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Abstract

Impact Statement

This study identified genetic variants in a high-level
athletic cohort that were associated with athletic
performance and commonly encountered lower
limb soft tissue musculoskeletal injuries. Single-
nucleotide polymorphisms (SNPs) including DSG1
and DSG4 demonstrated strong genome-wide
association with athletic performance. While sev-
eral genes demonstrated positive association for
specific injury types, including COL22A1, PLXNA2,
PAPPA2, DOK5, GNG12, and DAP, numerous
SNPs gave genome-wide suggestive associa-
tion with any type of injury, including PAPPA2 and
MAST1. Alongside further research, the current
study provides ongoing guidance toward individu-
alized training practices, as well as injury mitigation
and rehabilitation programs, in the presence of the
identified variants.

A growing body of evidence exists supporting the role that genetic variation plays
in athletic performance and injury. This study sought to identify genetic variants
associated with performance and lower limb musculoskeletal injury in a high-level
athletic cohort. A total of 126 Estonian National Team members (Olympic athletes
and participants of International Championships) (104 males, 82.5%) underwent
a genome-wide association analysis between 2017 and 2018, to identify single-
nucleotide polymorphisms (SNPs) associated with performance and/or injury.
The athletic cohort was stratified within each sport based on performance and
whether they were a medalist (n1=29) or not (n=97), whether they sustained an
injury (n=47) or not (n=79), and the type of injury (patella tendinopathy n=22,
Achilles tendinopathy n=17, hamstring injury n=3, anterior cruciate ligament rupture
n=6). Three SNPs demonstrated strong genome-wide association with athletic
performance (podium/medalist versus not), including DSG7 (rs10502567, OR
14.3) and DSG4 (rs73410248, OR 17.4), while 76 SNPs demonstrated suggestive
significance. Overall, 37 SNPs gave genome-wide suggestive association with any
type of injury, including PAPPA2 (rs11580456, OR 13.8) and MAS7 (rs220735,
rs170219, OR 3.1) which demonstrated positive signal with multiple SNPs. Several
genes demonstrated positive association for the specific injury types, including
COL22A1 (rs3924862) and PLXNA2 (rs11799530), as well as PAPPA2 (rs11580456),

DOK5 (rs73142922), GNG12 (rs28435277), and DAP (rs267959, rs2930047, rs1080440, rs267939). The current study identified
genetic variants associated with high-level athletic performance and musculoskeletal injury. Further work is required to permit
integration of this and future knowledge into individualized training practices, as well as injury mitigation and rehabilitation programs.
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Introduction

Acute and chronic musculoskeletal injuries are commonly
encountered in a sporting environment. While an individ-
ual’s susceptibility to injury is multifactorial, genetic varia-
tion may play a role in the etiology of these injuries, further
contributing to the interindividual variation in the underly-
ing structure and associated functional properties of mus-
culoskeletal soft tissues (such as tendons and ligaments),

ISSN 1535-3702
Copyright © 2023 by the Society for Experimental Biology and Medicine

combined with their response mechanical loading.! For this
reason, single-nucleotide polymorphisms (SNPs) have been
identified and studied as potential risk factors for these com-
monly encountered soft tissue injuries. While several reviews
have provided support to the association between genetic
variation and an increased susceptibility to various soft tis-
sue injuries,'” variation in genes responsible for coding the
structural components of soft tissues have been linked with
(though not limited to) anterior cruciate ligament (ACL)
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rupture,5-18 Achilles pathology (tendinopathy and/or rup-
ture),®19-25 and rotator cuff disease.26-28

