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Abstract

Background: Research shows that part of the variation in physical activity and sedentary behaviour may be
explained by genetic factors. Identifying genetic variants associated with physical activity and sedentary behaviour
can improve causal inference in physical activity research. The aim of this systematic review was to provide an
updated overview of the evidence of genetic variants associated with physical activity or sedentary behaviour.

Methods: We performed systematic literature searches in PubMed and Embase for studies published from 1990 to
April 2020 using keywords relating to “physical activity”, “exercise”, “sedentariness” and “genetics”. Physical activity
phenotypes were either based on self-report (e.g., questionnaires, diaries) or objective measures (e.g., accelerometry,
pedometer). We considered original studies aiming to i) identify new genetic variants associated with physical
activity or sedentary behaviour (i.e., genome wide association studies [GWAS]), or ii) assess the association between
known genetic variants and physical activity or sedentary behaviour (i.e, candidate gene studies). Study selection,
data extraction, and critical appraisal were carried out by independent researchers, and risk of bias and
methodological quality was assessed for all included studies.

Results: Fifty-four out of 5420 identified records met the inclusion criteria. Six of the included studies were GWAS,
whereas 48 used a candidate gene approach. Only one GWAS and three candidate gene studies were considered
high-quality. The six GWAS discovered up to 10 single nucleotide polymorphisms (SNPs) associated with physical
activity or sedentariness that reached genome-wide significance. In total, the candidate gene studies reported 30
different genes that were associated (p < 0.05) with physical activity or sedentary behaviour. SNPs in or close to
nine candidate genes were associated with physical activity or sedentary behaviour in more than one study.
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Trial registration: Prospero CRD42019119456.

Conclusion: GWAS have reported up to 10 loci associated with physical activity or sedentary behaviour. Candidate
gene studies have pointed to some interesting genetic variants, but few have been replicated. Our review
highlights the need for high-quality GWAS in large population-based samples, and with objectively assessed
phenotypes, in order to establish robust genetic instruments for physical activity and sedentary behaviour.
Furthermore, consistent replications in GWAS are needed to improve credibility of genetic variants.
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Background

Physical inactivity and sedentariness represent a major
challenge to public health and contribute substantially to
ill health and premature mortality [1, 2]. The impact of
physical  inactivity on  development of non-
communicable diseases has been compared to that of to-
bacco smoking, alcohol consumption, or an unhealthy
diet [1, 3, 4]. In contrast, there is ample evidence that a
physically active lifestyle is associated with a myriad of
health benefits [5-9]. Despite this, a large proportion of
the population remains inactive below the recommended
levels of physical activity [10]. Although the variation in
physical activity and sedentariness is likely to be deter-
mined by a multitude of factors, evidence from family-
and twin studies suggest a significant genetic influence
[11, 12].

Recent developments in both objective measurements
of physical activity and sedentary behaviour [13, 14],
along with improved genotyping technology facilitating
extensive genotyping in large populations [15], give
promise for the identification of valid and robust
genotype-phenotype associations of physical activity and
sedentary behaviour. These associations may in turn
serve as genetic instruments in Mendelian randomisa-
tion studies [16] to improve causal inference about the
health effects of physical activity and sedentariness [17],
and thus guide the development of effective preventive
strategies and interventions.

Previous reviews have reported associations between
different physical activity and sedentary behavior pheno-
types and various genes [12, 18—20]. However, most re-
views did not describe a systematic literature search
[18-20] and no previous review has conducted a quality
assessment to critically assess the methodological quality
of the included studies, which is recommended for sys-
tematic reviews of genetic association studies [21]. The
aim of the current systematic review was therefore to
provide a comprehensive overview of genetic variants as-
sociated with physical activity or sedentary behaviour.

Methods
The review protocol was registered in Prospero (Inter-
national prospective register of systematic reviews):

CRD42019119456. The results are presented according
to the PRISMA statement [22].

Eligibility criteria

We included all original studies on humans of any age,
published in English in international peer-review jour-
nals, that 1) identified new genetic variants associated
with physical activity or sedentary behaviour (ie.,
GWAS), or 2) reported the association between a genetic
variant and these behaviours (i.e., candidate gene stud-
ies). Studies assessing physical activity or sedentary be-
haviour as a modifier/moderator of genetic variants
associated with other outcomes were not included. We
did not include case reports, editorials or reviews, or
studies solely including animals.

The phenotype definitions of physical activity and/or
sedentary behaviour in the included studies were defined
based on data from self-reports (e.g. questionnaires,
diaries) or objective measurements (e.g. accelerometry,
pedometer). We excluded studies that only measured fit-
ness or strength, or with an aim to study genes associ-
ated with performance in sports. Furthermore, we
excluded studies that only reported on physical activity
related to active transport or occupational activity. Stud-
ies using a polygenic risk score (i.e. not reporting associ-
ations for individual genetic variants), or studies
examining interaction were excluded if no estimate on
the association between genetic variants and physical ac-
tivity or sedentary behaviour was reported.

Information sources and search strategy

Studies were identified by searching electronic databases
and inspecting reference lists of studies and relevant sys-
tematic reviews. The design and execution of the litera-
ture search were supervised by a trained research
librarian with expertise in systematic reviews. The search
was performed in PubMed and Embase (via Ovid) from
1990 until April 14th 2020. The search strategy was
based on domains related to physical activity, sedentary
activity and genetics. The full search strategy is pre-
sented in online supplementary 1.


https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=119456
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Study selection

Eligibility assessment was performed in a two-stage
screening process, described in Bramer et al. [23]. In the
first stage, titles and abstracts were screened by three
pairs of two researchers (ALN/ESS, IM/KAIE, TILN/LA)
blinded to each other’s selection. These pairs remained
the same throughout all the steps of the review process.
Disagreements within pairs were discussed and resolved
by a third researcher (PJM) when necessary. Studies con-
sidered not to be relevant were excluded and full-text ar-
ticles were obtained for the remaining studies. In the
second stage, two reviewers independently screened the
full-text articles against the inclusion and exclusion cri-
teria. If necessary, disagreements were resolved by dis-
cussion with a third reviewer. Reasons for excluding
studies were recorded (Fig. 1).

