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Genetic variants and anterior cruciate ligament rupture — Elastin proteins gene
and fibromodulin gene polymorphisms

Abstract

Introduction: Anterior cruciate ligament (ACL) injuries are among the most common ligament injuries of
the knee and often require reconstruction. The etiology of the molecular mechanisms of rupture of the
anterior cruciate ligament (ACL) is poorly understood, and many external and internal factors have been
associated with it, including genetics. This study aimed to investigate the association of sequence
variants in the ELN and FMOD candidate genes with ACL ruptures based on the essential biological
functions of these two proteoglycan-encoding genes in maintaining the structural integrity of tissues and
regulating fibrillogenesis. Material and Methods: The partici-pants consisted of 229 (164 male and 65
female) individuals with a surgically diagnosed ACL rup-ture (ACLR) who qualified for ligament
reconstruction and 192 (107 male and 85 female) healthy participants with no history of ACL injury (CON
group). All 229 participants in the ACLR group sustained injuries through non-contact mechanisms. The
chi-square tests were used for association analysis of ELN rs2071307 and FMOD rs75431748 between the
anterior cruciate ligament rupture (ACLR) group and the control (CON) group. Results: It follows from the
study that the tested group of athletes shows a statistically significantly more frequent AA genotype in
the ELN rs2071307 gene polymorphism than the control group. However, looking at gender, one can
observe that these are significantly more frequent. In the polymorphism of the FMOD rs7543148 gene, a
significantly rarer TT genotype was observed in the study group compared to the control group and,
similarly to the previous polymorphism, the TT genotype was significantly less frequent in the group of
males com-pared to the control group. Conclusions: Genetic research in sports, especially concerning
injuries connected to characteristic polymorphic variants of selected genes, is justified, particularly as
regards gender-homogenous groups.
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Abstract: Introduction: Anterior cruciate ligament (ACL) injuries are among the most common lig-
ament injuries of the knee and often require reconstruction. The etiology of the molecular mecha-
nisms of rupture of the anterior cruciate ligament (ACL) is poorly understood, and many external
and internal factors have been associated with it, including genetics. This study aimed to investigate
the association of sequence variants in the ELN and FMOD candidate genes with ACL ruptures
based on the essential biological functions of these two proteoglycan-encoding genes in maintaining
the structural integrity of tissues and regulating fibrillogenesis. Material and Methods: The partici-
pants consisted of 229 (164 male and 65 female) individuals with a surgically diagnosed ACL rup-
ture (ACLR) who qualified for ligament reconstruction and 192 (107 male and 85 female) healthy
participants with no history of ACL injury (CON group). All 229 participants in the ACLR group
sustained injuries through non-contact mechanisms. The chi-square tests were used for association
analysis of ELN rs2071307 and FMOD rs7543148 between the anterior cruciate ligament rupture
(ACLR) group and the control (CON) group. Results: It follows from the study that the tested group
of athletes shows a statistically significantly more frequent AA genotype in the ELN 52071307 gene
polymorphism than the control group. However, looking at gender, one can observe that these are
significantly more frequent. In the polymorphism of the FMOD rs7543148 gene, a significantly rarer
TT genotype was observed in the study group compared to the control group and, similarly to the
previous polymorphism, the TT genotype was significantly less frequent in the group of males com-
pared to the control group. Conclusions: Genetic research in sports, especially concerning injuries
connected to characteristic polymorphic variants of selected genes, is justified, particularly as re-
gards gender-homogenous groups.

Keywords: elastin proteins, fibromodulin gene, anterior cruciate ligament rapture.
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1. Introduction

Anterior cruciate ligament (ACL) injuries are among the most common ligament in-
juries of the knee and often require reconstruction [1,2]. The etiopathogenesis of these in-
juries mainly focuses on the mechanism of injury, the patient's sex, and anatomical factors
as predisposing factors. Most ACL tears are caused by the mechanism of non-contact val-
gus hyperextension, although direct trauma may also be the cause. Various intrinsic and
extrinsic risk factors predispose a person to ACL rupture, although knee injury is neces-
sary. External risk factors include the playing surface, type of sport, activity level, weather
conditions, type of footwear, and protective equipment used. Intrinsic risk factors include
age, gender, anatomical risk factors (e.g., knee geometry, notch width, Q angle, tibial
slope, pelvic tilt, generalized/anterior knee laxity, body mass index, foot pronation, ACL
size), neuromuscular and cognitive factors, hormonal factors and genetic factors [3,4].

The etiology of the molecular mechanisms of rupture of the anterior cruciate ligament
(ACL) is poorly understood, and many external and internal factors have been associated
with it, including genetics [5-7]. Polymorphic variants within several collagen-encoding
genes that regulate the formation of collagen fibrils, the basic building blocks of ligaments,
are associated with ACL rupture [7-10]. In sports that require rapid changes of direction
and/or release, such as cuts, spins, and landings, the risk of ACL rupture is increased [11].
In addition, proteoglycans, biglycan, decorin, fibromodulin, and lumican play an essential
structural role in ligaments and regulate fibrillogenesis [12]. These components work to-
gether to improve the knee's dynamic, flexible and biomechanical properties for practical
function.