The main structural component of tendons and ligaments
is type I collagen. Therefore, with respect to specific gene
mutations and their association with injury risk, genes more
widely studied include those encoding the basic structural
components of tendons, ligaments, and other connective tis-
sue structures.! Specific to tendon and ligament injuries, a
review by Vaughn et al.” reported that genetic variation with
the strongest evidence of association with tendon injury was
that involving type V collagen Al, tenascin-C, matrix metal-
loproteinase-3, and estrogen-related receptor beta, with the
most convincing genetic association between tendon injury
and COL5A1. The majority of studies that were included in
this review were linked with Achilles pathology. A recent
systematic review undertaken by Longo et al.3 investigated
the genetic basis of rotator cuff disease, identifying an asso-
ciation between rotator cuff tears and variation in several
genes including DEFB1, FGFR1, FGFR3, ESRRB, FGF10,
MMP-1, TNC, FCRL3, SASH1, SAP30BP, and rs71404070
located next to cadherin 8. While several studies as outlined
above have reported an association between gene variation
and ACL rupture risk, a recent review reported a relative
lack of association between ACL injury risk and genetic vari-
ation.?” However, it was also suggested that further research
with larger samples, phenotype homogeneity, and less study
bias was required.?

The current study aimed to explore the whole-genome
scale genetic variations within a high-level athletic popu-
lation and ascertain whether any of these polymorphisms
were associated with performance (being a medalist or not)
and/or musculoskeletal injury.

Materials and methods
Athletes

This study followed a case-control genetic association study
approach (Level of evidence III). The athletic cohort being
investigated consisted of Estonian National Team mem-
bers (Olympic athletes and participants of International
Championships) during the period 2017 to 2018 who agreed
to participate in the study. Over this period, a total of 176
athletes were identified, of which 3 athletes did not agree
to participate and a further 47 athletes were excluded from
the study due to incomplete data (mainly blood samples for
genotyping). Therefore, 126 athletes (104 males, 82.5%) were
included that underwent genotyping as outlined below.
The cohort was subsequently stratified within each sport
by whether they reached the podium or not in the Olympic
Games, or the World or European Championships (medal-
ist=29, no medal =97). Subsequently, athletes were further
categorized by whether they then subsequently sustained
a lower limb musculoskeletal injury or not (injury =47, no
injury =79) following testing, while the types of injuries were
also reported which included patella tendinopathy (PT=22),
Achilles tendinopathy (AT =16), hamstring injury (HS=3),
and anterior cruciate ligament rupture (ACL=6). An over-
view of the athletic cohort stratified into sport, whether they
were a Medalist (or not) within that sport, whether they
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sustained an injury, and the type of injury, is outlined in
Table 1. The study was approved by the relevant Human
Research Ethics Committees (HRECS).

DNA extraction and genotyping methodology

DNA was extracted from the blood using Gentra Puregene
Blood kit. Genotyping was performed using Affymetrix
Axiom Precision Medicine Research Arrays (PMRA) and
GeneTitan Multi-Channel Instrument. Genotypes were
called using Genotyping Console Software and association
analysis was performed using Plink software (https:/ /www.
cog-genomics.org/plink/).

Data and statistical analysis

PMRA genotype calls were merged and loaded onto Plink.
After filtering for Hardy—Weinberg equilibrium (0.001), for
low genotypes (0.01), and for missingness, 736,926 genetic
markers were used for the association analysis using chi-
square test. First, performance associations were analyzed
and sought to stratify athletes by whether they reached the
podium in their respective sport or not (i.e. medalists ver-
sus non-medalists). Second, the presence of injury and its
association with a different genetic profile was analyzed,
comparing athletes with injuries versus those without.
Manhattan plots were employed to represent the p values
of the entire genome-wide association study (GWAS), for
each of the aforementioned analyses. Statistically significant
SNPs were reported at p <103 (suggestive significance) and
p <10-8 (strong genome-wide significance).

Results
Athletic performance

Overall, 3 SNPs were identified that were associated with
athletic performance (podium/medalist versus not) with
genome-wide significance, while 76 SNPs demonstrated
suggestive significance (Figure 1). SNPs associated with
the highest performance were from the genes desmoglein
1 (DSG1) (rs10502567, OR 14.3) and desmoglein 4 (DSG4)
(rs73410248, OR 17.4) (Appendix A, Supplementary Table).
Synaptoporin (SYNPR) (rs58424366, rs2167353, rs938925)
and FA complementation group M (FANCM) (rs4900664,
rs79199322, rs17115860) genes gave positive signal with
multiple SNPs.