Data extraction

We developed a data extraction form (online supple-
mentary 2) inspired by Eskola et al. [24]. The form was
adopted to the purpose of the current study and pilot-
tested. Two researchers extracted data independently
using the form. Disagreements were resolved by discus-
sion between the two reviewers and if necessary,
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discussed with a third researcher (PJM). The following
data was extracted from the included studies, if available:
1) general information (authors and year of publication);
2) participant characteristics (country of origin, ethnicity,
age and gender); 3) study characteristics (study design,
genotyping method, and physical activity measuring in-
strument); 4) outcomes/results (physical activity pheno-
type, genetic variant, strength of association, confidence
interval and/or p-value).

Risk of bias and methodological quality

We developed criteria for assessing risk of bias and
methodological quality of the included studies (online
supplementary 2). The criteria were inspired by Hayden
et al. [25] and Eskola et al. [24] and assessed the follow-
ing: selection bias (inclusion/exclusion criteria and
population stratification), sample size calculations, gen-
etic data (DNA sampling, genotyping method, quality
control, blinding and Hardy-Weinberg equilibrium),
physical activity and sedentary behaviour data (assess-
ment procedure, validation and whether self-reported or
objectively measured) and statistical analyses (measure
of association and replication within the study), giving a
maximum score of 12 points. The studies where then
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classified according to their score value: very low quality,
< 3 points; low quality, 3-5.5 points; medium quality 6—
8.5 points; high quality, 29 points. Three pairs of re-
searchers (ALN/ESS, IM/KAIE, TILN/LA) assessed the
criteria independently.

Data synthesis and analysis

Due to the expected heterogeneity of phenotypes and
genetic markers, we did not aim for a quantitative data
synthesis involving a meta-analyses approach. The re-
sults of the individual studies are presented and dis-
cussed according to their scores on the risk of bias and
quality assessment, putting more emphasis on studies
with a higher quality score. For the genetic variants
identified in candidate gene studies, we also report their
association with accelerometry defined phenotypes using
summary statistics [26] from the high quality GWAS by
Doherty et al. [27].

Most candidate gene studies only presented results
that had a p-value <0.05 (ie., nominally statistically sig-
nificant). To avoid bias in the extracted results from the
different studies, we only retrieved associations that had
a p-value <0.05 from studies that also reported results
with higher p-values.

Results

Search results and selection of studies

Figure 1 shows a PRISMA flowchart of the study selec-
tion process. In total, 6697 records were identified
through the database search and 10 records through in-
spection of reference lists or citation tracking. After re-
moval of 1287 duplicates, 5420 records were screened at
title and/or abstract level and 109 full-text articles were
assessed for eligibility. Of these, 54 articles were found
eligible for inclusion in the current review (online sup-
plementary 3).

Characteristics of the included studies

Table 1 shows the main characteristics of the included
studies. Among the included studies 48 used a candidate
gene approach and six were GWAS, where three also ex-
amined candidate genes. The phenotypes of physical ac-
tivity and sedentary behaviour were operationalized in a
variety of ways and mainly measured by questionnaires.
In total, 12 studies used objectively measured physical
activity data (accelerometry) of which two were GWAS.

Critical appraisal

Risk of bias and methodological quality varied consider-
able between the included studies (Table 2). The scores
for the GWAS ranged from 7 to 9 with a median of
7.75. One GWAS was considered high quality [27].
Among the 48 candidate gene studies, the scores varied
from 1 to 9.5, with a median of 6.5. Three candidate
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gene studies were considered high quality [32, 33, 41],
35 medium quality, while 10 studies were considered
low or very low quality.

Few studies described a priori sample size calculation
and only two studies described blinded genotyping. Most
GWAS scored high on description of the genotyping
process and phenotype definition, but only three studies
used a validated self-reported instrument or objective
measurement of physical activity or sedentary behaviour.
Most of the candidate gene studies had a limited de-
scription about the quality control for the genotyping
process.

Associations between genes and habitual physical
behaviour

The characteristics of the included studies (Table 1) and
the risk of bias assessment (Table 2) are presented ac-
cording to type of study (i.e., GWAS or candidate gene
study). Table 3 shows the results for medium and high-
quality studies ordered by chromosome. For a more de-
tailed overview for all included studies see online supple-
mentary 4 (GWAS) and 5 (candidate gene studies).

GWAS
In the six included GWAS, several SNPs were identified
that were associated with physical activity or sedentary
behaviour (Table 3 and online supplementary 4). Three
studies [27, 29, 30] used a genome-wide significance
level of p<5x10™ % or lower. The high-quality GWAS
[27] was based on data from the UK Biobank and identi-
fied three loci associated with overall physical activity
and four loci associated with sedentary behaviour. Also
based on data from the UK Biobank, Klimentidis et al.
[30] identified 10 loci that were associated with at least
one of four physical activity phenotypes (i.e., moderate-
to-vigorous physical activity, vigorous physical activity,
strenuous sport or other exercises and overall physical
activity level assessed by accelerometry). SNPs in
CADM?2 were associated with all three phenotypes,
whereas SNPs in EXOC4 were associated with the first
two. One SNP in DPY19L1 was associated with vigorous
physical activity only. Hara et al. [29] found one SNP
(rs10252228) associated with regular leisure time phys-
ical activity. This SNP was located in the intergenic re-
gion between NPSRI and DPYI9LI, and the SNP was
also significant in replication samples. Heritability esti-
mates varied from 1.3% in the study by Hara et al. [29]
who used self-report to measure leisure time physical ac-
tivity, to 21% for overall activity in the study by Doherty
et al. [27] who used accelerometry (online supplemen-
tary 4).

