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ABSTRACT: Integrin complexes facilitate cell communication, playing a role in ligament homeostasis. ITGB2 
rs2230528 (C/T) was implicated in anterior cruciate ligament rupture (ACL) risk in a South African cohort. Identifying 
biologically significant DNA signatures in the predisposition to ACL rupture risk remains important towards 
understanding mechanisms of ACL ruptures. ITGB2 is essential for the activation of important biological pathways 
regulated by structural components such as collagens and biomechanical components such as vasculo-endothelial 
growth factors. This study tested the association of (i) ITGB2 rs2230528 and (ii) allele-allele combinations of 
ITGB2’s network partners (COL5A1 rs12722 C/T, VEGFA rs699947 C/A and VEGFA rs2010963 G/C) with ACL 
rupture risk. The genetic study was conducted in a combined cohort [n=1279: uninjured controls (CON), n=548; 
ACL ruptures (ACL), n=731; subgroup with non-contact mechanism of ACL ruptures (NON, n=425)] recruited 
from Australia, Poland, Sweden and South Africa. The combined cohort, rs2230528 TT (best fit model) was 
significantly over-represented in the ACL (p=8.00 × 10−8; OR:3.21; 95% CI:2.10–4.89, AIC=1549) and NON 
(p=1.59 × 10−6; OR:3.11; 95% CI:1.97–4.91, AIC=1191) groups compared to CON. ITGB2 rs2230528-COL5A1 
rs12722-VEGFA rs699947-VEGFA rs2010963, the C-C-A-G and C-T-C-G combinations were significantly associated 
with reduced ACL risk. This study provided additional evidence highlighting ITGB2 as potentially being associated 
with ACL ruptures even though the gene-gene combinations had a small effect size. Integrins containing the 
b2 subunit together with its key extracellular matrix components (type V collagen and VEGFA) are potential 
therapeutic targets for ACL ruptures and potentially other connective tissue-related conditions.
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HIGHLIGHTS
	– The genetic association study explored in this large cohort sug-

gests key biological partners ITGB2, COL5A1, VEGFA in ACL risk 
susceptibility.

	– The study also highlighted that these gene-gene combinations 
(ITGB2 rs2230528, COL5A1 rs12722, VEGFA rs699947,  
VEGFA rs2010963) have a small effect size on ACL risk.

	– The findings of this study together with the in-silico findings sug-
gest that the ITGB2 rs2230528 variant and the ITGB2 protein 
be further explored at a functional and pharmacological level as 
a potential therapeutic target for ACL ruptures and potentially oth-
er connective tissue-related conditions.

INTRODUCTION 

Cell-cell and cell-extracellular matrix communication plays an integral 
role in the homeostatic regulation of the structural integrity of con-
nective tissues such as ligaments and tendons [1]. The integrin 
family of proteins are key receptors in this process. By applying an 
in-silico approach, which included screening all human genes for 
potential links to chronic Achilles tendinopathy, Saunders et al. [2] 
identified the integrin family, specifically the integrin b2 (ITGB2) 
transmembrane receptor subunit, to be linked to biological pathways 
in tendinopathy [2]. The receptor subunit forms one of the components 
forming an integrin heterodimeric protein complex which is able to 
bind to specific ligands within the extracellular matrix environment 
and thereby facilitating cell migration and proliferation [3, 4]. Through 
these ligand binding combinations and cell migration stimulation, 
integrin complexes act as “stretch responses” facilitating cell signal-
ling responses and they also form part of networks involved in the 
transduction of mechanical forces [5]. The ITGB2 gene which encodes 
the transmembrane ITGB2 protein was identified as a predictor for 
anterior cruciate ligament (ACL) ruptures using whole exome sequenc-
ing in twin siblings who had sustained a non-contact ACL injury [6]. 
In a study aimed to identify mechanoresponsive genes related to 
extracellular matrix (ECM) and adhesion in human periodontal liga-
ment cells, the ITGB2 gene was also found to be differentially ex-
pressed within the extracellular matrix of the ligament cells [7].

ACL ruptures are caused by multiple intrinsic and extrinsic fac-
tors, and their heritability has been proposed to be as high as 80% [8]. 
Our previous study (Dlamini et al. [9]), modified a semantic biomed-
ical knowledge graph model developed by Saunders et al. [2] to 
identify new potential risk genes for Achilles tendinopathy and ACL 
ruptures [9]. Through the integration of the biomedical graph and 
whole exome sequencing data, ITGB2 was selected for investigation. 
The TT genotype and the T allele of the ITGB2 rs2230528 C/T vari-
ant were associated with an increased risk for non-contact ACL rup-
ture [9]. As a receptor, integrins containing the b2 subunit bind to 
a number of proteins as a signal conductor in order to relay specific 
communication in connective tissues. This allows the protein to play 
a crucial role in many network pathways essential for the mainte-
nance of a healthy ACL and surrounding environment. Network 