Sports injuries

When analyzing sports injuries, 37 SNPs gave suggestively
significant genome-wide association (Figure 2). Among the
top genes significantly associated with injury was pappa-
lysin 2 (PAPPA2) (rs11580456, OR 13.8), while MAS1 proto-
oncogene, G protein-coupled receptor (MASI) (rs220735,
rs170219, OR 3.1) gave positive signal with multiple SNPs
(Appendix B, Supplementary Table).

Injury types

Injuries were divided into four different categories, whereby
an attempt was made to identify potential genetic markers
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Table 1. A synopsis of the athletic cohort that underwent genotyping, stratified into sport, whether they were a medalist (or not) within that sport, whether

they sustained an injury, and the type of injury.

Sport, n Medalist (or no Injury, n Injury type(s) Sport, n Medalist (or no  Injury, n Injury type(s)
medal), n medal), n
Basketball, Medalist, n=0 Injury, n=0 Boxing, n=3 Medalist, n=1 Injury, n=0
n=10 No medal, n=10  Injury, n=6 PT=2, AT=3, ACL=1 No medal, n=2  Injury, n=0
Canoeing, n=7 Medalist, n=0 Injury, n=0 Cycling, n=5 Medalist, n=0 Injury, n=0
No medal, n=7 Injury, n=2 PT=2 No medal, n=5  Injury,n=1  PT=1
Cross country ~ Medalist, n=3 Injury, n=1 PT=1 Decathlon, n=1 Medalist, n=1 Injury, n=1 PT=1
skiing, n=31 No medal, n=28  Injury,n=5  AT=3, PT=1, HS=1 No medal, n=0 Injury, n=0
Discus, n=3 Medalist, n=3 Injury, n=0 Fencing, n=2 Medalist, n=2 Injury, n=1 ACL=1
No medal, n=0 Injury, n=0 No medal, n=0  Injury,n=0
Figure skating, Medalist, n=0 Injury, n=0 Javelin, n=1 Medalist, n=1 Injury, n=1 ACL=1
n=2 No medal, n=2 Injury, n=0 No medal, n=0  Injury,n=0
Judo, n=4 Medalist, n=3 Injury, n=1 HS=1 Rowing, n=8 Medalist, n=7 Injury, n=0
No medal, n=1 Injury, n=1 ACL=1 No medal, n=2  Injury, n=0
Running, n=8  Medalist, n=1 Injury, n=1 HS=1 Sailing, n=3 Medalist, n=0 Injury, n=0
No medal, n=7 Injury, n=5 AT=4, ACL=1 No medal, n=3  Injury, n=0
Ski jump,n=6  Medalist, n=0 Injury, n=0 Speed skating, n=1 Medalist, n=1 Injury,n=1  AT=1
No medal, n=6 Injury, n=1 PT=1 No medal, n=0  Injury,n=0
Swimming, n=5 Medalist, n=1 Injury, n=1 PT=1 Triathlon, n=4 Medalist, n=1 Injury, n=1 AT=1
No medal, n=4 Injury, n=0 No medal, n=3  Injury,n=3 AT=3
Volleyball, Medalist, n=0 Injury, n=0 Weightlifting, n=2 Medalist, n=1 Injury, n=1 PT=1
n=15 No medal, n=15 Injury,n=11  PT=10, AT=1 No medal, n=1  Injury, n=1 PT=1
Wrestling, n=5 Medalist, n=3 Injury, n=1 ACL=1
No medal, n=2 Injury, n=0
PT: patella tendinopathy; AT: Achilles tendinopathy; ACL: anterior cruciate ligament; HS: hamstring injury.
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Figure 1. Manhattan plot representing the p values of the genome-wide association in reaching the podium (medalist) or not.
The orange dots represent p < 10-5 while the red dots represent p < 10-8 (i.e. strong genome-wide significance).

for the specific injury types (Figure 3). A range of genes
demonstrated positive signals, including collagen type
XXII alpha 1 chain (COL22A1) (rs3924862) and plexin A2
(PLXNA2) (rs11799530), as well as PAPPA2 (rs11580456),
docking protein 5 (DOKY) (rs73142922), G protein subu-
nit gamma 12 (GNG12) (rs28435277), and death-associated
protein (DAP) (rs267959, rs2930047, rs1080440, rs267939)
(Appendix C, Supplementary Table). This part of the analy-
sis studied the genetic association with the change in diagno-
sis or injury type (PT, AT, HS, ACL). As a result, the genetic

loci that determine the different types of the injuries were
identified, though the genetic variants that are specific for
any of these four injuries could not be identified.