Three of the GWAS also included candidate gene ana-
lysis of genes that previously have been reported to be
associated with physical activity [28, 29, 31]. Lin et al.
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Table 1 Characteristics of the included studies in alphabetical order, grouped by study type (ie., GWAS and candidate gene studies)

1st author Population Ethnicity® Sample Age, years GWAS/ candidate gene Measurement
(year) size, n - mean (SD) instrument(s)
(% female) - median
- range
GWAS
De Moor General (twins) ~ Two groups 2755 (59%) 43.5 (14.6)/50.0 GWAS + candidate genes Questionnaire (name N/R)
(2009) 28] Caucasian Total for (183)° (ACE, CASR, CYP19A1, DRD2,
+N/R both N/R LEPR, MC4R)
groups 14.5-79.8/19.1-
87.2°
Doherty General Caucasian 91,105 N/R GWAS Accelerometry (wrist)
(2018) [27] (56%) N/R
45-80
Hara (2018) General Japanese 13,980 54.8 (94) GWAS + candidate genes Questionnaire (IPAQ-s)
[29] (55%) N/R (DNAPTPé6, PAPSS2, C18orf2,
+replication  N/R GABRG3, LEPR, RN7SK-SLC44AT)
Kim (2014) General N/R 8454 (53%) 52.2 (8.9) GWAS Questionnaire (name N/R)
[75] N/R
40-69
Klimentidis General Caucasian 377234 (N/ N/R GWAS Questionnaire (IPAQ-I)
(2018) [30] R) N/R Subgroup (n=91,084)
+replication N/R accelerometry (wrist)
Lin (2018) [31] General (three Main study: 11,865 N/R GWAS + candidate genes Questionnaires (40-item
separate studies) African American  (100%) N/R (LEPR, CASR, PAPSS2, DRD2, Jackson Heart Physical
+ Caucasian 50-79 GABRG3, CYP19A1, ACE, MC4R)  Activity Cohort survey) +
other questionnaires
(name N/R)
Candidate gene studies
Adamska- General Caucasian 927 (49%)  40.2 (0.5)° MC4R Questionnaire (IPAQ-I)
Patruno N/R
(2019) [76] N/R
Berentzen General Caucasian 551 (0%) - N/R FTO Questionnaire (name N/R)
(2008) [771 population - 47.0/49.5
(males) (obese/
controls)®
- N/R
Boer (1997) General N/R 1994 (N/R)  N/R ApoE Questionnaire (name N/R)
[78] (students) N/R
18-26
Bruneau General (adults)  Caucasian 461 (56%) 241 (15.7) ACE Questionnaire (PPAQ)
(2017) [32] N/R
N/R
Bruneau General (adults)  Caucasian 532 (55%) 234(0.2) IL-15 Questionnaire (PPAQ)
(2018) [33] N/R
N/R
Cole (2010) General (families  Hispanic 1030 (50%) 11.0 (3.9) MC4R Accelerometry (wrist)
[34] with obese N/R
children) N/R
Camps (2019)  General N/R 148 (74%) 42 (9) ADRB2, FTO, MC4R, PPARG2, Accelerometry (waist)
[35] N/R PPARD, PPARGCIA
18-50
Espinosa- General Caucasian 451 (N/R) N/R 64 different genetic variants Questionnaire (MLTPAQ
Salinas (2019) N/R + frequency question)
[79] 18-65
Flack (2019) General N/R 178 (71%) 26.9 (8.6) ACE, TPH2, CNR1, DRD3, FTO, Accelerometry (hip)
[36] N/R HTR2A, DRD2/ANKK1, PAPSS2,
18-49 LEPR, GABRG3, BDNF, DRD2,

COMT, DRD1, DRD4, DBH
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Table 1 Characteristics of the included studies in alphabetical order, grouped by study type (ie.,, GWAS and candidate gene studies)

(Continued)
1st author Population Ethnicity® Sample Age, years GWAS/ candidate gene Measurement
(year) size, n - mean (SD) instrument(s)
(% female) - median
- range
Fonseca- General Latino and 349 (67%) 42 (N/R) BNDF Questionnaire (name N/R)
Portilla (2019) Mexican - N/R
[80] - N/R
Fuentes General (adults)  Caucasian 455 (63%) 44 (N/R)/45 (N/ ACE Questionnaire (name N/R)
(2002) [81] R)°
N/R
N/R
Gielen (2014)  General (twins)  Caucasian 222 (57%) 21 (2)/22 (5)° PPARD, PPARGCTA, NRF1, MTOR  Accelerometry (lower back)
[37] N/R

Goleva-Fjellet
(2020) [82]

Good (2015)
[83]

Grady (2013)
(84]

Haber (2010)
[85]

Hakanen
(2009) [38]

Harbron
(2014) [86]

Hubacek
(2011) [87]

Huppertz
(2014) [88]

Jensen (2014)
[89]

Jozkow (2009)
[90]

Jozkow (2011)
[91]

Jozkow (2013)
[92]

Kirac (2016)
[93]

General

General
(children)

General (elderly)

General (men)

General
(children)

General

General

General (twins)

General
(children)

General
population
(adult men)

General
population
(adult men)

General
population
(adult men)

General (obese
and healthy)

Norwegian or
Scandinavian

Diverse

Caucasian (98%)

N/R

N/R

Caucasian

Caucasian

Dutch/Western
European

N/R

Caucasian

Caucasian

Caucasian

N/R

831 (50%)

651 (54%)

310 (71%)

387 (0%)

438 (N/R)

133 (84%)

6024 (54%)

8768 (62%)

268 (52%)

360 (0%)

311 (0%)

397 (0%)

200 (N/R)

N/R

555 (3.8)
N/R
N/R

DNA-samples (15
years old),
physical activity
level (4.5 years
old)

95.2 (N/R)
N/R
90-109

47 (12.8)
N/R
23-72

All 15 years old

329 (44)
N/R
N/R

58.1 (6.9
N/R
45-69

325(123)
N/R
7-50

N/R
N/R
N/R

47 (12)
N/R
24-72

47 (12)
N/R
24-72

47 (12)
N/R
24-72

33.7 (9.4)/27.8
83)°

N/R

N/R

ACTN3, ACE, MAOA

MAOA

DRD4

5-HT serotonin receptor

FTO

FTO

FTO

DRD1-5
DBH
comt
DATI1

FADS

Androgen receptor

MC4R

DRD2
DRD4

MC4R
FTO
NMB

Questionnaire (name N/R)