partners include type V collagen, vital for collagen fibril formation, 
and the rs12722 C/T variant within the COL5A1 gene, which en-
codes the a1(V) chain, has been associated with ligament injuries 
in different populations [10]. The expression of ITGB2 and COL5A1 
were down- and up-regulated, respectively, in periodontal ligament 
cells in response to 24 hours of cyclic stretch [7]. It is interesting to 
note, that the binding of ligands such as type V collagen to the in-
tegrin heterodimer complex can activate several pro-inflammatory 
cytokines which are also required to facilitate the promotion of an-
giogenesis [5]. Vascular endothelium growth factor A, encoded by 
VEGFA is fundamental in the angiogenesis process, binds to its re-
ceptor kinase domain and together with the appropriate profile of 
signalling molecules will promote new blood vessel formation from 
existing vasculature [11]. The CC genotype of VEGFA rs699947 was 
found to have an increased risk to non-contact ACL [12] while the 
CC genotype for VEGFA rs2010963 had an increased risk for con-
tact ACL [13]. VEGFA was also implicated in ligament biology net-
work pathways by Feldmann et al. [13]. In renal cancer progression 
study, which used a multinetwork analysis ITGB2 and VEGFA were 
found to be differentially expressed and implicated in the regulation 
of (i) leukocyte-mediated immunity, (ii) response to external stimu-
lus and of exocytosis pathways [14].

Taken together, (i) the independent genetic associations of DNA 
signatures within genes ITGB2, COL5A1 and VEGFA with ACL rup-
ture susceptibility and the evidence (ii) suggesting the central role of 
the integrin heterodimer complex in mediating significant activation 
of important biological pathways involved in the homeostatic regula-
tion of the structural (collagen fibril) and biomechanical properties 
(mechanotransduction) of ligament, it is reasonable to propose the 
collective contribution of DNA signatures in these three genes with 
ACL rupture susceptibility. ITGB2, COL5A1 and VEGFA have comple-
mentary roles in immune regulation, extracellular matrix integrity, and 
angiogenesis [7, 11, 14]. Investigating the collective effect of these 
genes can potentially identify synergistic or additive genetic effects in 
ACL ruptures more accurately than single-gene analyses. This may 
further assist in understanding the multifactorial mechanisms of ACL 
ruptures and improve development of targeted therapeutic 
strategies.

The aim of this study was, therefore, to evaluate the ITGB2 
rs2230528 C/T variant for susceptibility to ACL rupture in three ad-
ditional independent cohorts (Sweden, Poland, and Australia) and 
in a combined cohort analysis which included the data from the pre-
viously published South African cohort [9]. Finally, the study also 
aimed to explore the collective genetic contribution to ACL rupture 
risk susceptibility between network partners ITGB2 rs2230528, CO-
L5A1 rs12722, VEGFA rs699947, and VEGFA rs2010963.

MATERIALS AND METHODS 
Participant characteristics
This study followed a case-control genetic association design com-
prised of three cohorts recruited from Australia, Poland, and 
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Sweden, and a combined cohort analysis consisting of the three 
cohorts and the previously published cohort from South Africa [9]. 
All participants were of self-reported European ancestry and com-
pleted questionnaires from their respective research centres detail-
ing their demographic details, lifestyle habits, occupational details, 
sporting history (sports played, number of years, playing level, 
frequency), details of ACL rupture, history of other ligament or 
tendon rupture, and medical history. Consent was obtained in ac-
cordance with the Declaration of Helsinki. This study was approved 
by the Human Research Ethics Committee of the University of Cape 
Town, South Africa (HREC 164/2006, 622/2015, 110/2018, 
269/2014, and 655/2017), the Regional Ethical Review Board in 
Umeå, Sweden (dnr. 2011-200-31 M), Bioethics Committee for 
Clinical Research, Regional Medical Chamber, Gdansk, Poland 
(KB-8/16) and Epworth Hospital (HREC approval: 57012) Victo-
ria, Australia.

The cases included individuals with a clinical diagnosis of an ACL 
rupture (ACL-R) which was either contact or non-contact mechanism 
ACL injury (ACL-NON). Diagnoses was based on physical examina-
tion and confirmed by either magnetic resonance imaging or arthros-
copy. Control participants (CON) included individuals who partici-
pated in regular sporting activities, similar sports to cases, had no 
history of an ACL rupture nor other ligament and tendon injuries, and 
were within a similar age category as the ACL-R group. All partici-
pants participated in regular sporting activities, primarily at a recre-
ational level [11, 12, 13, 15, 16, 17, 18, 19, 20].

