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Objectives: Anterior cruciate ligament rupture (ACLR)  is a common and severe knee injury which 

typically occurs as a result of sports participation, primarily via a non-contact mechanism. A number 

of extrinsic and intrinsic risk factors, including genetics, have been identified thus far. Matrix 

metalloproteinases (MMPs) and tissue inhibitors of metalloproteases (TIMPs) play a crucial role in 

extracellular matrix remodeling of ligaments and therefore the genes encoding MMPs and TIMPs are 

plausible candidates for investigation with ACL rupture risk.  

Design: A case-control genetic association study was conducted on 229 (158 male) individuals with 

surgically diagnosed primary ACLR, ruptured through non-contact mechanisms and 192 (107 male) 

apparently healthy participants (CON) without any history of ACLR. All participants were physically 

active, unrelated, self-reported Caucasians.  

Methods: All participants were genotyped for four single nucleotide polymorphisms (SNP): MMP3 

(rs591058 C/T, rs679620 G/A), MMP8 (rs11225395 C/T), and TIMP2 (rs4789932 G/A) using 

standard PCR assays. Gene-gene interactions were inferred. Single-locus association analysis was 

conducted using the Chi-square test. SNP-SNP interaction effects were analysed using multifactor 

dimensionality reduction (MDR) method. 

Results: Genotype frequencies did not significantly differ between cases and controls, however, the 

MMP3 rs679620 G and rs591058 C alleles were significantly overrepresented in cases compared to 

controls (p=0.021, OR=1.38, 95% CI: 1.05-1.81).  

Conclusions: These results support the hypothesis that genetic variation within MMP3 contributes to 

inter-individual susceptibility to non-contact ACLR. However, these results need to be explored 

further in larger, independent sample sets.  
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Keywords: anterior cruciate ligament, genetic association study, polymorphism, matrix 

metalloproteinase, tissue inhibitor of proteinase, extracellular matrix  

 

Introduction 

Anterior cruciate ligament rupture (ACLR) is a common and severe knee injury with an estimated 

250,000 ACLR occurring annually in the United States.1 ACLR typically occurs as a result of sports 

participation, primarily via a non-contact mechanism. Anterior cruciate ligament (ACL) reconstruction 

remains the gold standard of treatment for those who wish to return to their pre-injury level of 

function.1 However, on average, only 65% of patients return to their pre-injury level of sport 

participation and only 55% return to competitive level sports after surgery.2 Additional evidence 

suggests that the rate of return to sport varies with age. Webster and Feller (2018) reported the rate of 

return to sport was significantly higher for athletes 25 years and younger (48% return rate) compared 

with older athletes aged 26-35 (32% return rate), as well as those over 36 years in age (19% return 

rate).3 

Due to the high incidence of injury, high costs for the health care industry, as well as the clinical 

consequences of ACLR, it is critical we understand the underlying causes and mechanisms. Therefore, 

an improved understanding regarding the risk factors, aetiology, and mechanisms may aid in screening 

for ACLRs in the future.4 Thus far, a number of extrinsic and intrinsic risk factors have been 

identified, 5 with several genetic risk factors identified to date.4  

The dense fibrous connective tissue of the ACL is composed of numerous collagen fibres, such as  

collagens types I, III-VI, XII and XIV, arranged in a hierarchical pattern. Therefore, the genes 

encoding collagen fibers of the ACL were proposed as potential candidates. Several studies have 

identified polymorphisms within the COL1A1,6,7 COL3A1,8,9 COL5A110,11 and COL12A112 genes to be 

associated with ACLR. It is also necessary to consider the role proteoglycans (e.g. aggrecan, decorin), 
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glycoproteins (elastin, tenascin C), matrix metalloproteinases (MMPs) and tissue inhibitors of 

metalloproteases (TIMPs) play in maintaining the structural and biological integrity of the ACL. 

Therefore, one could also consider the genes encoding proteins that are functionally associated with 

ligaments as potential candidates for investigation.4  

The MMPs comprise zinc-dependent endopeptidases that belong to a large family of at least 26 

structurally-related proteases.13 These enzymes play a crucial role in remodelling of the extracellular 

matrix (ECM) by degrading various collagenous and non-collagenous ECM proteins.13 The human 

genome encodes four TIMPs that are the natural, endogenous inhibitors of the MMPs and can be 

secreted or bound to ECM components.13,14 The TIMPs are crucial to the maintenance of tissue 

homeostasis as they can inhibit proteinase activity, reverse ECM remodeling, as well as having the 

ability to directly suppress the proliferation of endothelial cells. 