At first, we examined the polymorphism of the elastin protein ELN gene, taking into
account its roles and clinical significance. Elastin proteins ELN contribute to the elasticity
of tendons and ligaments, allowing them to stretch and return to their original state. ELNs
play an important supporting role in musculoskeletal tissues and are expressed in places
where mechanical energy is stored [13]. The rs2071307 ELN gene variant is associated with
other multifactorial ECM conditions, such as aortic stenosis [10] and aortic aneurysm [14].
Interestingly, the rs2071307 ELN variant is located in exon 20 of the gene and is a non-
synonymous SNP. It is predicted to be harmful because it replaces the hydrophobic amino
acid glycine with a hydrophilic serine residue. This substitution can disrupt the integrity
of microfibrils, making them more susceptible to damage [18]. This variant may predis-
pose people to soft tissue damage during physical activity [15].

As we know, ACL injury is polygenic and multifactorial; therefore, the genetic anal-
ysis of the fibromodulin gene (FMOD) was chosen in this study. The FMOD fibromodulin
gene is located on chromosome 1q32 [16]. Fibromodulin belongs to the family of leucine-
rich proteoglycans [17]. It was first identified as a collagen-binding molecule widely dis-
tributed in connective tissues, especially cartilage [18]. However, FMOD gene has not
been associated with any multifactorial conditions until today [16].

This study aimed to investigate the association of sequence variants in the ELN and
FMOD candidate genes with ACL ruptures based on the essential biological functions of
these two proteoglycan-encoding genes in maintaining the structural integrity of tissues
and regulating fibrillogenesis.

2. Materials and Methods

2.1. Participants

A total of 421 physically active, unrelated Caucasian, self-referred participants were
recruited for this follow-up genetic association study between 2009 and 2016. These par-
ticipants consisted of 229 (164 male and 65 female) individuals with a surgically diagnosed
ACL rupture (ACLR) who qualified for ligament reconstruction and 192 (107 male and 85
female) healthy participants with no history of ACL injury (CON group). All 229 partici-
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pants in the ACLR group sustained injuries through non-contact mechanisms. The partic-
ipants of the ACLR were footballers (164 men and 65 women) from the Polish 1st, 2nd and
3rd football leagues (training for 11-14 hours a week). The control group consisted of
healthy participants, mainly football players (107 men and 85 women), with no history of
ligament or tendon injuries. All male participants (ACLR and CON groups) were from
the same football teams, of the same ethnicity (self-reported, all Poles, Eastern Europeans
>3 generations), of similar age (ACLR group = 26 + 4 years old, the control group =25+ 3
years old) and had a comparable level of exposure to the risk of ACL injury (same volume
and intensity of training and match play). The ACLR participants (aged 25 + 4 years) were
football players of the 1st league of Polish football (training for 10-12 hours a week) and
amateur skiers. Participants from the CON group (aged 29 + 2 years) were recruited from
sports clubs and wellness centres (physical activity of minimum 7 hours a week).

2.2. Procedure

The procedures used in the study were ethically conducted following the World
Medical Association’s Declaration of Helsinki and ethical standards in sport and exercise
research. The Pomeranian Medical University Ethics Committee approved the study in
Szczecin (approval number 09/KB/IV/2011). All participants received written information
about the study, including the purpose, procedures, risks, and benefits from participation.
After assuring the participant had understood the provided information, each gave writ-
ten informed consent. Experimental procedures were performed following the Strength-
ening the Reporting of Genetic Association studies (STREGA) statement.

DNA was extracted from buccal cells with sterile foam tip applicators (Puritan, USA)
using the GenElute Mammalian Genomic DNA Miniprep Kit (Sigma, Germany) accord-
ing to the manufacturer's protocol. To discriminate ELN 752071307 and FMOD rs7543148
alleles, a TagMan Pre-Designed SNP Genotyping Assay(Applied Biosystems) (assay ID:
C 8787735 1, C 16182844 10, C 11844394 10, respectively) was used, and all samples were
genotyped in duplicate on a StepOne Real-Time Polymerase Chain Reaction (RT-PCR)
instrument (Applied Biosystems, USA).

2.3. Statistical Analysis

The chi-square tests were used for association analysis of ELN rs2071307 and FMOD
157543148 between the anterior cruciate ligament rupture (ACLR) and control (CON)
groups. All calculations were performed using STATISTICA 13 (Tibco Software Inc., Palo
Alto, CA, USA) for Windows (Microsoft Corporation, Redmond, WA, USA) and the CATT
package in R for Cochran-Armitage trend test.

3. Results

The frequency distributions accorded with the HWE (Hardy-Weinberg Equilibrium).
A statistically significant deviation from the Hardy-Weinberg Equilibrium law was
demonstrated in men with ACLR for the ELN rs2071307 polymorphism. However, for all
people with ACLR and for women with ACLR and the control group, as well as for the
control group by sex, the frequency of the ELN rs2071307 polymorphism does not differ
from the Hardy-Weinberg Equilibrium law. Also, for the FMOD rs7543148 polymor-
phism, a deviation from the Hardy-Weinberg Equilibrium law was observed in all ACLR
subjects and in ACLR males. However, in women with ACLR, the control group, and the
control group, the frequency of the FMOD rs7543148 polymorphism does not differ from
the Hardy-Weinberg Equilibrium law (Table 1).