For the combined cohort analysis (n = 1279) the participants 
from Australia, Poland, Sweden and South Africa [9] were pooled 
together: controls (CON, n = 548), ACL cases (ACL-R, n = 731) 
and the subgroup of ACL cases with a non-contact mechanism of in-
jury (ACL-NON, n = 425). The cohort from Australia comprised of 
81 controls recruited from the Genes and Skeletal Muscle Adaptive 
Response to Training (Gene SMART) cohort [15], and 266 ACL rup-
ture cases recruited between 2006 and 2018 from Epworth Rich-
mond hospital in Melbourne, Australia. Of the 266 cases, 154 sus-
tained their ACL rupture through non-contact mechanisms (NON 
subgroup) [16]. The cohort from Poland comprised 147 controls and 
136 ACL cases recruited between 2009 and 2016 as previously de-
scribed [17]. Male cases were recruited from Polish soccer leagues 
and controls from similar soccer teams while female cases were re-
cruited from soccer teams and skiing sports. The female controls 
were recruited from sports clubs and wellness centres. Of the 136 cas-
es, 54 sustained their ACL rupture through non-contact mechanisms 
(NON subgroup) [17]. The cohort from Sweden comprised 104 con-
trols and 92 ACL case participants recruited between 2011 and 
2013 from orthopaedic clinics in two hospitals in the cities of Umeå: 
Västerbotten and Luleå: Norrbotten as previously described [18]. Of 
the 92 cases, 76 sustained their ACL rupture through non-contact 
mechanisms (NON subgroup) [18]. The cohort from South Africa 
was previously described and genotyped [11]. In brief, the cohort 
consisted of 232 controls, 237 ACL cases and a subgroup of 

149 non-contact mechanism, ACL rupture cases, recruited between 
2006 and 2013 from sports clubs and wellness centres within Cape 
Town, South Africa [11].

Information on sports participation was previously published [11, 
12, 13, 15, 16, 17, 18, 19, 20]. Briefly, type of sports participa-
tion for all cases and controls was categorized into contact, non-con-
tact, non-contact non-jumping, and skiing sports. Data describing 
years of participation for Polish controls and all participants from 
Australia was not available [15, 16, 17]. Level of sport was classi-
fied as elite, national or recreational [11, 12, 13, 15, 16, 17, 18, 
19, 20]. Although type and duration of sport participation was un-
available for the Australian controls, participants were moderately 
trained and participated in physical activities at a recreational lev-
el [15]. All male participants from the Polish cohort were matched 
for type of sport, level, and frequency of exposure and sports partic-
ipation data for female case and control participants were compara-
ble [17]. In the Swedish cohort, the majority of the case and control 
participants were involved in recreational activities [18].

Sample collection and DNA extraction
For participants from Australia, DNA was isolated from a venous 
blood aliquot using a sequenced extraction technique (FlexiGene DNA 
Kit, Qiagen P/L) or the MagSep Blood gDNA kit with the epMotion 
M5073 automated pipetting system (Eppendorf). For participants 
from Poland, DNA was extracted from oral epithelial cells using a Gen 
Elute Mammalian Genomic DNA Miniprep Kit (Sigma) according to 
the manufacturer’s instructions. For participants from Sweden, DNA 
was extracted from venous blood using rapid nonenzymatic ethanol 
precipitation as previously described by Lahiri and Nurnberger [21] 
with slight modifications [22].

Genotyping
The ITGB2 rs2230528 (assay ID: C__25474060_10) variant was 
genotyped using TaqManTM assays. The standard PCR analysis was 
conducted using the Applied BiosystemsTM QuantStudio Real-Time 
PCR system and the Applied BiosystemsTM and manufacturer’s in-
structions were followed as previously described [9]. Negative controls 
(no DNA) and five repeat samples (known genotypes) were included 
as quality control measures for each 96-well plate. Genotypes were 
confirmed by two independent investigators, with an average 98.7% 
call rate, and laboratory work was conducted at the Health through 
Physical Activity Lifestyle and Sport Research Centre (HPALS) at the 
University of Cape Town. The ITGB2 genotyped cohort data for South 
Africa was previously published. The South African cohort genotype 
data used for ITGB2 (rs2230528) and the COL5A1 (rs12722), 
VEGFA (rs699947) and VEGFA (rs2010963) was previously pub-
lished [9, 10, 11, 12, 13, 15, 16, 17, 18, 19] and was included 
as part of the combined cohort analyses with permission from the 
senior authors of the prior studies.
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identify the best-fit model [36]. Haplotypes were inferred using the 
R package haplo.stats. [34]. The most common allele combination 
was automatically used as a reference. Statistical significance was 
accepted when p < 0.05, and the false discovery rate (FDR) proce-
dure was used to adjust for multiple comparisons using the method 
applied for multiple testing under dependency [37]. For all the as-
sociations which included the genotype, haplotype and gene-gene 
combinations, analyses were conducted with and without the geno-
types from participants from South Africa.