The genes encoding MMPs and TIMPs were previously associated with several musculoskeletal 

injuries. Posthumus et al. (2012) implicated the chromosomal region 11q22, harbouring several MMP 

genes (MMP10, MMP1, MMP3, MMP12) with ACLR susceptibility.15 Several single nucleotide 

polymorphisms (SNPs) (rs679620 G/A, rs591058 C/T and rs650108 A/G) within MMP3 were 

previously associated with risk of chronic Achilles tendinopathy (AT) in two independent study 

groups from Australia and South Africa.16,17 Although, there were contrasts between the direction of 

associations reported by these two studies, the same region was implicated and therefore needs further 

interrogation. Additionally, the MMP8 rs11225395 C/T SNP was associated with with tendinopathy of 

the primary posterior tibial tendon18 and the TIMP2 rs4789932 G/A polymorphism was significantly 

associated with Achilles tendon pathology.19,20 

Based on the collective findings thus far, the genes encoding MMPs and TIMPs remain plausible 

biological candidates for further investigation of ACLR risk. Therefore, the aim of this case-control 

genetic association study was to explore the MMP3 (rs591058 C/T, rs679620 G/A), MMP8 
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(rs11225395 C/T) and TIMP2 (rs4789932 G/A) genes with susceptibility to ACLRs  in a Polish 

population.  

Methods 

A total of 421 physically active, unrelated, self-reported Caucasian participants were recruited for this 

case–control genetic association study between the years 2009 and 2016. The participants consisted of 

229 (158 male) individuals with surgically diagnosed primary ACLR who qualified for ligament 

reconstruction (ACLR group) and 192 (107 male) apparently healthy participants without any history 

of ACLR (CON group). All 229 participants from the ACLR group sustained their injury through non-

contact mechanisms.21  

The ACLR participants were soccer players (158 males and 71 females) from the Polish 1st, 2nd and 

3rd division soccer league (trained 11-14 hours per week). The control group were healthy, physically-

active individuals with the majority playing soccer as their main sport, who self-reported no history of 

ligament or tendon injury. All the male participants (ACLR and CON groups) were from the same 

soccer teams, of the same ethnicity (all self-reported Polish, East-Europeans for ≥3 generations), of 

similar age (ACLR group: 26±4 years and control group: 25±3 years), and had a comparable level of 

exposure to risk of ACLR (same volume and intensity of training and match play). The ACLR female 

participants (mean age: 26±6 years) were soccer players from Polish 1st and 2nd division soccer 

league (trained 10-12 hours per week). The female control participants from the CON group (mean 

age: 29±2 years) were recruited from sports clubs and wellness centers and self-reported as being 

physically active for a minimum of 7 hours per week.  

This study was approved by the Ethics Committee of the Pomeranian Medical University in Szczecin 

(approval number 09/KB/IV/2011). All participants provided written informed consent. This case-

control genetic association study is in accordance with the set of guiding principles for reporting the 

results of genetic association studies defined by the STREGA Statement.22 
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The buccal cells donated by the subjects were collected in Resuspension Solution (GenElute 

Mammalian Genomic DNA Miniprep Kit, Sigma, Germany) with the use of sterile foam-tipped 

applicators (Puritan, USA). DNA was extracted from the buccal cells using a GenElute Mammalian 

Genomic DNA Miniprep Kit (Sigma, Germany) according to the manufacturer’s protocol. All samples 

were genotyped for the MMP3 rs591058, rs679620, MMP8 rs11225395 and TIMP2 rs4789932 

polymorphisms, in duplicate, using TaqMan® Pre-Designed SNP Genotyping Assays (Applied 

Biosystems) on a StepOne Real-Time Polymerase Chain Reaction (RT-PCR) instrument (Applied 

Biosystems, USA) following the manufacturer’s recommendations. 

