| | | |
HDL cholesterol PMID:20686565 —  0.20 -0.26 0.14 -0.14
Forced vital capacity (FVC) PMID:26635082 -  0.17 -0.17 0.03 -0.12
Forced expiratory volume in 1 s (FEV1) PMID:26635082 — 0.17 -0.13 0.08 -0.09
” Forced vital capacity (FVC) PMID:28166213 —  0.07 -0.12 —0.01 —0.05
E HOMA-B PMID:20081858 —  —0.11 0.21 0 0.14
é Fasting glucose main effect PMID:22581228 —  -0.14 0.15 -0.23 —-0.01
% Triglycerides PMID:20686565 —  —0.16 0.27 -0.14 0.08
Leptin_adjBMI PMID:26833098 —  -0.17 0.19 0.01 -0.04
HOMA-IR PMID:20081858 —  —0.21 0.34 -0.20 0.15
Fasting insulin main effect PMID:22581228 —  —0.25 0.35 -0.21 0.10
Leptin_not_adjBMI PMID:26833098 —  -0.25 0.35 -0.19 0.20
MVPA LsT Sbw SDC
Age of first birth PMID:27798627 — O.l‘5 —0‘50 0.‘57 —0‘.3
Parents' age at death PMID:27015805 -~ 0.40 -0.37 0.45 -0.47
» Mother's age at death PMID:27015805 -~ 0.37 -0.42 0.45 —-0.31
© Father's age at death PMID:27015805 — 0.31 -0.41 0.45 -0.29
g Neo-openness to experience PMID:21173776 —  0.26 -0.33 0.28 -0.48
Number of children ever born PMID:27798627 —  -0.12 0.23 -0.35 0.32
Neuroticism PMID:24828478 —  —0.22 0.19 -0.33 0.19
Neuroticism PMID:27089181 - -0.25 0.22 -0.24 0.04

Fig. 4 | Genetic correlations of four self-reported physical activity traits with complex traits and diseases. Results are based on published GWAS with
P<4.6x10-*for at least one physical activity or sedentary trait. Darker colors reflect higher negative (purple) or positive (red) correlation coefficients.
GC, genomic control; HDL, high-density lipoprotein; HOMA-B, homeostasis model assessment of beta-cell function; HOMA-IR, homeostatasis model

assessment of insulin resistance; PGC, psychiatric genomics consortium.
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Fig. 5| MR analyses between LST, MVPA, BMI and complex diseases. a, Median causal estimates for MR analyses using the CAUSE method and causal
estimates from the MR-PRESSO method after outlier removal and accounting for horizontal pleiotropy. b, The causal effects of LST on complex risk factors
and diseases without (in orange) and with (in blue) adjusting for BMI. Dots and error bars show the estimated causal effect sizes and 95% Cl. ADHD,

attention deficit hyperactivity disorder; T2D, type 2 diabetes.

shows a more linear force versus distance relationship, with greater
variance in the potential of mean force (Fig. 6e and Supplementary
Fig. 6). Taken together, these results indicate that the ACTN3
p.635Ala dimer—associated with higher MVPA—exhibits similar
flexibility to ACTN2 and greater flexibility than the p.Glu635 dimer.

Maximal force and fiber power lower with ACTN3 p.635Ala. We
next examine whether a higher predicted ACTN3 dimer flexibility
in the presence of p.635Ala has functional consequences in isolated
human skeletal muscle fibers. To this end, we compare functional
readouts in 298 isolated type I and II, fibers from vastus lateralis
biopsies obtained from eight healthy, young, untrained male partici-
pants before and after an eccentric exercise bout**®'. Results from a
15,000 iteration Markov chain Monte Carlo model show that stable
maximal force—with fibers submerged in activating solution—and
fiber power during isotonic load clamps are similar in 32+ 7 fibers
(mean +s.d.) from three p.Arg577 homozygous, p.Glu635Ala het-
erozygous individuals compared with 39 +6 fibers from four indi-
viduals homozygous for the p.577Ter variant; and lower in both
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groups when compared with 46 fibers from an individual that is
homozygous for both the p.Arg577 and p.Glu635 variants (Fig. 6f
and Methods). Associations are most striking after an eccentric
exercise intervention and are, as expected, more pronounced in
type II, than in type I fibers (Supplementary Fig. 7). Taken together,
these results suggest that a more flexible ACTN dimer with lower
peak performance (ACTN3 p.635Ala or ACTN2) may be less sus-
ceptible to exercise-induced muscle damage than the ancestral
ACTN3 p.Glu635, thereby facilitating a more active lifestyle.

Discussion

By doubling the sample size compared with earlier GWAS, we
identify 104 independent association signals in 99 loci, including
42 newly identified loci, for self-reported traits reflecting MVPA
and sedentary behavior during leisure time. Around half of these
also show evidence of directionally consistent associations with
objectively assessed physical activity traits. Genetic correlations
and two-sample MR analyses show that lower LST results in lower
adiposity. Protective causal effects of higher MVPA and lower
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Table 2 | Bidirectional MR results for LST and MVPA during leisure time with BMI or body fat percentage using genome-wide

summary results (CAUSE method)

Exposure Outcome Gamma® 95% CI Pvalue® Exposure Outcome Gamma® 95% CI P value®
LST Body fat % 0.18 0.13t0 0.24 1.8x10-* LST BMI 0.31 0.28t0 0.35 6.7 %10~
Body fat %  LST 0.12 0.04t0 0.18 0.14 BMI LST 0.18 0.16 to 0.19 11x107
MVPA Body fat % -0.12 —-0.20to —0.04 0.07 MVPA BMI -014 —-0.20t0 —-0.07 6.0x1073
Body fat %  MVPA -0.03 —0.09 to 0.02 0.53 BMI MVPA —0.09 —-011t0-0.06 74x1073
LST Comparative height at age 10 0.03 0.01to0 0.04 0.04 LST Comparative body 0.02 0.01t0 0.03 0.04

size at age 10

2Posterior median of gamma, which can be taken as a point estimate of the causal effect. This estimate tends to be shrunk slightly toward zero compared with other methods. ®The P value for comparing the
causal model with the sharing model. P< 0.05 indicates that posteriors estimated under the causal model predict the data significantly better than posteriors estimated under the sharing model.

LST—acting through or confounded by BMI—are observed for lon-
gevity. Tissue and cell-type enrichment analyses suggest a role for
visual information processing and the reward system in MVPA and
LST, including enrichment for dopaminergic neurons. Loci associ-
ated with LST are enriched for genes whose expression in skeletal
muscle is altered by resistance training. Forty-six candidate genes
are prioritized by more than one approach and point to pathways
related to endocytosis, locomotion and myopathy. Finally, results
from MD simulations, umbrella sampling and single fiber experi-
ments suggest that a missense variant (rs2229456 encoding ACTN3
p.Glu635Ala) likely increases MVPA, at least in part by reducing
susceptibility to exercise-induced muscle damage.

Recent MR studies reported causal protective effects of
self-reported and objectively assessed physical activity on breast and
colorectal cancer®®. One study concluded that a 1 s.d. increase in
self-reported MVPA was associated with lower odds of colorectal
cancer (OR = 0.56), with BMI only mediating 2% of the protective
effect®. Our results—on lung cancer rather than colorectal cancer—
show that instrumental variables of MVPA in multivariable MR are
weak, and results should be interpreted with caution. Furthermore,
a causal effect of objectively assessed, but not self-r