RESULTS 
Participant characteristics
The combined CON and ACL-R, as well as the CON and ACL-NON 
participants were matched for sex and height (Table S1). Although 
the combined CON and ACL-R groups were matched for age, the 
combined CON (30.1 ± 12.1 years, n = 541) group was signifi-
cantly older than the combined ACL-NON (28.1 ± 10.7 years, n = 
418, p < 0.001) subgroup. The CON group had a significantly 
lower body mass (74.1 ± 13.5 kg · m−2, n = 536) than the ACL-R 
(77.7 ± 15.2 kg · m−2, n = 689, p < 0.001) group and ACL-NON 
(78.0 ± 15.3 kg · m−2, n = 405, p < 0.001) subgroup. Likewise, 
the CON group had a significantly lower BMI (23.8 ± 3.4 kg · m−2, 
n = 536) than the ACL-R group (24.8 ± 4.4 kg · m−2, n = 681, p = 
0.001) and ACL-NON subgroup (24.7 ± 4.4 kg · m−2, n = 403, p = 
0.005). There were no significant ITGB2 rs2230528 genotype effects 
on age, sex and height in the combined cohort (Table S2 and previ-
ously published South African cohort [9]). Significant genotype effects 
were however noted between the C/C and C/T genotype for body 
mass (p = 0.009). The age, sex, height, weight, BMI as well as 
genotype effects of the individual Australian, Polish, Swedish and 
South African cohorts CON and ACL-R groups, as well as the ACL-
NON subgroup are summarised in Table S1, S2 or previously pub-
lished for the South African cohorts [9].

ITGB2 Genotype and Allele frequencies
In the combined cohort where the best fit model was the recessive 
model (TT vs CC + CT), the rs2230528 TT genotype was signifi-
cantly over-represented in the ACL-R (15%, n = 681, p = 8.00 × 10−8 
FDR, OR:3.21; 95% CI:2.10–4.89, AIC = 1549) group and ACL-NON 
(15%, n = 403, p = 1.59 × 10−6 FDR, OR:3.11; 95% CI:1.97–4.91, 
AIC = 1191) subgroup compared to CON group (6%, n = 536) 
(Figure 1A). The results of the dominant (CC vs TT + CT) and over-
dominant (CT vs CC + CC) models are also included in Figure 1A. 
The T allele was significantly over-represented in the ACL-R (33%, 
p = 1.59 × 10−6 FDR, OR:1.58; 95% CI:1.31–1.90) group and 
ACL-NON (33%, p = 7.20 × 10−6 FDR, OR:1.61 95% CI:1.31–1.99) 
subgroup compared to CON group (23%) (Figure 1A). Deviations 
from HWE were noted for both the ACL-R (p < 0.001) group and 
the ACL-NON (p < 0.001) subgroup.

When only male participants of the combined cohort were com-
pared, where the best fit model was the dominant model (CC vs 

Haplotype analysis and gene-gene Combinations
Inferred haplotype analysis was conducted for ITGB2 (rs2230528), 
based on the genotype data. Allele-allele combinations were explored 
as a proxy for potential gene-gene combinations between (ITGB2-
COL5A1-VEGFA).

3D protein structure prediction and functional characterization
3D protein structure simulations were conducted to assess the effect 
of the rs2230528 C/T variant on the encoded ITGB2 protein. The 
amino acid sequences were obtained from UniProt for ITGB2 (https://
www.uniprot.org/uniprot/Q14500). The tertiary structure of the ITGB2 
gene was generated using I-tasser homology webserver [23]. All 
simulations were conducted with the GROMACS package, version 
5.6. [24–27] using Amber (AMBER99SB-ILDN) force field [28].

Network pathway analysis
To further investigate the pathogenesis of the ITGB2 gene, Enrichr, 
an enrichment analysis tool (https://maayanlab.cloud/Enri-
chr/) [29, 30], and GeneMANIA (https://genemania.org/) [31] were 
used to explore evidence for potential combinations and genetic 
contribution with COL5A1 and VEGFA as network partners in risk 
assessment of ACL rupture susceptibility.