Discussion

The current exploratory study identified SNPs that were
significantly associated with better performance as a top-
level athlete (medalist or not) and experiencing lower limb
musculoskeletal injury.
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Figure 2. Manhattan plot representing the p values of the genome-wide association in being injured or not.
The orange dots represent p < 10-% while the red dots (N/A) represent p < 10-8 (i.e. strong genome-wide significance).
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Figure 3. Manhattan plot representing the p values of the genome-wide association in identifying genetic markers for the different injury types.
The orange dots represent p < 10-° while the red dots (N/A) represent p < 10-8 (i.e. strong genome-wide significance).

When considering athletic performance, the current study
demonstrated genome-wide associations with both DSG1
and DSG4, with a range of SNPs demonstrating suggestive
significance (including SYNPR and FANCM). DSG1 and
DSG4 are major components of desmosomes that help attach
cells to one another.®® Desmosomes also play a role in the
intercellular communications and mutations, with DSG1 and
DSG4 related to variable diseases caused by cell adhesion
deficiency.3! However, a range of other genetic markers have
previously been linked with elite athletic status,3? with sev-
eral reviews commonly reporting two other gene sequence
variants associated with performance including the angio-
tensin-1 converting enzyme insertion/deletion (ACE I/D)
and a-actinin-3 (ACTN3) R577X polymorphisms.3>-% While
the ACTN3 genotype has been associated with power-ori-
ented athletic performance, ACE I/ has been associated with

endurance performance, with ACE D/D associated with
strength /power performance. While the current study strati-
fied elite athletic performance or success based on whether
the athlete reached the podium or not, as outlined in a review
by Guth and Roth,3* a particular challenge when investigat-
ing the influence of genetic factors is the multifactorial nature
of athletic performance and individual characteristics and
demands of each sport. Ahmetov et al.3? identified gene vari-
ants specifically associated with both endurance and power/
strength athlete status, though they also reported a lack of
research identifying genetic markers associated with other
sport-related phenotypes such as flexibility, coordination,
and athletic temperament. Medalists in the current cohort
came from a range of sports, with varied athletic demands
spanning endurance, strength/power, speed, and coordina-
tion, including cross country skiing, running, swimming,



rowing, triathlon, decathlon, discus, javelin, judo, wrestling,
boxing, fencing, weightlifting, and speed skating.

Injuries reported in the current study were specific to PT,
AT, HS, and ACL. Previous reviews have reported the asso-
ciation between genetic variation and tendon (and/or liga-
ment) injury in general,33® while others have reported its
association to specific conditions such as Achilles pathology*
and ACL rupture risk.?? However, limited (if any) research
exists with respect to the risk of HS and PT injury. In the cur-
rent study, there were no variants that demonstrated strong
genome-wide significance with injury, though a range of
SNPs demonstrated suggestive significance in association
with the injury type (including PAPPA2 and MAS1). PAPPA2
is involved in musculoskeletal diseases and development,
and is a metzincin metalloproteinase that cleaves insulin-
like growth factor (IGF)-binding protein 5 and regulates the
bioavailability of the IGF, also contributing to bone mass
and structure formation, with deficiency of PAPPA2 associ-
ated with short stature, growth problems developmental hip
dysplasia.’’#! PAPPA2-deficient patients have growth failure
with the elevated IGF-1 and IGF-2, while PAPPA?2 deficiency
is accompanied by impaired glucose metabolism and bone
mineral density.#? MAS] is a receptor for angiotensin 1-7 and
is involved in smooth muscle relaxation, cardioprotection,
and regulation of blood pressure.**#> Angiotensin 1-7 is a
product of the ACE2, with ACE2 and angiotensin 1-7 form-
ing a counteracting system against the renin—-angiotensin
system (RAS) and their primary effect is the lowering of the
blood pressure, with MAS1 a receptor for this effect. MAS1 is
related to cardiomyocyte signaling and in thermogenesis.4346