The analysis of the associations of ELN rs2071307 polymorphisms of the examined
group of all participants between the anterior cruciate ligament rupture (ACLR) group
and the control (CON) group showed statistically insignificant differences (G / G 22.4%
vs. G/ G372%; G/ A56.1%vs. G/ A508%, A/A21.5%vs. A/ A12%, x>*=13.78; p =
0.00109). Statistically significant differences in incidence were observed in alleles for ELN
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52071307 between all the anterior cruciate ligament rupture (ACLR) groups and the con-
trol (CON) group (G 50.4% vs. G 62.6%, A 49.6% vs. A 37.4%, x*>=12.40, p = 0.00043, Table
1). The analysis of the associations of ELN rs2071307 polymorphisms of the examined
group of male participants between the anterior cruciate ligament rupture (ACLR) group
and the control (CON) group showed statistically insignificant differences (G / G 18.4%
vs. G/ G374%; G/ A57.7% vs. G/ A53.3%, A/ A239% vs. A/ A93%, x2=16.76;p =
0.00023). Statistically significant differences in incidence were observed in alleles for ELN
152071307 between the male anterior cruciate ligament rupture (ACLR) group and the
control (CON) group (G 47.2% vs. G 58.9%, A 52.8% vs. A 41.1%, x*> ="7.01, p = 0.00810,
Table 1). The analysis of the associations of ELN rs2071307 polymorphisms of the exam-
ined group of female participants between the anterior cruciate ligament rupture (ACLR)
group and the control (CON) group showed statistically insignificant differences (G / G
32.3% vs. G/ G 36.9%; G/ A52.3%vs. G/ A47.6%, A/ A154% vs. A/ A15.5%, x2=0.38;
p = 0.82518). Statistically significant differences in incidence were observed in alleles for
ELN 152071307 between the female anterior cruciate ligament rupture (ACLR) group and
the control (CON) group (G 58.5% vs. G 60.7%, A 41.5% vs. A 39.3%, x2=0.15, p = 0.69415,
Table 1).

The analysis of the associations of FMOD rs7543148 polymorphisms of the examined
group of all participants between the anterior cruciate ligament rupture (ACLR) group
and the control (CON) group showed statistically insignificant differences (C/ C 9.2% vs.
C/C42%; C/T29.8% vs.C/T24.6%, T/ T61%vs.T/T71.2%, x2=6.48; p =0.03919).
Statistically significant differences in incidence were observed in alleles for FMOD
57543148 between all the anterior cruciate ligament rupture (ACLR) groups and the con-
trol (CON) group (C 24.1% vs. C 16.5%, T 75.9% vs. T 83.5%, x2=5.90, p = 0.01502, Table
1). The analysis of the associations of FMOD rs7543148 polymorphisms of the examined
group of male participants between the anterior cruciate ligament rupture (ACLR) group
and the control (CON) group showed statistically insignificant differences (C / C 10.4%
vs.C/C2.8%;C/T288%vs.C/T21.5%,T/T60.7% vs.T/T75.7%, x2=8.58; p=0.01358).
Statistically significant differences in incidence were observed in alleles for FMOD
157543148 between the male anterior cruciate ligament rupture (ACLR) group and the
control (CON) group (C 24.8% vs. C 15.%, T 75.2% vs. T 85%, x?="7.64, p = 0.00570, Table
1). The analysis of the associations of FMOD rs7543148 polymorphisms of the examined
group of female participants between the anterior cruciate ligament rupture (ACLR)
group and the control (CON) group showed statistically insignificant differences (C / C
6.2% vs. C /[ C 6%; C/323% vs. C/ T 28.6%, T/T61.5% vs. T/T 654%, x2=0.26; p =
0.87768). Statistically significant differences in incidence were observed in alleles for ELN
52071307 between the female anterior cruciate ligament rupture (ACLR) group and con-
trol (CON) group (C 22.3% vs. C 20.2%, T 77.7% vs. T 79.8%, x2=0.19, p = 0.66424, Table 1).
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Table 1. Genotype and minor allele frequency distributions of the ELN 52071307 and FMOD rs7543148 variants in all participants as well as male and female
participants only between the control (CON) group and anterior cruciate ligament rupture (ACLR) group in a Polish Caucasian cohort.

All Male Female
ACLR CON x (p-value) ACLR CON x (p-value) ACLR CON x (p-value)

ELN n 228 191 13.78 163 107 16.76 65 84 0.38
rs2071307 | GG 51 (22.4%) 71 (37.2%) 0.00109 30 (18.4%) 40 (37.4%)) | 0.00023 21 (32.3%) 31 (36.9%) 0.82518

GA 128 (56.1%) | 97 (50.8%) 94 (57.7%) 57 (53.3%) 34 (52.3%) 40 (47.6%)

AA 49 (21.5%) 23 (12%) 39 (23.9%) 10 (9.3%) 10 (15.4%) 13 (15.5%)

G allele 230 (50.4%) | 239 (62,6%) | 12.40 154 (47.2%) 126 (58.9%) | 7.01 76 (58.5%) 102 (60.7%) 0.15