Statistical analysis
Power calculations were calculated using QUANTO v1.2.4 (http://
biostats.usc.edu/software). For the cohorts from Australia and Poland, 
assuming minor allele frequencies between 0.2 and 0.5, a sample 
size of 118 cases and greater would detect an OR 1.8 at a power 
of 80% and an alpha value of 0.05. For the cohort from Sweden, 
assuming minor allele frequencies between 0.2 and 0.5, a sample 
size of 85 cases would detect an allelic odds ratio (OR) 2.0, at 
a power of 80% and an alpha value of 0.05. The statistical program 
R (R Development Core Team, 2010) was used [32]. Participant 
descriptive statistics were compared between the mean character-
istics of the CON and ACL groups using a one-way analysis of vari-
ance. The R packages genetics [33, 34] and SNPassoc [35] were 
used to analyse differences in genotype and allele frequencies between 
groups, and to calculate Hardy-Weinberg equilibrium (HWE) prob-
abilities. HWE was tested in the control group to highlight potential 
genotyping errors, population substructure, and non-random sam-
pling. In addition, five repeat samples (known genotypes) and a no 
DNA control sample were included as quality control measures for 
each 96-well plate and genotypes were confirmed by two independent 
investigators. The combined cohort was adjusted for country of re-
cruitment and body mass index (BMI). Country-specific analyses 
were adjusted for age, height, and sex (Australia), age (Poland) or 
sex and BMI (Sweden). For the combined cohort, chi-square tests 
were used to compare genotype frequency distributions. Sex is 
a known intrinsic risk factor for ACL rupture susceptibility, and anal-
yses were therefore stratified by sex [11]. All genetic models were 
investigated, and Aikake Information Criterion (AIC) was used to 
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TT + CT), the CC genotype was significantly over-represented in the 
CON group (59%, n = 339) compared to ACL-R (47%, n = 435, 
p = 0.001 FDR, OR:1.65; 95% CI:1.23–2.21, AIC = 1038) group 
and ACL-NON (45%, n = 262, p = 0.002 FDR, OR:1.71; 95% 
CI:1.23–2.38, AIC = 803.0) subgroup (Figure 1B). The results of 
the dominant (CC vs TT + CT) and over-dominant (CT vs CC + CC) 
models are also included in Figure 1B. The T allele was significant-
ly over-represented in the ACL-R (34%, p = 9.48 × 10−5 FDR, 

OR:1.63; 95% CI:1.29–2.05) group and ACL-NON (36%, p = 
9.48 × 10−5 FDR, OR:1.72 95% CI:1.33–2.23) subgroup compared 
to the CON group (24%) (Figure 1B). Deviations from HWE were 
noted for both the ACL-R (p < 0.001) group and the ACL-NON 
(p < 0.001) subgroup.

When females were analysed, the distribution patterns were 
similar to the males. The best fit model was the recessive model 
(TT vs CC + CT) in which the TT genotype was significantly 

TABLE 1. Genotype and minor allele frequency distributions, and p-values for Hardy-Weinberg exact test for ITGB2 rs2230528 C/T 
in all participants (males and females), males and females for participants in the combined cohorts (Australia, Poland, Sweden, and 
South Africa) for the control (CON) group, anterior cruciate ligament ruptures (ACL-R) group and non-contact mechanism anterior 
cruciate ligament ruptures (ACL-NON) subgroup.

CON
% (n)

 ACL-R
% (n)

p-valuesa AIC ACL-NON
% (n)

 p-valuesb AIC

Males + Females

n 536 681 403

CC 60 (320) 50 (341) 2.45 × 10−8 (9.80 × 10−8)
D = 3.68 × 10−4 (4.21 × 10−4) 1569

50 (199) 1.88 × 10−6 (3.01 × 10−6)
D = 0.002 (0.002) 1206

CT 34 (181) 35 (237) O = 0.997 1582 35 (142) O = 0.982 1216

TT 6 (35) 15 (103) R = 1.00 × 10−8 (8.00 × 10−8) 1549 15 (62) R = 6.32 × 10−7 (1.59 × 10−6) 1191

T allele 23 (251) 33 (443) 7.97 × 10−7 (1.59 × 10−6) 33 (266) 5.40 × 10−6 (7.20 × 10−6)

HWE 0.097 < 0.001 < 0.001

Males

Combined n 339 435 262

CC 59 (201) 47 (202) 3.90 × 10−4 (0.001)
D = 7.42 × 10−4 (0.001) 1038

45 (118) 6.94 × 10−4 (0.001)
D = 0.001 (0.002) 803.0

CT 33 (111) 38 (167) O = 0.160 1047 39 (101) O = 0.230 811.6

TT 8 (27) 15 (66) R = 0.001 (0.001) 1039 16 (43) R = 0.001 (0.001) 803.0

T allele 24 (165) 34 (299) 2.08 × 10−5 (9.48 × 10−5) 36 (187) 2.37 × 10−5 (9.48 × 10−5)