Questionnaire (child
behaviour questionnaire)

Questionnaire (name N/R)

Questionnaire (IPAQ,
version N/R)

Questionnaire (name N/R)

Questionnaire (Baecke
Habitual Physical Activity
Questionnaire)

Questionnaire (name N/R)

Questionnaire (name N/R)

Accelerometer (hip)

Questionnaire (IPAQ,
version N/R)

Questionnaire (IPAQ
version N/R)

Questionnaire (IPAQ-I)

Accelerometry (hip)
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Table 1 Characteristics of the included studies in alphabetical order, grouped by study type (ie.,, GWAS and candidate gene studies)

(Continued)
1st author Population Ethnicity® Sample Age, years GWAS/ candidate gene Measurement
(year) size, n - mean (SD) instrument(s)
(% female) - median
- range
Klimentidis General Caucasian 7318 (52%) 454 (10.9) FTO Questionnaire (name N/R)
(2016) [39] (+Hispanic N/R
Americans and N/R
African-Americans
in replication
cohort)
Lee (2015) General Caucasian 492 (53%) 235 (0.3) FTO, KCTD15, MC4R, NEGRI, Questionnaire (PPAQ)
[40] N/R SH2B1, TMEM 18
N/R
Liu (2010) [41] General (youth)  Caucasian and 750 (46%/  N/R FTO Questionnaire (name
African American  56%)° N/R N/R), Accelerometry
8-12/14-18° (n =525, placement N/R)

Loos (2005)
[42]

Lorentzon
(2001) [94]

Luglio (2016)
[95]

Maestu (2013)
[43]

Many (2017)
[44]

Moleres
(2009) [96]

Murakami
(2014) [45]

Murakami
(2017) [46]

Reddon
(2016) [47]

Richert (2007)
[48]

Salmén (2003)
[97]

Simonen
(2003) [98]

Van der Mee
(2018) [99]

General (families) French-Canadian

General
(adolescent girls)

Obese female N/R
adolescents

General N/R
(adolescents)

General

(students) (77%)
General N/R
(adolescents)

General Japanese
General Japanese
General (high Multiple
risk for diabetes

mellitus typer 2)

General Caucasian

(adolescents)

General (early
postmenopausal
women)

General (family
study)

General (twins)

Caucasian

Mainly Caucasian

N/R (Finnish)

French- Canadian

Western European

669 (55%)

97 (100%)

78 (100%)

261 (0%)

288 (52%)

504 (N/R)

556 (73%)

648 (74%)

9228 (N/R)

222 (0%)

331 (100%)

721 (56%)

12,929
(60%)

52 (34)/28 (8.7)°
N/R
N/R

169 (1.2)
N/R
N/R

13.7 (09
N/R
13-15

120 (0.8)

224 (2.8)
N/R
18-35

145 (1.1)/146
(1P

N/R

13-18

47.8 (80)/49.3
(109)/50.5 (9.7)°
N/R

24-65

Women 53.7
(11.0)

Men 494 (12.5)
N/R

26-82

N/R
N/R
18-85

74 (04)
N/R
N/R

527 (23)
N/R
N/R

Women 40.1
(14.2)
Men 41.2 (15.3)

325 (16.0)
N/R
12-90

MC4R, MC3R, NPY
NPY Y1R, CART, AGRP, POMC
CASR

UCP2, UCP3

ACE

ACTN3, ARDB1, ADRB3

IL6

LEPR

DRD2/ANKK1

14 different genes

LEPR

CYP19

DRD2

DRD1, DRD2/ANKK1, DRD3,
DBH, COMT, DAT1, DRD4,
DRD5, MAOA

Questionnaire (name

N/R) + diary (3-days)

Questionnaire (name N/R)

Questionnaire (name N/R)

Accelerometry (hip)

Questionnaire (PPAQ) +
single questions

Questionnaire (name N/R)

Accelerometer (lower back)

Accelerometry (waist) +
questionnaire (name N/R)

Questionnaire (name N/R)

Questionnaire (name N/R)

Single question

Questionnaire (name

N/R) + diary (3-days)

Questionnaire (N/R)



Aasdahl et al. International Journal of Behavioral Nutrition and Physical Activity

(2021) 18:15 Page 8 of 18

Table 1 Characteristics of the included studies in alphabetical order, grouped by study type (ie.,, GWAS and candidate gene studies)

(Continued)
1st author Population Ethnicity® Sample Age, years GWAS/ candidate gene Measurement
(year) size, n - mean (SD) instrument(s)
(% female) - median
- range
Van Deveire General Caucasian 536 (55%) 234 (0.2) ANKRD6 Questionnaire (PPAQ)
(2012) [49] N/R
N/R
Vimaleswaran  General (children N/R 2062 (54%) 9.6 (04)/15.5 PCK1 Accelerometry
(2010) [100] and adolescents) (0.5 (placement N/R) + single
N/R question
84-11.3/14.1-
178°
Walsh (2012)  General Caucasian 242 (54%) 234 (54) LEPT9 Questionnaire (PPAQ)
[101] (sedentary) N/R
18-39
West (2018) General Caucasian 408 (20%) 34.9 (9.5) FTO Questionnaire (IPAQ-s)
[102] N/R
N/R
Wilkinson General Mexican and 1130 (51%) - 143 (1.0) SNAP25, CNR1, TPH2 Two questions from the
(2013) [50] (adolescents) Mexican-American - N/R ACE Youth Risk Behavioural
- N/R Surveillance System
Winnicki Patients Caucasian 355 (25%) 33 (9) ACE Questionnaire (name N/R)
(2004) [51] (untreated N/R
hypertension) N/R
Wong (2012)  Hospital Chinese (in 110 (65%) 327 (11.2) ACE Questionnaire (IPAQ-s)
[52] employees Singapore) N/R
21-61

Abbreviations: GWAS genome-wide association study, IPAQ-/ International Physical Activity Questionnaire long form, IPAQ-s International Physical Activity
Questionnaire short form, MLTPAQ Minnesota Leisure Time Physical Activity Questionnaire, N/R not reported, PPAQ Paffenbarger Physical Activity Questionnaire,

SD standard deviation

@ Ethnicity: white, European, American European and European descent are reported as Caucasian

 Numbers only reported for the different groups, not for total sample
€ Most likely standard error, not specified

[31] reported a statistically significant association (p <
5x 107?) for SNPs in several loci, including SNPs close
to GABRG3, CYPI9A1, PAPSS2 and CASR. Hara et al.
[29] found a weak association for a SNP in DNAPTP6
with leisure time physical activity, but the association
was not statistically significant after Bonferroni correc-
tion (p <0.05/6). De Moor et al. [28] reported statisti-
cally significant associations (p < 0.01) for SNPs in LEPR
and CYPI9AI.