Assuming minor allele frequencies between 0.2 and 0.5, a sample size of 192 cases would be adequate 

to detect an allelic odds ratio of 1.7 and greater at a power of 80% and a significance level of 5% 

(http://biostats.usc.edu/software). Genotype and allele frequencies were compared between cases and 

controls using Chi-square test (Dell Inc. (2016). Dell Statistica (data analysis software system), 

version 13, software.dell.com.). Hardy-Weinberg equilibrium (HWE) was tested in R (R Core Team 

(2018). R: A language and environment for statistical computing. R Foundation for Statistical 

Computing, Vienna, Austria, https://www.R-project.org/.) using the genetics package. For analysis of 

gene-gene interactions, the multifactor dimensionality reduction (MDR) algorithm was applied using 

the MDR software package (v3.0.2) (http://sourceforge.net).23 For evaluation of interaction models, 

we used 10-fold cross-validation, where the dataset was divided into a training set (9/10 of the dataset) 

and a testing set (1/10 of the dataset). The cross-validation testing score, cross validation consistency 

(CVC, the number of times the same model was chosen in the training set) were calculated. The 

statistical significance of MDR models was assessed using permutation testing. P values were obtained 

from the empirical distribution of cross-validation testing scores. The Bonferroni correction was 

considered too conservative for this study, as the tests are on the same group of participants and 

several of the polymorphisms were in tight linkage disequilibrium.24 Furthermore, there was an a 

priori hypothesis25 as all four polymorphisms were previously implicated with musculoskeletal soft 

tissue injury phenotypes in independent populations.15–20 The FDR (false discovery rate) procedure 
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(Benjamini-Hochberg) was used to adjust for multiple comparisons using the method applied for 

multiple testing under dependency.26 FDR was applied separately for the genotypic association and 

allelic association. Allele frequencies are calculated using the genotype frequencies and as such the 

null hypotheses of no genotype association and no allelic association are not independent. Therefore, 

the false discovery rate was controlled separately for genotypes and alleles. 

Results 

All markers conformed to HWE in both the ACLR group and the CON group (Table 1). The MMP3 

rs679620 G/A and rs591058 C/T polymorphisms were in complete linkage disequilibrium (LD) (Table 

1; D'=0.9998, r2=0.9996). Genotype frequencies were not significantly different between the groups, 

however, the MMP3 rs679620 G and rs591058 C alleles were significantly over-represented in cases 

compared to controls (53.1% vs 45.1%, OR=1.38 [1.05-1.81], p=0.021, Table 1). As the rs679620 and 

rs591058 MMP3 polymorphisms were in complete LD they were not tested as a haplotype. Table 2 

presents the results of MDR analysis: the cross-validation consistencies, testing accuracies as well as 

associated empiric p values generated by 1000 permutation for each number of loci evaluated. We 

found no interaction between loci. Testing accuracy for all models was close to 50%. The best results 

(CV consistency of 10, the highest testing accuracy of 51.8% and the lowest prediction error of 

48.2%) were provided by a single-locus model including MMP3. Permutation testing revealed no 

statistical significance of any of the MDR models. 

Discussion 

This genetic association study investigated four SNPs in the MMP3 (rs679620 G/A, rs591058 C/T), 

MMP8 (rs11225395 C/T) and TIMP2 (rs4789932 G/A) genes with non-contact ACLR risk in a Polish 

population. The main finding of this study was the over-representation of the MMP3 rs679620 G and 

rs591058 C alleles in the ACLR group compared to the CON group. No significant differences in 

genotype frequency distributions were noted nor were any significant gene-gene interactions observed 

between the loci analyzed.  
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Previously, the MMP3 rs679620 SNP was associated with ACLR in a South African study group as 

part of an inferred haplotype with the MMP10 rs486055 C/T, MMP1 rs1799750 1G/2G and MMP12 

rs2276109 A/G polymorphisms.15 Although, no independent associations were noted for the rs679620 

SNP, there was a trend for the GG genotype to be over-represented in the controls. Moreover, the 

rs679620 G allele was consistently observed to be over-represented in the controls when the four-, 

three- and two-variant haplotypes were inferred. The authors proposed that the low-risk haplotype 

combinations may be associated with the presence of the G alleles for the MMP3 rs679620 and 

MMP12 rs2276109 variants.15   

In contrast, our study found the MMP3 rs679620 G allele and the MMP3 rs591058 C allele may 

predispose their carriers to ACLR. It is worth noting that all our cases sustained their injury through 

non-contact mechanisms whereas in the study by Posthumus et al. (2012), only 41% (54) of the total 

cases had non-contact ACLRs. As such, the latter study may not have been sufficiently powered to 

investigate non-contact ACLRs which may have potentially introduced bias in the statistical 

associations. There is merit in investigating non-contact ACLRs as these injuries are hypothesized to 

have a greater intrinsic component as injury occurs due to the athlete’s own movements21 and 

therefore may be more informative in understanding the pathobiology of ACLRs. The discrepancy 

between the results of the two studies may also be partly explained by the different ethnicities of the 

two groups: namely, South African Caucasians and Polish East-Europeans. Population stratification is 

a known confounder for genetic association studies and therefore the differences in genetic 

associations may be a reflection of the heterogeneity in allele frequencies between the two populations 

rather than being risk-associated.27 Consequently, it is essential to investigate genetic risk factors in 

multiple independent populations to aid in the identification of the main biological pathways 

underpinning injury risk. 