HWE 0.084 < 0.001 < 0.001

Females

n 197 246 141

CC 60 (119) 56 (139) 1.83 × 10−7 (4.58 × 10−7)
D = 0.052 437.7

57 (81) 1.11 × 10−5 (1.39 × 10−5)
D = 0.125 300.7

CT 36 (70) 29 (70) O = 0.088 438.6 29 (41) O = 0.126 300.7

TT 5 (8)  15 (37) R = 2.71 × 10−8 (1.36 × 10−7) 410.6 14 (19) R = 1.90 × 10−6 (3.17 × 10−6) 280.3

T allele 22 (86) 29 (144) 0.014 (0.014) 28 (79) 0.070

HWE 0.573 < 0.001 < 0.001

Genotype and allele frequencies are expressed as a percentage with the number of participants (n) in parentheses. CON vs. ACL-Ra 
(adjusted P-values for country of recruitment and BMI). CON vs. ACL-NON b (adjusted P-values for country of recruitment and BMI). 
P-values in bold typeset indicate significance (P < 0.05). P-values corrected for multiple testing (FDR) are in parenthesis. D indicates 
the dominant model (CC vs TT + CT); O indicates the over-dominant model (CT vs CC + TT) and R indicates the recessive model (TT 
vs CC + CT). AIC indicates Akaike information criterion. AIC in bold typeset is best fit model. ITGB2 significant p-values remained 
significance after FDR correction.
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FIG. 1. Genotype and minor allele frequency distribution for the ITGB2 rs2230528 (C/T) polymorphisms in the combined,  
control (CON) group (dark grey bars), combined anterior cruciate ligament rupture (ACL-R) group (light grey bars), and non-contact 
mechanism ACL ruptures (ACL-NON) group (white bars) for (A) all participants, (B) males and (C) females.
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FIG. 2. 3D protein structure of the synonymous mutation the ITGB2 comparing the ancestral allele Gly1273 (red) (Figure 2A) to 
mutated allele Gly1273 (red) for the rs2230528 C/T SNP (Figure 2B).

FIG. 3. Distribution of inferred allele-allele combinations in the combined cohorts A; Australia, Poland, Sweden, and South Africa and 
B; Australia, Poland and Sweden constructed for ITGB2 (rs2230528 C/T), COL5A1 (rs12722 C/T) and VEGFA (rs699947 C/A, 
rs2010963 G/C) for ALL; Males and Females. CON: Control group (black bars), ACL-R: anterior cruciate ligament rupture group (grey 
bars), ACL-NON: subgroup of participants with a non-contact mechanism of injury (white bars). C-T-A-G allele combination was the 
most frequent combination and was selected as the reference. The number of participants (n) in each group is in parentheses. 
Statistically significant differences in frequency between groups are indicated, with p-values adjusted for BMI and country of recruitment. 
P-values in bold typeset indicate significance (p<0.05). FDR: false discovery rate.



10

Senanile B Dlamini et al. Genomic Links to ACL Rupture: ITGB2, COL5A1 & VEGFA Insights

over-represented in the ACL-R (15%, n = 246, p = 1.36 × 10−7 
FDR, OR:8.62; 95% CI:3.68–20.18, AIC = 410.6) group and ACL-
NON (14%, n = 141, p = 3.17 × 10−6 FDR, OR:9.01; 95% 
CI:3.51–23.13, AIC = 280.3) subgroup compared to the CON 
group (4%, n = 197) (Figure 1C). The results of the dominant (CC 
vs TT + CT) and over-dominant (CT vs CC + CC) models are also 
included in Figure 1C. The T allele was significantly under-repre-
sented in the CON group (22%) compared to the ACL-R (29%, 
p = 0.014 FDR, OR:1.48; 95% CI:1.08–2.04) group but not in 
the ACL-NON (28%, p = 0.070) subgroup (Figure 1C). Deviations 
from HWE were noted for both the ACL-R (p < 0.001) group and 
the ACL-NON (p < 0.001) subgroup.

For the independent cohorts, no significant associations were not-
ed in Poland (CON VS ACL-R p = 0.174; CON VS ACL-NON p = 
0.176) and Sweden (CON VS ACL-R p = 0.100; CON VS ACL-NON 
p = 0.160) (Table S4) when all participants (males and females) 
were analysed. However, for the Australian cohort (males and fe-
males), where the best fit model was the dominant model (CC vs 
TT + CT), the CC genotype was significantly over-represented in CON 
group (63%, n = 80) compared to the ACL-R group (55%, n = 266, 
p = 0.022, OR:2.19; 95% CI:1.17–4.07, AIC = 260.6) and ACL-
NON (53%, n = 154, p = 0.018 FDR, OR:2.76; 95% CI:1.35–5.68, 
AIC = 191.6) subgroup. The results of the dominant (CC vs TT + CT) 
and over-dominant (CT vs CC + CC) models are also included in Ta-
ble S4. No deviations from HWE were noted for any of the groups.

Since there were no significant differences in the ITGB2 genotype 
and allele distributions between groups within the individual Polish 
and Swedish cohorts, and there was a strong association in the South 
African cohort, the combined cohort was re-analysed excluding the 
South African cohort. No significant associations were noted when 
the South African participants were excluded from the combined co-
hort analysis for (i) all participants (males and females), (ii) males 
only and (iii) females only (Table S5).

3D protein structure analysis
We conducted a simulation of 3D protein structure superpositions of 
ITGB2 rs2230528 comparing the ancestral C allele (ancestral) to 
the structure produced from the alternate T allele (Figure 2) Although 
the polymorphism involves a synonymous amino acid (Gly) substitu-
tion at position 1273 (highlighted in red in Figure 2), the protein 
structure undergoes a significant transformation. Notably, the struc-
ture produced from the T allele in Figure 2B is more open with 
a stretched conformation when compared to the structure produced 
from the ancestral C allele in Figure 2A.