Candidate gene studies

The candidate gene studies showed associations (p <
0.05) between variants in 30 different genes and physical
activity and/or sedentary behaviour (Table 3 and online
supplementary 5). The high-quality study by Bruneau
et al. [32] found an association between walking distance
per week and an insertion/deletion polymorphism of a
287-bp Alu repeat sequence within the intron 16 in ACE
(rs4340). This polymorphism was also found to be asso-
ciated with both physical activity and sedentary behav-
iour in two medium quality studies [43, 52] and in one
low quality study [51]. However, the GWAS by Lin et al.
[31] and De Moor et al. [28] did not successfully

replicate SNPs in or close to the ACE gene. In another
high quality candidate gene study, Bruneau et al. [33]
found an association between light intensity physical ac-
tivity and a SNP in ILI5RA (rs2228059). In total, variants
in nine candidate genes (ACE, CASR, CYP19A, FTO,
DRD2, CNRI, LEPR, MC4R, NPCI) were found to be as-
sociated with physical activity or sedentary behaviour in
more than one study. Variants in or close to MC4R was
associated with physical activity in three medium quality
studies [34, 40, 42]; however, the GWAS by De Moor
et al. [28] and Lin et al. [31] did not report an associ-
ation between physical activity and SNPs in the vicinity
of the MC4R gene.

Online supplementary 6 shows effect size, standard
error and p-value for genetic variants from candidate
genes studies associated with accelerometry defined
phenotypes reported in GWAS summary statistics [26,
27]. All p-values were above the conventional thresh-
old of 5x10™% however, we observed that the FTO
gene (rs9939609) reported to be associated with sit-
ting time by Klimentidis et al. [39] and the NPCI
(rs1805081) reported to be associated with physical
activity level by Reddon et al. [47] had p-values of
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Table 3 Genotype-phenotype associations in medium (6-8.5 points) and high (29 points) quality candidate gene studies and
GWAS. For GWAS, results with a genome-wide significance level of p <5 x 1072 or lower are presented. GWAS are indicated by grey

cells. Studies are sorted according to chromosome position

st Quality
Chron‘l?some Gene (variant)* 1™ author Phenotype Association 95% CI p-value** score
(position) (year) 0-12)
1p31.3 LEPR (rs1137101) Murakami Light physical Adjusted mean = SD <0.05 85
(2014) activity (min/d) RR: 559.4 + 102.9
QQ/QR: 579.9 + 103.1
Murakami Inactive time Adjusted mean + SD <0.05 8.5
(2014) (min/d) RR: 815.5+107.5
QQ/QR: 792.3 £ 107.7
1p31.3 LEPR (rs12405556) De Moor Regular exercisers p=0.0005 7.5
(2009) Vs non-exercisers (replicated
using MET-hrs/w (a candidate gene)
threshold of 4 MET-
hrs/w)
1p31.3 LEPR (GIn223Arg Richert (2007) | Energy expenditure | Crude mean + SEM 0.016 6.5
polymorphism) on physical activity | GG: 240.5+ 11.8
(kcal/d) GA:266.6 143
AA:180.6 +21.0
2p25.3 TMEM18 (rs6548238) | Lee (2015) MET-hrs/w T allele 4.1% less than 0.01 7
CcC
2p23.3 GCKR (rs780094) Espinosa- Any physical OR= 1.86 1.36-2.56 0.004 7
Salinas (2019) | activity at least once | Minor allele greater
a week vs none frequency than major
homozygous carriers
2q33.1 DNAPTP6 Hara (2018) Regular LTPA (a meta-analysis 8
(rs12612420) threshold of 4 MET- p=0.0199
hrs/w) (replicated
didate gene)
3pl4.1 LOC105377146 Doherty Sedentary time 3.1x107 9
(1s1858242) (2018)
3pl2.1 CADM? (1s2035562) Klimentidis Moderate-to- 1.0 x10” 8.5
(2018) vigorous physical
activity
3pl2.1 CADM? (rs1248860) | Klimentidis Vigorous physical 53x10" 8.5
(2018) activity
3pl2.1 CADM? (1s62253088) | Klimentidis Strenuous sports or 8.9 x107% 8.5
(2018) other exercises
3ql13.3-q21.1 CASR (157650960, Lin (2018) Total LTPA-related p<0.005 7
15112909877, energy expenditure (replicated
1rs146555373, (calculated as candidate gene)
1s55716378) METs)
3ql13.3-q21.1 CASR (A986S Lorentzon Weight bearing Crude mean + SD 0.01 6.5
polymorphism) (2001) physical activity AA:43+26
(hrs/w) SS/AS:29+2.6
4pl5.2 PPARGCIA Gielen (2014) | Vigorous physical AA vs GG 0.001 85
(rs8192678) activity (min/d)
5q12.1 CTC-436P18.1 Klimentidis Strenuous sports or 2.7 x10" 8.5
(rs159544) (2018) other exercises
5ql14.3 MEF2C-AS2 Doherty Sedentary time 2.6x10” 9
(1s26579) (2018)
5q21.3 EFNAS (1s25981) Doherty Sedentary time 3.0x10” 9
(2018)
6p21.31 PPARD Gielen (2014) | Physical activity 8.5
(rs2267668) (counts/d) AG vs AA 0.005
(rs2076168) CCvs AA 0.006
6ql5 CNRI (rs6454672) Flack (2019) Moderate-to- Geometric mean + SE <0.01 7
vigorous physical TT: 42.95 (2.48)
activity (min/d) CT/CC31.1(2.1)
6ql5 ANKRD6 Van Deveire Moderate intensity | Adjusted mean = SEM 0.03 7
(rs61739327) (2012) physical activity PP:20.8+0.7
(hrs/w) PL:20.7+1.2
LL:33.4+47
7pl5.3 1L-6 (rs1800795) Moleres Leisure time Crude mean + SD 0.012 6.5
(2009) physical activity (no | GG: 0.86 = 0.70
activities/w, one GC/CC: 1.04£0.79
activity/w, and more
than one activity/w)
7pl4.2 DPYI9ILI (1s328902) | Klimentidis | Vigorous physical 1.3x10™ 8.5
(2018) activity
Tpl4.2 DPYI9L1 Hara (2018) Regular LTPA (a 25x 107 8
(1s10252228, threshold of 4 MET-
intergenic region hrs/w)
between NPSRI and
DPYI9LI)
Tpl43 NPSRI (1510252228 , | Hara (2018) Regular LTPA (a 25x10" 8
intergenic region threshold of 4 MET-
between NPSRI and hrs/w)
DPYI9LI)
7q11 CALNI (1s34858520) | Doherty Sedentary time 4.2x10” 9
(2018)
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Table 3 Genotype-phenotype associations in medium (6-8.5 points) and high (29 points) quality candidate gene studies and
GWAS. For GWAS, results with a genome-wide significance level of p <5 x 1072 or lower are presented. GWAS are indicated by grey
cells. Studies are sorted according to chromosome position (Continued)