A allele 226 (49.6%) | 143 (37.4%) | 0.00043 172 (52.8%) 88 (41.1%) 0.00810 54 (41.5%) 66 (39.3%) 0.69415

HWE 3.44 1.35 4,01 2.61 0.39 0,0003

x (p-value) 0.063503 0.244674 0.045158 0.105885 0.534746 0.986965
FMOD N 228 191 6.48 163 107 8.58 65 84 0.26
rs7543148 | CC 21 (9.2%) 8 (4.2%) 0.03919 17 (10.4%) 3(2.8%) 0.01358 4 (6.2%) 5 (6%) 0.87768

CT 68 (29.8%) | 47 (24.6%) 47 (28.8%) 23 (21.5%) 21 (32.3%) 24 (28.6%)

TT 139 (61%) 136 (71.2%) 99 (60.7%) 81 (75.7%) 40 (61.5%) 55 (65.4%)

C allele 110 (24.1%) | 63 (16.5%) 5.9 81 (24.8%) 32 (15%) 7.64 29 (22.3%) 34 (20.2%) 0.19

T allele 346 (75.9%) | 319 (83.5%) | 0.01502 245 (75.2%) 182 (85%) 0.00570 101 (77.7%) | 134 (79.8%) 0.66424

HWE 7.83 2.17 8.47 0.72 0.30 111

x (p-value) 0.005146 0.140564 0.003615 0.393031 0.583857 0.291831
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4. Discussion

It can be seen from the obtained study results that the tested group of athletes in the
ELN rs2071307 gene polymorphism shows a statistically significantly more frequent AA
genotype than the control group (Table 1). However, looking at gender, these significantly
more frequent differences occur only in the group of men compared to the male control
group (Table 1).

A significantly rarer genotype was observed in the study group in the same polymor-
phism compared to the control group. As before, it was significantly less frequent in the
male study group compared to the male control group.

However, in the polymorphism of the FMOD rs7543148 gene, a significantly rarer TT
genotype was observed in the study group compared to the control group and, similarly
to the previous polymorphism, the TT genotype was significantly less frequent in the
group of males compared to the male control group.

As can be seen in the presented results, although only two genes and their polymor-
phic variants were studied, statistically significant results were obtained, especially in the
group of men.

It is widely acknowledged that some individuals are naturally gifted with specific
physical attributes that, in turn, are related to athletic performance [19]. In some cases,
gifted individuals come from talented families, suggesting that genetics is partly respon-
sible for the physical, physiological or anthropometric characteristics needed for athletic
success [20]. Indeed, an elite athlete status is partly inherited, with twin studies suggesting
that 30-80% of the variance in this trait is explained by hereditary factors [21].

Due to the nature of the competition and the physiological demands placed on the
body, there is an inherent risk of injury for athletes [22-24]. Just as much as we are inter-
ested in the genetic determinants of sports championships, we are, or maybe even more,
interested in whether there are genetic determinants of the risk of injury in an athlete.

Ligament injuries are common, especially in the ACL (25-50% of knee ligament inju-
ries; incidence rate 1 in 3,000 population per year in the United States and Europe) [25].
ACL injuries mainly result from sports activity (65%) in the young population (70% of
affected patients aged 20-35) and occur as chronic tissue degeneration in the ageing pop-
ulation, resulting in a weakening of the musculoskeletal system and potentially leading
to osteoarthritis [25,26].

Over the past 2 decades, several researchers have studied genetic factors that may
predispose to ACL rupture. These tests have evolved from simple familial predisposition
tests to more complex gene association studies [27-43]. Most studies of genetic predispo-
sition to ACL rupture have focused on single nucleotide polymorphisms (SNPs). SNPs
are the most common type of genetic variability observed among individuals; each SNP
represents a single nucleotide difference. 2 Type 1 collagen is the main component of ACL
6; therefore, early studies looked at SNPs involving the COL1 (type 1 collagen) gene [39,
45]. Other genes have also been investigated in later studies, including the COL12, COLS5,
COL3, COL6, MMP (matrix metalloproteinase) and ECM (extracellular matrix) genes [46].

Of course, it should be emphasized that ALC is not conditioned by monogenic and
unifactorial factors. Many genes that predispose to the risk of ACL injuries have been
studied. It is interesting to see how different genes and their polymorphs have been stud-
ied in this regard. Posthumus et al. [37] conducted a study to determine whether variant
BstUI and Dpnll [RFLP] restriction fragment length polymorphisms within the COL5A1
gene are associated with an increased risk of anterior cruciate ligament rupture and (2)
whether there are any positive sex-specific associations between the 2 sequence variants
COL5A1 and the risk of anterior cruciate ligament rupture. In total, they examined 129
people diagnosed with ACL injuries and 216 people from the control group. They found
a significant difference in BstUI RFLP genotype frequency between ACL rupture and
physically active controls among female participants but not among males. Participants'
CC genotype was significantly underrepresented in the anterior cruciate ligament torn
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group compared to controls (27.4% vs 5.6%; odds ratio = 6.6; 95% confidence interval, 1.5~
29.7; p =0.006). There was no difference in the Dpnll RFLP genotype distribution between
the anterior cruciate ligament rupture groups and the physically active control groups
[37].