Despite the differing functional properties of tendons and ligaments, the two tissues share several 

molecular and morphological features. Therefore it is possible to hypothesize that there may be some 
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overlap in the biological mechanisms contributing to the different musculoskeletal soft tissue injury 

phenotypes. Raleigh et al (2009) reported the MMP3 rs679620 GG and rs591058 CC genotypes were 

independently associated with AT.16 In addition, El Khoury et al. (2016) found the MMP3 rs679620 

GG genotype to be overrepresented in participants with Achilles tendon rupture.20  Gibbon et al. 

(2017) investigated four MMP3 for their individual and collective contribution to ACLRs and AT. 

Moreover the authors sought to  determine any biological similarity between the genetic signatures 

underpinning acute (ACLR) and chronic (AT) injuries.17 No associations were observed with risk of 

ACLR but the 6A allele (rs3025058; -1612 5A/6A) was associated with increased risk of AT. 

Interestingly, while the 5A-A-T-G (rs3025058 5A/6A, rs679620 G/A, rs591058 C/Tand rs650108 

G/A) inferred haplotype was associated with decreased risk of AT in the South African group, the 

opposite 6A-G-C-G haplotype was associated with reduced risk of AT in the Australian group. The 

authors recommended further interrogation of the MMP3 locus to understand the differences and 

similarities between acute and chronic injuries.17 

The research into the genetic contribution of the rs679620 and rs591058 variants is limited. The 

functional rs679620 variant is a non-synonymous SNP (Glu45Lys) in exon 2, although this 

polymorphism was not predicted to be damaging (Sorting Intolerant From Tolerant: 

http://sift.jcvi.org/). This SNP is thought to be in complete LD with the functional rs3025058 (-1612 

5A/6A) polymorphism. The 5A allele is reported to have increased transcriptional activity compared 

to the 6A allele and individuals with the rs3025058 5A allele likely have a rs679620 A allele.28 The 

functional relevance of the rs591058 C/T polymorphism, situated in intron 4, is yet to be established. 

However, its potential role as a regulator of gene function that may affect transcription, RNA splicing 

or stability of translation cannot be excluded. It is also possible that the rs591058 may be in LD with 

additional polymorphisms on chromosome 11 and form part of a functional haplotypye with outcomes 

on gene expression or protein function.15,16 ACCEPTED M
ANUSCRIP
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It is widely accepted that the ECM of ligaments and tendons is dynamic and plays an important role in 

force transmission and protection from injury.14 The composition and integrity of the ECM depends on 

the balance between the degradation of the ECM, which is principally mediated by MMPs, and tissue 

formation, in other words inhibition of degradation of ECM, which is mediated by TIMPs. Therefore, 

strict regulation of MMP production and activity is critical to ECM homeostasis.14 Consequently, 

disturbances of this equilibrium, both under- and over-production of MMPs, may lead to disease 

processes of a fibrotic or degradative nature, respectively.14  

No significant interactions were noted between the MMP3, MMP8 and TIMP2 genes with ACLR 

susceptibility despite the known biological interactions between the proteins. MMP3 is a broad-

spectrum stromelysin able to cleave collagenous and noncollagenous ECM proteins but unable to 

cleave the triple-helical fibrillar collagens. MMP3 also contributes to the activation of other proteases, 

including MMP8.29 MMP8 is a member of collagenase subfamily capable of degrading triple-helical 

fibrillar collagens that provide mechanical strength to tissues. Thus affecting the stability and 

solubility properties of the collagen, and resulting in denaturation of cleavage products that are 

subsequently degraded by other MMPs, such as MMP2 and MMP9. TIMPs inhibit MMP activity by 

interacting with the catalytic domain of MMPs and both MMP3 and MMP8 are inhibited by TIMP2.29 

Furthermore, TIMP2 can also indirectly reduce the activity of MMP3 by inhibiting MMP2 which 

works simulteanously with MMP3 to activate MMP9.  