Network Pathway analysis
The Enrichr tool also showed combinations between ITGB2 and 
COL5A1 through the extracellular matrix organization pathway, as 
well as between ITGB2 and VEGFA through functional pathways 
involved in cell and extracellular matrix signalling. The GeneMANIA 
tool mined existing knowledge and showed different combinations 

of ITGB2, COL5A1 and VEGFA interactions (physical, genetic and 
predicted interactions, shared protein domains, co-expression and 
co-localisation) and the pathways they are involved in. The ITGB2 
and COL5A1 combination is involved in endoderm formation and 
cell substrate adhesion while ITGB2 and VEGFA combination in cell 
chemotaxis and leukocyte migration functional pathways. The details 
on the interactions are illustrated in Figure S1 and Table S3.

ITGB2, COL5A1 and VEGFA Allele Combinations
There were significant differences in the frequency distribution of the 
inferred allele combinations constructed from ITGB2 rs22030528 (C/T), 
COL5A1 rs12722  (C/T), VEGFA rs699947  (C/A) and VEGFA 
rs2010963 (G/C) when the combined CON group was compared to 
the ACL-R group or the ACL-NON sub-group (Figure 3). Specifically, 
the C-C-A-G combination was under-represented in the ACL-R (14%, 
p = 3.0 × 10−4 FDR, OR:0.93; 95% CI:0.61–1.41) group and ACL-
NON (14%, p = 0.002 FDR; OR:0.96; 95% CI:0.61–1.51) subgroup 
compared to the CON group (19%) (Figure 3A). The C-T-C-G com-
bination was also under-represented in the ACL-R (6%, p = 0.023 FDR, 
OR:1.08; 95% CI:0.75–1.57) and ACL-NON (4%, p = 0.003, 
OR:0.55; 95% CI:0.28–1.06) subgroup compared to the CON group 
(7%) (Figure 3A). Similarly, significant differences in the frequency 
distribution of the inferred allele combinations were also noted for 
the combined cohort when the South African genotype frequencies 
were excluded, with the C-C-A-G combination was under-represent-
ed in the ACL-R (16%, p = 0.026 FDR, OR:1.09; 95% CI:0.65–1.60) 
and ACL-NON (15%, p = 0.028 FDR, OR:1.11; 95% CI:0.87–1.65) 
subgroup compared to the CON group (19%) (Figure 3B).

In the combined male participants, which included the South Af-
rican cohort, the C-C-A-G combination, was also under-represented 
in the ACL-R (13%, p = 0.003 FDR, OR:0.80; 95% CI:0.46–1.39) 
and ACL-NON (13%, p = 0.004 FDR, OR:0.69; 95% CI:0.35–1.36) 
subgroup compared to the CON group (19%) (Figure S2A). Similar-
ly, when the South African participants were excluded from the com-
bined analyses for males only, the C-C-A-G combination, remained 
under-represented in the ACL-R (14%, p = 0.020 FDR, OR:0.73; 
95% CI:0.40–1.36) and ACL-NON (20%, p = 0.004 FDR, OR:0.60; 
95% CI:0.31–1.27) subgroup compared to the CON group (21%) 
(Figure S2B).

Moreover, when only the females were compared in the combined 
cohort (including the South African genotypes), the C-C-A-G combi-
nation, was under-represented in the ACL-R (16%, p = 0.014 FDR, 
OR:0.94; 95% CI:0.56–1.69) and ACL-NON (16%, p = 0.044 FDR, 
OR:1.03; 95% CI:0.56–1.90) subgroup compared to the CON group 
(18%) (Figure S2C). The C-T-C-G combination was also under-rep-
resented in the ACL-R (7%, p  = 0.012  FDR, OR:0.68; 95% 
CI:0.33–1.41) and ACL-NON (4%, p = 0.006 FDR, OR:0.37; 95% 
CI:0.13–1.03) subgroup compared to the CON group (9%) (Fig-
ure S2C). While in the combined female only analyses, where the 
South African genotypes were excluded, the C-T-C-G combination 
was under-represented in the ACL-R (8%, p = 0.039 FDR, OR:0.85; 
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for sustaining an ACL injury. Similar findings were noted when male 
and female participants were analysed separately. When South Af-
rica was removed from the combined cohort analyses, no significant 
associations were noted. For the genotype analysis, it does seem that 
the South African genetic profile for ITGB2 may be driving the asso-
ciation noted in the combined cohort. Of the independent cohort 
analysis, a significant association was only noted in Australia where 
the CC genotype presented with a 2-fold decreased risk for contact 
and 3-fold decreased risk for non-contact ACL ruptures while the CT 
genotype, presented 2-fold increased risk for contact and 3-fold in-
creased risk for non-contact ACL ruptures. Previous data on South 
African participants also identified the CC genotype to be associat-
ed with a 3-fold decreased risk for developing a contact and non-
contact ACL rupture while the TT genotype showed a 7-fold increased 
risk for developing a contact and non-contact ACL rupture [9].