O'Connell et al. [36] genotyped 333 patients with ACL injuries and 378 healthy con-
trols (both South African and Polish) for COL3A1 rs1800255 (G/A), COL5A1 rs12722 (T/C),
COL6A1 rs35796750 (T/C) and COL12A1 rs970547 (A/G ). They found no significant asso-
ciations between the COL6A1 rs35796750 and COL3A1 rs1800255 genotypes and ACL tear
risk in the South African cohort; however, the COL3A1 AA genotype was significantly
(P =0.036) overrepresented in the Polish ACL injury group compared to the control group
[36].

Malila et al. [34] evaluated 86 patients with ACL tears and 100 healthy controls with
no history of ligament/tendon injury for an association between the -1612 5A/6A polymor-
phism of the MMP3 gene and a predisposition to tearing the ACL. They observed that the
frequencies of the 5A+ genotype (5A/5A, 5A/6A) and the 5A allele were significantly
higher in contact sports players compared to non-contact sports players [34].

Mannion et al. [35] genotyped 227 ACL tear patients and 234 healthy controls for 10
polymorphisms in 5 genes encoding 5 proteoglycans. The proteoglycan molecules whose
genes were tested were aggrecan — ACAN, biglycan — BGN, decorin — DCN, fibromodulin
—FMOD, and lumican — LUM. Haplotypes were also constructed for specific regions. The
authors observed that the G allele of ACAN rs1516797 was significantly underrepresented
in the controls compared with the ACL group (P = .024). For DCN rs516115, the GG gen-
otype was overrepresented considerably in female controls (P = .015) compared to the
ACL group, and the AA genotype was significantly underrepresented in the control
group (P =.013) compared to a subgroup of women with non-contact ACL injuries. Hap-
lotype analyses implicated regions overlapping ACAN (rs2351491 C>T-rs1042631 T>C-
rs1516797 T>G), BGN (rs1126499 C>T-rs1042103 G>A), and LUM-DCN (rs2268578 T>C-
rs13312816 A>T-rs516115 A>G) in the ACL tear predisposition. Based on the independent
associations and the haplotype analysis, the authors postulated that regions within
ACAN, BGN, and DCN and a region spanning LUM-DCN are positively associated with
ACL tear susceptibility [35].

Khoury et al. [32] genotyped 141 ACL cases and 219 controls for the ELN rs2071307
and FBN2 rs331079 variants. The ELN rs207137 variant was not associated with an ACL
tear. However, the frequency of the G allele was significantly different between the ACL
group (OR =1.76 [95% CI, 1.00-3.10]; P = .047) and the controls. The DNA sequence vari-
ation within the FBN2 gene is associated with ACL tears [32].

As can be seen, researchers analyze various genes in case-control studies and haplo-
type analyses. The results seem promising, but it should be emphasized that in this study
it was noticed that the gender difference might be significant. As in the presented study —
looking at gender, it can be observed that these significantly more frequent differences
occur only in the group of men compared to the male control group (Table 1). Of course,
one should remain critical of these results and consider it justified to research even larger
groups, considering a larger number of tested genes.

5. Conclusions

Genetic research in sports, especially concerning injuries connected to characteristic
polymorphic variants of selected genes, is justified, particularly on gender-homogenous
groups.

References

1.  Majewski M, Susanne H, Klaus S. Epidemiology of Athletic Knee Injuries: A 10-Year Study.
Knee. 2006;13:184-188. DOI: 10.1016/]. KNEE.2006.01.005

2. Corry II, Webb ]. Injuries of the sporting knee. Br ] Sports Med. 2000;34:395. DOI:
10.1136/BJSM.34.5.395


http://doi.org/10.1016/J.KNEE.2006.01.005
http://doi.org/10.1136/BJSM.34.5.395

Balt ] Health Phys Act. 2023;15(2):Article3.

8 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Smith HC, Vacek P, Johnson RJ, Slauterbeck JR, Hashemi J, Shultz S, Beynnon BD. Risk factors
for anterior cruciate ligament injury: A review of the literature — Part 2: Hormonal, genetic, cog-
nitive function, previous injury, and extrinsic risk factors. Sports Health. 2012;4:155-161. DOL
10.1177/1941738111428282

Stepien-Slodkowska M, Ficek K, Eider ], Leonska-Duniec A, Maciejewska-Karlowska A, Saw-
czuk M, Zarebska A, Jastrzebski Z, Grenda A Kotarska K, Cieszczyk P. The +1245g/t polymor-
phisms in the collagen type I alpha 1 (collal) gene in Polish skiers with anterior cruciate liga-
ment injury. Biol Sport. 2013;30:57-60. DOI: 10.5604/20831862.1029823

Harner C., Paulos LE, Greenwald AE, Rosenberg TD, Cooley VC. Detailed analysis of patients
with bilateral anterior cruciate ligament injuries. Am ] Sports Med. 1994;22:37-43. DOI:
10.1177/036354659402200107

Flynn RK, Pedersen CL, Birmingham TB, Kirkley A, Jackowski D, Fowler PJ. The familial pre-
disposition toward tearing the anterior cruciate ligament: A case control study. Am ] Sports
Med. 2005;33:23-28. DOI: 10.1177/0363546504265678