7q32.1 LEPI9 (rs2167270) Walsh (2012) | Vigorous physical Adjusted mean = SEM 0.02 6.5
activity (kcal/w) GG: 12733+ 176.8
GA/AA: 718.0+147.2
Walsh (2012) | Leisure time sports | Adjusted mean + SEM 0.04 6.5
activity (kcal/w) CG: 1922.8 +£226.0
GA/AA: 1328.6 £ 188.2
Walsh (2012) | Light intensity Adjusted mean = SEM 0.03 6.5
physical activity CG:39.7+1.6
(hrs/w) GA/AA:35.0+1.4
7933 EXOC4 (rs7804463) Klimentidis Moderate-to- 4.1x10™ 8.5
(2018) vigorous physical
activity
7933 EXOC4 (rs13243553) | Klimentidis Vigorous physical 24x10" 8.5
(2018) activity
9pl13.2 PAXS (1s2988004) Klimentidis Moderate-to- 2.4x10™ 8.5
(2018) vigorous physical
activity
9q21.33 NTRK?2 (rs1211166) Reddon Physical activity OR 1.07 1.01-1.13 0.02 7
(2016) level (sedentary,
moderate active or
very active)
10p15.1 IL-15RA (rs2228059) | Bruncau Light intensity Mean + SEM 0.009 9.5
(2018) physical activity AA:39.4+2.4
(hrs/w) CC:286+2.3
10p12.31 SKIDA1 Doherty Overall activity 4.2x10° 9
(1s564819152) (2018)
10q23.2-q23.3 | PAPSS2 (rs1819162) | Lin (2018) Total LTPA-related p<0.005 7
energy expenditure (replicated
(calculated as candidate gene)
METs)
10g25.3 ADRBI (rs1801253) Many (2017) | Moderate physical Adjusted mean = SEM 0.040 7
activity (kcal/w) CC: 33142+42.4
CG/GG: 2141.3+69.7
10926.13 CTBP2 (1s3781411) Klimentidis Vigorous physical 1.0x10™ 8.5
(2018) activity
11pl4.1 BDNF (rs1401635) Reddon Physical activity OR 1.08 1.03-1.14 2.7x10° 7
(2016) level (sedentary,
moderate active or
very active)
11q13.2 ACTN3 R577X Goleva-Fjellet | Low/medium vs X allele frequency 10% 0.006 7
polymorphism (2020) high physical lower in high physical
activity activity group
11q13.4 UcCp2 Luglio (2016) | Physical activity Mean + SD 0.02 6
(SNPs in UCP2 (METs/6-d) A/A: 1850+106
-866G/A) G/A: 1945£129
G/G: 1962+129
14q24.2 SIPAILI Klimentidis Strenuous sports or 8.5x10™ 8.5
(rs75930676) (2018) other exercises
15q12 GABRG3 Lin (2018) Total LTPA-related p<0.005 7
(ts72707657, energy expenditure (replication
1512438610, (calculated as candidate gene)
rs12902711, METs)
1512595253)
15q21.2 CYP1941 (rs2470158) | De Moor Regular exercisers p=0.007 75
(2009) VS Non-exercisers (replicated
using MET-hrs/w (a candidate gene)
threshold of 4 MET-
hrs/w
15q21.2 CYPI1941 Lin (2018) Total LTPA-related p<0.005 7
(rs62020072) energy expenditure (replicated
(calculated as candidate gene)
METs)
16q12.2 FTO (rs9939609) Camps (2019) | Total activity Mean AT vs TT 0.008 8
(counts/d) AT: 1.71 1.62-1.81
TT: 1.50 1.40- 1.59
AA:1.56 1.39-1.74
16q12.2 FTO (1s9939609) Klimentidis Sitting (hrs/d) Meta-analysis 2.3x107 6
(2016) A allele:
Beta coefficient 0.11
17p11.2 AKAPI0 (rs166840) Klimentidis Strenuous sports or 7.3 x10™ 8.5
(2018) other exercises
172131 CRHRI(1s55657917) | Klimentidis | Accelerometry- 1.7 x10™ 8.5
(2018) average acceleration
(vector itude)
17q21.31 KANSLI-AS1 Doherty Overall activity 3.2x10T 9
(1s2696625) (2018)
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Table 3 Genotype-phenotype associations in medium (6-8.5 points) and high (29 points) quality candidate gene studies and
GWAS. For GWAS, results with a genome-wide significance level of p <5 x 1072 or lower are presented. GWAS are indicated by grey
cells. Studies are sorted according to chromosome position (Continued)