With respect to the analyzed injury categories (AT,
PT, HS, ACL), PAPPA2, DOK5, DAP, and GNG12 exhib-
ited positive associations, as did PLXNA2 and COL22A1.
COL22A1 is responsible for producing collagen, stabilizing
myotendinous junctions and strengthening skeletal mus-
cle attachments during contractions.#’#® These associations
demonstrate that these markers are related to the different
sensitivity for different injury types, but the current study
was unable to identify injury-specific (e.g. ACL-specific)
genetic markers due to the limited sample size. However,
identification of the loci that show unspecific susceptibility
for the injuries provides good rationale and important work
for further studies. These genes have a functional impact on
the integrity and strength of the skeletomuscular system.

While prior research is lacking with respect to HS injury
and PT, DNA sequence variation within the TIMP2, MMP3,
MPP7, FBN2, and COL5A1 genes have previously dem-
onstrated an association with AT and/or Achilles tendon
pathology.”!-% Further to this, Saunders et al.2* reported sig-
nificant genetic interactions between variants within genes
encoding structural components of the extracellular matrix
(TNC, COL27A1) and matrix signaling pathways (IL-6, IL-1b,
CASP8) that may collectively contribute to the genetic risk of
AT. Sequence variation within COL1A1, COL12A1, COL3A1,
COL5A1, and FBN2, across a range of recreational and pro-
fessional sporting cohorts, have previously demonstrated an
association with ACL injury.8-'® O’Connell et al.! reported
significant genetic interactions between variants of COL5A1
and COL12A1 and the risk of ACL injury in females, while
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Rahim et al.* reported that regions within VEGFA and KDR
may be implicated in the pathophysiology of ACL ruptures.
However, Sivertsen et al.*° could not demonstrate an associa-
tion between an array of single nucleotide variant in genes
(COL1A1, COL3A1, COL5A1, COL12A1) encoding for colla-
gen and the risk of ACL injury in a population of elite female
athletes from high-risk team sports in Norway and Finland.

A number of limitations should be acknowledged in the
current study. First, while a strength is the high-performance
nature of the cohort reviewed, this also limited the sample
size and larger, multicenter cohorts that may seek to pool
information across several elite-level National teams would
provide a wider scope for analysis. Furthermore, larger
studies across different populations may be investigated
in time to further ascertain variants associated with both
performance and lower (and upper) limb musculoskeletal
injury risk. Nonetheless, the ORs reported in the current
study still demonstrate relatively large effects. The current
high-level athletic cohort was heavily biased toward males,
though it was heterogeneous given the variety of sports
(and therefore varied demands of each sport) included in
the cohort. While many studies may investigate injury risk
across a broader population, other studies have investi-
gated the risk of a particular injury within a chosen sport,
such as ACL injury risk in soccer players®!? or skiers.!5-18
Again, future studies may seek collaboration and multi-
center pooling of data to permit gender- and sport-specific
analysis. Finally, in the current study, no information was
available on the nature of the injury (such as whether the
ACL rupture was non-contact or contact), while there was
no control group.

Conclusions

The current study identified genetic variants associated with
high-level athletic performance, as well as musculoskeletal
injury. However, the complexity of human performance and
the multifactorial nature of sports, sport performance, and
musculoskeletal injury must be appreciated, while despite
the current findings and existing literature demonstrating
an association between genetic variation and performance/
injury, these associations cannot be employed as predictive
tools. Further work is required to permit integration of this
and future knowledge into talent identification and improved
training practices, as well as injury mitigation and rehabilita-
tion programs specific to the individual’s genetic profile.
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