Khoschnau S, Melhus H, Jacobson A, Rahme H, Bengtsson H, Ribom E, Grundberg E, Mallmin H,
Michaélsson K. Type I collagen Alphal Sp1 polymorphism and the risk of cruciate ligament ruptures
or shoulder dislocations. Am ] Sports Med. 2008;36:2432-2436. DOI: 10.1177/0363546508320805
Posthumus M, September AV, O’Cuinneagain D, van der Merwe W, Schwellnus MP, Collins
M. The COL5A1 gene is associated with increased risk of anterior cruciate ligament ruptures in
female participants. Am ] Sports Med. 2009;37:2234-2240. DOI: 10.1177/0363546509338266
Posthumus M, September AV, Keegan M, O’Cuinneagain D, van der Merwe W, Schwellnus
MP, Collins M. Genetic risk factors for anterior cruciate ligament ruptures: COL1A1 gene vari-
ant. Br J Sports Med. 2009;43:352-356. DOI: 10.1136/BJSM.2008.056150

Posthumus M, September AV, O’Cuinneagain D, van der Merwe W, Schwellnus MP, Collins
M. The association between the COL12A1 gene and anterior cruciate ligament ruptures. Br ]
Sports Med. 2010;44:1160-1165. DOI: 10.1136/BJSM.2009.060756

Parkkari J, Pasanen K, Manila VM, Kannus P, Rimpela A. The Risk for a cruciate ligament injury
of the knee in adolescents and young adults: A population-based cohort study of 46 500 people
with a 9 year follow-up. Br ] Sports Med. 2008;42:422—426. DOI: 10.1136/BJSM.2008.046185
Chen S, Birk DE. The regulatory roles of small leucine-rich proteoglycans in extracellular matrix
assembly. FEBS J. 2013;280:2120-2137. DOI: 10.1111/FEBS.12136

Gosline J, Lillie M, Carrington E, Guerette P, Ortlepp C, Savage K. Elastic proteins: Biological
roles and mechanical properties. Philos Trans R Soc Lond B Biol Sci. 2002;357:121-132.

Niu W, Qi Y. Matrix metalloproteinase family gene polymorphisms and risk for coronary artery
disease: Systematic review and meta-analysis. Heart. 2012;98:1483-1491. DOI: 10.1136/heartjnl-
2012-302085

Ng PC, Henikoff S. SIFT: Predicting amino acid changes that affect protein function. Nucleic
Acids Res. 2003.

Mannion S, Mtintsilana A, Posthumus M, van der Merwe W, Hobbs H, Collins M, September
AV. Genes encoding proteoglycans are associated with the risk of anterior cruciate ligament
ruptures. Br ] Sports Med. 2014;48:1640-1646. DOI: 10.1136/BJSPORTS-2013-093201

Plaas AH, Neame PJ, Nivens CM, Reiss L. Identification of the keratan sulfate attachment sites
on bovine fibromodulin. ] Biol Chem. 1990,265:20634—-20640. DOI: 10.1016/50021-9258(17)30550-1
Hedbom E, Heinegard D. Interaction of a 59-KDa connective tissue matrix protein with collagen
I'and collagen II. ] Biol Chemistry. 1989;264:6898-6905. DOI: 10.1016/50021-9258(18)83516-5
Williams AM, Reilly T. Talent identification and development in soccer. ] Sports Sci.
2000;18:657-667. DOI: 10.1080/02640410050120041

Moran CN, Pitsiladis YP. Tour de France champions born or made: Where do we take the ge-
netics of performance? J Sports Sci. 2017;35:1411-1419. DOI: 10.1080/02640414.2016.1215494

de Moor MHMV, Spector TD, Cherkas LF, Falchi M, Hottenga ]J, Boomsma DI, de Geus E]JC.
Genome-wide linkage scan for athlete status in 700 British female DZ twin pairs. Twin Res Hum
Genet. 2007;10:812-820. DOI: 10.1375/TWIN.10.6.812

Myer GD, Faigenbaum AD, Ford KR, Best TM, Bergeron MF, Hewett TE. When to initiate inte-
grative neuromuscular training to reduce sports-related injuries in youth? Curr Sports Med Rep.
2011;10:155. DOI: 10.1249/JSR.0B013E31821B1442

Dehaven KE, Lintner DM. Athletic injuries: Comparison by age, sport, and gender. Am J Sports
Med. 1986;14:218-224. DOI: 10.1177/036354658601400307