17q23.3 ACE (rs4340) Bruneau Walking distance Mean + SD 9.5
(2017) (km/w) 1l vs ID: 0.03
Normal weight: DD vs ID: 0.01
I: 15.8+11.1
ID: 132+ 10.6
DD: 17.9 £ 13.0 DD vs II: 0.02
Overweight:
1: 16.7 + 12.6
ID:13.8+11.6
DD:9.7+9.0
17923.3 ACE (in/del of 287-bp | Maestu (2013) | Sedentary behaviour | Mean + SD ID vs DD 8
Alu repeat in intron (min/d) 1I: 403 £79 <0.05
16) ID: 412 74
DD: 391 £52 I allele vs DD
T allele: 409 £75 <0.05
D allele: 403 +66
Maestu (2013) | Light physical Mean + SD DD vs I1<0.05 8
activity (min/day) 1I: 300 +68
ID: 316 £56
DD: 321 =59 Dallele vs 11
Tallele:310 +61 <0.05
D allele: 318 +57
Maestu (2013) | Total physical Mean + SD DD vs I1<0.05 8
activity (min/day) 1I: 354 £9
1D: 375 +7 Dallele vs 11
DD: 382 +8 <0.05
T allele: 367 +5
D allele 378 =5
17923.3 ACE (in/del of 287-bp | Wong (2012) | Low physical 1I: adjusted OR=1.00 ref 75
Alu repeat in intron activity level ID: adjusted OR= 4.34 1.33-14.13
16) DD: adjusted OR= 46.83 | 7.89-277.87
ID/DD: adjusted OR=
6.88 2.26-20.94
Wong (2012) | Physical activity Crude geometric mean 0.0014 715
level (kcal/week) DD: 566
1D: 1160
1I: 1798
18q11.2 NPCI (rs1805081) Reddon Physical activity OR 0.92 0.88-0.97 62x10* 7
(2016) level (sedentary,
moderate active or
very active)
18q12.3 SYT4 (1s59499656) Doherty Overall activity 1.9x107 9
(2018)
18q21.32 MC4R (SNP1704) Cole (2010) Total activity N/R 0.004 7.5
(counts/d)
18q21.32 MC4R (SNP1704) Cole (2010) Time in moderate N/R 0.016 75
activity (%)
18q21.32 MC4R (SNP622) Cole (2010) Time in vigorous N/R 0.021 7.5
activity (%)
18q21.32 MC4R (rs17782313) Lee (2015) MET-hrs/w C allele 3.5% less MET 0.02 7
hour/week than TT
18q21.32 MC4R (rs7242169) Loos (2005) Moderate to Mean + SEM 0.005 6
vigorous exercise C/C: 223 +20
(total daily activity | C/T:200 £20
level based on T/T: 165 £24
METs/3-d)
18q21.32 MC4R (rs7242169) Loos (2005) Inactivity (total C/C: 456 £8 0.01 6
daily activity level C/T: 462 +7
based on METs/3-d) | T/T 487 £11
19q13.32 APOE (s429358) Klimentidis Moderate-to- 7.3x10™ 8.5
(2018) vigorous physical
activity

Abbreviations: d day, hrs hours, in/del insertion/deletion, LTPA leisure time physical activity, MET metabolic equivalent, OR odds ratio, SNP single nucleotide
polymorphism, VNTR variable number tandem repeat, w week, y year

*For GWAS genes reported to be closest to the SNP is presented
**For GWAS: p-value SNP in discovery cohort

0.04 and 0.002 for sedentary behaviour and overall
activity, respectively.

Discussion

This systematic review provides an overview of genetic
variants associated with physical activity or sedentary be-
haviour. Fifty-four studies met the inclusion criteria, of
which six studies were GWAS and 48 studies were can-
didate gene studies. While the quality scores for the
GWAS were medium-to-high, most of the included can-
didate studies showed low-to-medium quality. The

GWAS reported up to 10 loci that were significantly as-
sociated with physical activity or sedentary behaviour,
and variants in nine candidate genes were found to be
associated with physical activity or sedentary behaviour
in more than one study. However, the available evidence
was not consistent, and the included studies had several
limitations that prevent us from drawing firm conclu-
sions about valid and robust genotype-phenotype
associations.

In line with previous reviews [12, 19, 20] we noted that
phenotype definitions of physical activity varied
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considerable between studies, including constructs such
as walking distance [32], low-intensity physical activity
[45, 52], moderate intensity physical activity [34, 36, 49],
vigorous physical activity [34, 37], energy expenditure
[29, 31, 48], engagement in sports activities [44, 51],
meeting recommended levels of physical activity [50],
and physical activity level from childhood to adolescence
[46]. Moreover, these phenotype definitions were in
many studies based on instruments with poor validity.
Likewise, phenotype definitions of sedentary behaviour
were in several studies based on self-reports, which is
shown to have very poor validity [53-55].

Self-reported measures of physical activity and seden-
tary behaviour are prone to measurement error and mis-
classifications [56] and findings on genotype-phenotype
associations should therefore be interpreted with cau-
tion. Likewise, there are some limitations related to the
use of objective measurements to define phenotypes that
should be considered when interpreting the results [57—
59]. For example, a single accelerometer may not cap-
ture all relevant activity [60, 61] and the use of different
cut-offs points and methods for processing the acceler-
ometer data are known to create large and significant
differences in the estimated physical activity level [62,
63]. Thus, it is possible that the studies included in this
review capture different aspects of physical activity and
sedentary behaviour. Accordingly, the inconsistent find-
ings across studies between genetic variants and physical
activity or sedentary behaviour can partly be related to
discrepancies in the measurements of physical activity
and sedentary behaviour and the resulting phenotype
definition.