Previous studies have reported associations of polymorphisms within the MMP and TIMP genes with 

musculoskeletal soft tissue injury phenotypes and therefore these remain important biological 

candidates for investigation. For example, the MMP3 rs3025058 5A/5A genotype was associated with 

susceptibility to ACLR in a contact sport group.30 A study by El Khoury et al. (2016) attempted to 

determine whether the MMP3 rs679620 and TIMP2 rs4789932 SNPs were associated with AT in 

British Caucasians.20 The authors reported the TIMP2 rs4789932 polymorphism was significantly 

associated with Achilles tendon pathology.19,20 Furthermore, investgation of the rs11225395 (-799 
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C/T) promoter SNP of the MMP8 gene with tendinopathy of the primary posterior tibial tendon (PTT) 

in a Brazilian population found the TT genotype and T allele to be associated with increased risk of 

PTT dysfunction.18  

It is worthy to note that data obtained from the present study should be interpreted with caution. A 

potential limitation to this genetic association study is relatively small sample size and in particular the 

lower number of controls to the cases. Therefore this study should be repeated in larger independent 

study groups. However, a strength of the study was the inclusion of surgically diagnosed primary 

ACLR that were sustained through non-contact mechanisms as these injuries are considered to have a 

greater genetic component.  

Conclusion 

In conclusion, this study provides further evidence implicating the MMP3 gene in the susceptibility to 

ACLRs. Further research is required to explore the roles of the MMP8 and TIMP2 genes in regulating 

ligament ECM homeostasis during remodeling and contributing to injury risk. 

Practical implications 

 This study further implicates the MMP3 gene in the susceptibility to soft tissue injuries. 

 Although there are no immediate clinical implications, these findings help identify the main 

 biological pathways contributing to injury susceptibility. 

 The genetic associations reported may be included in multifactorial risk models to assess an 

individual’s inherent risk of injury. 
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Table 1. Genotype and allele frequency distributions and p-values of the investigated polymorphisms 

as well as p-values for the exact tests for Hardy-Weinberg equilibrium (HWE) in the anterior cruciate 

ligament rupture (ACLR) and control (CON) groups  

SNP CON (n=192) ACLR (n=229) p-value FDR adjusted 

p-value 

MMP3 

rs591058 

n 192 229   

TT 30.7% (59) 23.6% (54) 0.072 0.144 

TC 48.4% (93) 46.7% (107)   

CC  20.8% (40) 29.7% (68)   

T allele 54.9% (211) 46.9% (215) 0.021 0.042 

C allele 45.1% (173) 53.1% (243)   

HWE 0.764 0.348   

MMP3 

rs679620 

n 192 229   

AA 30.7% (59) 23.6% (54) 0.072 0.144 

AG 48.4% (93) 46.7% (107)   

GG  20.8% (40) 29.7% (68)   

A allele 54.9% (211) 46.9% (215) 0.021 0.042 

G allele 45.1% (173) 53.1% (243)   

HWE 0.764 0.348   

MMP8 

rs11225395 

n 192 228   

AA 22.4% (43) 17.5% (40) 0.423 0.423 

AG 44.3% (85) 45.2% (103)   

GG  33.3% (64) 37.3% (85)   

A allele 44.5% (171) 40.1% (183) 0.198 0.198 

G allele 55.5% (213) 59.9% (273)   

HWE 0.150 0.365   

TIMP2 

rs4789932 

n 192 228   

CC 30.2% (58) 36.4% (83) 0.229 0.305 

CT 50.5% (97) 49.6% (113)   

TT 19.3% (37) 14.0% (32)   

C allele 55.5% (213) 61.2% (279) 0.094 0.125 

T allele 45.5% (171) 38.8% (177)   

HWE 0.752 0.512   

 

Genotype and allele frequencies are expressed as a percentage with the number of participants (n) in 

parentheses. p-values in bold typeset indicates significance (p<0.05). 
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Table 2. Results of MDR analysis for ACLR  

Interaction model CV Consistency Testing accuracy p valuea 

MMP3 10 51.8% 0.601 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MMP3, TIMP 6 49.9% 0.782 

MMP3, MMP8, TIMP 10b 50.4% 0.747 

CV – cross-validation, a empirical p value based on 1000 permutations, b CV consistency is 10 for 

attribute count equal to 3 
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