Pfeifer CE, Beattie PF, Sacko RS, Hand A. Risk factors associated with non-contact anterior cru-
ciate ligament injury: A systematic review. Int ] Sports Phys Ther. 2018;13:575. DOI:
10.26603/ijspt20180575


http://doi.org/10.1177/1941738111428282
http://doi.org/10.5604/20831862.1029823
http://doi.org/10.1177/036354659402200107
http://doi.org/10.1177/0363546504265678
http://doi.org/10.1177/0363546508320805
http://doi.org/10.1177/0363546509338266
http://doi.org/10.1136/BJSM.2008.056150
http://doi.org/10.1136/BJSM.2009.060756
http://doi.org/10.1136/BJSM.2008.046185
http://doi.org/10.1111/FEBS.12136
http://doi.org/10.1136/heartjnl-2012-302085
http://doi.org/10.1136/heartjnl-2012-302085
http://doi.org/10.1136/BJSPORTS-2013-093201
http://doi.org/10.1016/S0021-9258(17)30550-1
http://doi.org/10.1016/S0021-9258(18)83516-5
http://doi.org/10.1080/02640410050120041
http://doi.org/10.1080/02640414.2016.1215494
http://doi.org/10.1375/TWIN.10.6.812
http://doi.org/10.1249/JSR.0B013E31821B1442
http://doi.org/10.1177/036354658601400307
http://doi.org/10.26603/ijspt20180575

Balt ] Health Phys Act. 2023;15(2):Article3.

9 of 11

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Kaeding CC, Léger-St-Jean B, Magnussen RA. Epidemiology and diagnosis of anterior cruciate
ligament injuries. Clin Sports Med. 2017;36:1-8. DOI: 10.1016/].CSM.2016.08.001

Segawa H, Omori G, Koga Y. Long-term results of non-operative treatment of anterior cruciate
ligament injury. Knee. 2001;8:5-11. DOI: 10.1016/S0968-0160(00)00062-4

Ficek K, Cieszczyk P, Kaczmarczyk M, Maciejewska-Karlowska A, Sawczuk M, Cholewinski J,
Leonska-Duniec A, Stepien-Slodkowska M, Zarebska A, Stepto NK, et al. Gene variants within
the COL1A1 gene are associated with reduced anterior cruciate ligament injury in professional
soccer players. ] Sci Med Sport. 2013;16:396-400. DOI: 10.1016/J.JSAMS.2012.10.004

Ficek K, Stepien-Slodkowska M, Kaczmarczyk M, Maciejewska-Karlowska A, Sawczuk M,
Cholewinski J, Leonska-Duniec A, Zarebska A, Cieszczyk P, Zmijewski P. Does the A9285G
polymorphism in collagen type XII a1 gene associate with the risk of anterior cruciate ligament
ruptures? Balkan Journal of Medical Genetics. 2014;17:41. DOI: 10.2478/BJMG-2014-0022

Flynn RK, Pedersen CL, Birmingham TB, Kirkley A, Jackowski D, Fowler PJ. The familial pre-
disposition toward tearing the anterior cruciate ligament: A case control study. Am ] Sports
Med. 2005;33:23-28. DOI: 10.1177/0363546504265678

Harner CD, Paulos LE, Greenwald AE, Rosenberg TD, Cooley VC. Detailed analysis of patients
with bilateral anterior cruciate ligament injuries. Am ] Sports Med. 1994;22:37-43. DOI:
10.1177/036354659402200107

Johnson ]S, Morscher MA, Jones KC, Moen SM, Klonk CJ, Jacquet R, Landis W]. Gene Expres-
sion differences between ruptured anterior cruciate ligaments in young male and female sub-
jects. ] Bone Joint Surg Am. 2015;97:71-79. DOI: 10.2106/JBJS.N.00246

El Khoury L, Posthumus M, Collins M, van der Merwe W, Handley C, Cook J, Raleigh SM. ELN
and FBN2 gene variants as risk factors for two sports-related musculoskeletal injuries. Int J
Sports Med. 2015;36:333-337. DOI: 10.1055/5-0034-1390492

Khoschnau S, Melhus H, Jacobson A, Rahme H, Bengtsson H, Ribom E, Grundberg E, Mallmin
H, Michaélsson K. Type I collagen alphal Sp1 polymorphism and the risk of cruciate ligament
ruptures or shoulder dislocations. Am ] Sports Med. 2008;36:2432-2436. DOIL:
10.1177/0363546508320805

Malila S, Yuktanandana P, Saowaprut S, Jiamjarasrangsi W, Honsawek S. Association between
matrix metalloproteinase-3 polymorphism and anterior cruciate ligament ruptures. Genet Mol
Res. 2011;0:4158-4165. DOI: 10.4238/2011.0CTOBER.31.1

Mannion S, Mtintsilana A, Posthumus M, van der Merwe W, Hobbs H, Collins M, September
AV. Genes encoding proteoglycans are associated with the risk of anterior cruciate ligament
ruptures. Br ] Sports Med. 2014;48:1640-1646. DOI: 10.1136/BJSPORTS-2013-093201

O'Connell K, Knight H, Ficek K, Leonska-Duniec A, Maciejewska-Karlowska A, Sawczuk M,
Stepien-Slodkowska M, O'Cuinneagain D, van der Merwe W, Posthumus M, et al. Interactions
between collagen gene variants and risk of anterior cruciate ligament rupture. Eur J Sport Sci.
2015;15:341-350. DOI: 10.1080/17461391.2014.936324