Although recent advancements in methods and tech-
nology allow fast and accurate analyses of whole-
genome samples [64, 65], only six GWAS have investi-
gated genetic variants associated with physical activity.
Moreover, only one GWAS has investigated genetics
variants associates with sedentary behaviour and only
two GWAS used objective measurements to define phe-
notypes. Several SNPs were associated with physical ac-
tivity, but few SNPs or genes have been identified in
more than one study. One exception is SNPs close to
the DPY19L1 gene, which was identified by two medium
quality GWAS [29, 30]. The molecular mechanism be-
hind the association between DPY19L1 and physical be-
haviour remains elusive. DPY19L1 may be required for a
proper radial migration of glutamatergic neuron, a major
excitatory component of the mammalian neocortex [66].
Hara et al. [29] found an association between self-
reported physical activity and the rs10252228 SNP,
which is located in the intergenic region between NPSR1
and DPYI19LI. This study comprised individuals of Japa-
nese ancestry and the findings were confirmed in repli-
cation samples. Likewise, Klimentidis et al. [30] found an

(2021) 18:15 Page 14 of 18

association between the rs328902 SNP close to the
DPYI19LI and self-reported leisure time physical activity.
However, the genetic effect sizes in the latter study were
small, and the replication cohort was considered insuffi-
ciently powered to replicate the associations. It should
also be noted that the two GWAS by Klimentidis et al.
[30] and Doherty et al. [27] are based on the same data
from UK Biobank. The few GWAS performed to date,
along with the variable study size, different phenotypes
of physical behaviours, and the wide range of ethnicities
(e.g., Caucasians, Japanese, and African American)
makes it difficult to compare the GWAS. Moreover, a
GWAS require a large sample size to be adequately pow-
ered to adopt a significance level that account for mul-
tiple testing [15]. With a recommended genome-wide
significance threshold of p<5x 10°8% [67, 68], most
GWAS in this review were underpowered to detect all
the possible heritability explained by the SNPs (three out
of six GWAS used the recommended threshold level of
p<5x10%). Moreover, GWAS have been criticized be-
cause markers across genomes with no direct biological
relevance to the phenotype of interest could be located
[15]. Nevertheless, this is a rapid growing area of re-
search and one can overcome several limitations by lar-
ger sample sizes and advancements in technology,
methodology and computing. Future studies may there-
fore have the potential to identify missing signals, ac-
count for population stratification, identify rare
mutations, identify gene-environment interactions, and
correspondingly, explain more of the heritability [15,
65].

Despite the widespread use of candidate gene studies,
our review shows that this approach has produced only
a few replicated associations related to physical activity
or sedentary behaviour. Nine out of 30 candidate genes
were found to be associated with physical activity in
more than one study. The explanation for these incon-
sistent findings may be linked to the small study samples
and the heterogeneity of the definitions of physical activ-
ity phenotypes. Population-based candidate gene studies
with large study samples with adequate statistical power
were rare. Most candidate gene studies had rather small
sample sizes, and the likelihood of identifying a true gen-
etic variant may therefore be low.

There may exist a complex set of genetic, environmen-
tal, and phenotypic factors that connect physical activity
and sedentariness to other behavioural traits [40, 69, 70],
and we cannot exclude the possibility of pleiotropic ef-
fects (i.e., a single genetic variant affecting multiple
traits), nor that these effects are influenced by the
phenotype definitions. For instance, two candidate gene
studies reported an association between FTO and self-
reported physical activity and time spent sitting [35, 39].
However, these findings were not supported by studies
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using objective measurements [41] or a more well-
defined physical activity index [38]. It has been argued
that candidate gene studies are insufficient for identify-
ing the genetic contribution to variation in physical ac-
tivity [71] and that the genetic susceptibility to a
physically active or inactive lifestyle should be studied in
the context of social and environmental factors [11, 19,
72], i.e., gene-environment interactions are expected to
explain some of the unexplained heritability [73, 74]. In
most of the included studies, the conclusions were based
on p-values and many studies did not present an esti-
mate for the associations under study, making it impos-
sible to make a judgement about the strength of the
association. Together with predominantly small sample
sizes this might introduce biased results. It is also pos-
sible that the strong focus on p-values leads to publica-
tion bias and selective reporting [21]. The findings from
the candidate gene studies should therefore be inter-
preted in view of unclear or unknown effect sizes, small
study samples, and the possible influence of sociodemo-
graphic and environmental factors.

Strengths of the current systematic review include the
comprehensive literature search in two bibliographic data-
bases supervised by a trained research librarian, the use of
checKklists to assess risk of bias/methodological quality and
blinding of reviewers during data extraction. However, the
quality assessment could be problematic since all potential
sources for bias are weighted equally. Since bias in genetic
association studies are not completely understood, evi-
dence of what study characteristics that are most import-
ant is lacking [21]. Another limitation is that we only
retrieved associations from candidate gene studies that
were nominally statistically significant (i.e., p-value < 0.05),
since most authors only showed statistically significant re-
sults. Thus, potentially important associations from small
studies may have been omitted from this review. Further-
more, although we excluded studies that only reported
physical activity related to active transport or occupational
activity, few studies reported whether occupational physical
activity or work-related sedentariness were included in
their measurements. This might bias the reported associa-
tions since occupational physical activity can be con-
strained by the type of occupation and work tasks.
Obtaining accurate and detailed measurements of physical
activity behaviour (type of activity, duration, intensity, fre-
quency, and domains [leisure, work, transportation]) are
critical to understand the genetic contribution to physical
activity behaviour. This is underlined by heritability being
greater in studies using objective measurements of physical
behaviour [27, 29, 30]. Future studies should therefore aim
at using objective measurements to obtain more well-
defined phenotypes, enabling identification of more robust
genetic instruments for physical activity behaviour. This
could in turn provide the basis for Mendelian
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randomisation studies to improve causal inference about
the effect of physical activity and sedentary behaviour on
morbidity and mortality, and thus evade some of the cen-
tral challenges of conventional epidemiological studies,
such as confounding, reverse causation and measurement
error [16].

This systematic review shows that several genetic
variants are associated with physical activity or sedentary
behaviour. However, findings across studies are incon-
sistent and the results should be interpreted with cau-
tion due to methodological shortcomings, such as the
large variation in phenotype definitions, study designs,
and study populations. Moreover, replications issues are
prominent in this field and there is general lack of high-
quality studies. Thus, our review highlights the need for
more high-quality GWAS with consistent phenotype
definitions using objective measurements to elucidate
the genetic influence on physical activity and sedentary
behaviour.
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