Posthumus M, September AV, O’'Cuinneagain D, van der Merwe W, Schwellnus MP, Collins M.
The COL5A1 gene is associated with increased risk of anterior cruciate ligament ruptures in
female participants. Am ] Sport Med. 2009;37:2234-2240. DOI: 10.1177/0363546509338266
Posthumus M, Collins M, van der Merwe L, O’Cuinneagain D, van der Merwe W, Ribbans W],
Schwellnus MP, Raleigh SM. Matrix metalloproteinase genes on chromosome 11q22 and the
risk of anterior cruciate ligament (acl) rupture. Scand ] Med Sci Sports. 2012;22:523-533. DOL
10.1111/].1600-0838.2010.01270.X

Posthumus M, September AV, Keegan M, O’Cuinneagain D, van der Merwe W, Schwellnus
MP, Collins M. Genetic risk factors for anterior cruciate ligament ruptures: COL1A1 gene vari-
ant. Br ] Sports Med. 2009;43:352-356. DOI: 10.1136/BJSM.2008.056150

Posthumus M, September AV, O’Cuinneagain D, van der Merwe W, Schwellnus MP, Collins
M. The association between the COL12A1 gene and anterior cruciate ligament ruptures. Br J
Sports Med. 2010;44:1160-1165. DOI: 10.1136/BJSM.2009.060756

Stepien-Slodkowska M, Ficek K, Kaczmarczyk M, Maciejewska-Karlowska A, Sawczuk M,
Leonska-Duniec A, Stepinski M, Zietek P, Krol P, Chudecka M, et al. The Variants within the
col5al gene are associated with reduced risk of anterior cruciate ligament injury in skiers. ] Hum
Kinet. 2015;45:103-111. DOLI: 10.1515/HUKIN-2015-0011

Stepien-Slodkowska M, Ficek K, Maciejewska-Karlowska A, Sawczuk M, Zietek P, Krol P, Zmi-
jewski P, Pokrywka A, Cieszczyk P. Overrepresentation of the COL3A1 AA genotype in Polish
skiers with anterior cruciate ligament injury. Biol Sport. 2015;32:143-147. DOL
10.5604/20831862.1144416


http://doi.org/10.1016/J.CSM.2016.08.001
http://doi.org/10.1016/S0968-0160(00)00062-4
http://doi.org/10.1016/J.JSAMS.2012.10.004
http://doi.org/10.2478/BJMG-2014-0022
http://doi.org/10.1177/0363546504265678
http://doi.org/10.1177/036354659402200107
http://doi.org/10.2106/JBJS.N.00246
http://doi.org/10.1177/0363546508320805
http://doi.org/10.1177/0363546508320805
http://doi.org/10.4238/2011.OCTOBER.31.1
http://doi.org/10.1080/17461391.2014.936324
http://doi.org/10.1080/17461391.2014.936324
http://doi.org/10.1177/0363546509338266
http://doi.org/10.1111/J.1600-0838.2010.01270.X
http://doi.org/10.1136/BJSM.2008.056150
http://doi.org/10.1136/BJSM.2009.060756
http://doi.org/10.1515/HUKIN-2015-0011
http://doi.org/10.5604/20831862.1144416

Balt ] Health Phys Act. 2023;15(2):Article3. 10 of 11

43.  Smith HC, Vacek P, Johnson RJ, Slauterbeck JR, Hashemi J, Shultz S, Beynnon BD. Risk factors
for anterior cruciate ligament injury: A review of the literature — Part 1: Neuromuscular and
anatomic risk. Sports Health. 2012;4:69-78. DOI: 10.1177/1941738111428281


http://doi.org/10.1177/1941738111428281

Balt ] Health Phys Act. 2023;15(2):Article3. 11 of 11

Author Contributions: Study Design, EL, JZ, AL, EG, AS-P, MSa and MSt; Data Collection, EL, JZ, AL, EG, AS-P, MSa and MSt;
Statistical Analysis, EL, JZ, AL, EG, AS-P, MSa and MSt; Data Interpretation, EL, JZ, AL, EG, AS-P, MSa and MSt; Manuscript
Preparation, EL, JZ, AL, EG, AS-P, MSa and MSt; Literature Search, EL, JZ, AL, EG, AS-P, MSa and MSt. All authors have read
and agreed to the published version of the manuscript.

Acknowledgement: The article was written during a scientific training session in the Institute of Physical Culture Sciences,
University of Szczecin.

Funding: This research received no external funding.

Institutional Review Board Statement: The procedures used in the study were ethically conducted following the World Medical
Association’s Declaration of Helsinki and ethical standards in sport and exercise research. The Pomeranian Medical University
Ethics Committee approved the study in Szczecin (approval number 09/KB/IV/2011). Experimental procedures were performed
following the Strengthening the Reporting of Genetic Association studies (STREGA) statement.

Informed Consent Statement: All participants received written information about the study, including the purpose, procedures,
risks, and benefits from participation. After assuring the participant had understood the provided information, each gave written
informed consent.

Data Availability Statement: Data available from the corresponding author on request.

Conflicts of Interest: The authors declare no conflict of interest.



	Genetic variants and anterior cruciate ligament rupture – Elastin proteins gene and fibromodulin gene polymorphisms
	Recommended Citation

	Genetic variants and anterior cruciate ligament rupture – Elastin proteins gene and fibromodulin gene polymorphisms
	Abstract
	Keywords
	Creative Commons License
	Cover Page Footnote
	Authors

	tmp.1687945203.pdf.c3_yd