It is the gene-gene combinations that displayed the most inter-
esting findings supporting the biological hypothesis that ITGB2 
through its ligand interactions within the ECM, potentially plays an 
important role in directing the signalling between various intracellu-
lar and extracellular components of the cell. Exploring this hypothe-
sis, allele combinations between ITGB2 rs2230528 C/T-COL5A1 
rs12722 C/T-VEGFA (rs699947 C/A, rs2010963 G/C) in the com-
bined cohort (with the inclusion of South Africa) highlighted a sig-
nificant association of C-C-A-G with a 1-fold reduced ACL risk (con-
tact and non-contact). The C-T-C-G combination also showed a 1-fold 
reduced ACL risk (contact and non-contact) and was however, not 
observed when South Africa was excluded in the analyses. This com-
bination is therefore specific to the South African cohort. Looking at 
the independent populations and the allele combinations, we also 
noted some haplotypes which are rare and absent in others. It is 
therefore important that large cohorts are evaluated to identify the 
potential common biological variants for further investigation at the 
functional level. It is interesting to observe that C-C-A-G remained 
associated with reduced ACL risk when South Africa was excluded 
in the combined cohort analyses. Similar findings were noted when 
only male or only female participants were compared in a combined 
cohort (with the inclusion of South Africa). It was previously pro-
posed that ITGB2 plays an important role in influencing the biome-
chanical properties of the knee joint [5, 7]. Taken altogether, we hy-
pothesise that nonsynonymous change in the ITGB2 gene, which 
potentially alters the ITGB2 protein folding, may impact the commu-
nication between ECM proteins. This disruption of the inside and 
outside signalling within ligaments may compromise the biomechan-
ical properties of the knee joint.

Integrins play a significant role in mediating cell-matrix combina-
tions and thereby influence the complex mechanotransduction of 
cells. More specifically, integrins, including integrins containing the 
β2 subunit play significant roles in various signalling pathways such 
as cell migration, angiogenesis, proliferation, apoptosis, and cellular 
differentiation [6]. The ITGB2 gene has mostly been studied in leu-
kocyte adhesion deficiency syndromes which are primary 

95% CI:0.34–2.07) and ACL-NON (4%, p = 0.024 FDR, OR:0.70; 
95% CI:0.23–2.18) subgroup compared to the CON group (9%) 
(Figure S2D).

In the independent cohorts, no significant differences in the fre-
quency distribution of the inferred allele combinations were noted 
for Australia (CON VS ACL-R p = 0.223, CON VS NON p = 0.334) 
and Poland (CON VS ACL-R p = 0.553, CON VS ACL-NON p = 
0.879) (Figure S2E,F). However, in the cohort from Sweden, the C-
C-A-G combination, was under-represented in the ACL-R (4%, p = 
2.0 × 10−4 FDR; OR:0.80; 95% CI:0.21–2.13) and ACL-NON (1%, 
p = 3.0 × 10−4 FDR, OR:0.03; 95% CI:0.00–0.65) subgroup com-
pared to the CON group (16%) (Figure S2G). In the South African 
cohort, the C-C-A-G combination, was also under-represented in the 
ACL-R (11%, p = 2.0 × 10−4 FDR, OR:0.70; 95% CI:0.33–1.50) 
and ACL-NON (10%, p = 0.001 FDR, OR:1.27; 95% CI:0.56–2.70) 
subgroup compared to the CON group (19%) (Figure S2H).

DISCUSSION 
Anterior cruciate ligament ruptures are considered multifactorial and 
both intrinsic and extrinsic factors have been implicated in the sus-
ceptibility of these injuries [38]. Genetic factors have recently received 
much interest with several genes and susceptibility loci being as-
sociated with predisposition to these injuries [7]. In this study, the 
gene-gene combinations between ITGB2-COL5A1-VEGFA highlight-
ed an increased ACL rupture risk (contact and non-contact) for the 
C-C-A-G and C-T-C-G allele combination as noted in the combined 
cohort (including and excluding South Africa). These findings are 
highlighting potential significant biological interactions between IT-
GB2-COL5A1-VEGFA which should be considered when aiming to 
optimise ligament healing and improve adaptation to mechanical 
stress and ultimately reduce injury susceptibility [5, 13, 39]. This 
study investigated the ITGB2 rs2230528 C/T variant in three inde-
pendent cohorts (Sweden, Poland, and Australia) together with a pre-
viously investigated South African cohort [9] and its shared genetic 
contributions with network partners COL5A1 and VEGFA with risk 
to ACL rupture. The rs2230528 C/T polymorphism involves a syn-
onymous substitution, however, the 3D protein modelling predicts 
that the C > T substitution has the potential to alter the helical, sheet 
and loop structures of the resultant 3D protein. The bioinformatic 
analysis together with the gene-gene combinations reinforced the 
previous evidence which suggested the direct combination between 
ITGB2-COL5A1 and an indirect combination between ITGB2-CO-
L5A1-VEGFA in promoting inside to outside signalling or the reverse 
when required to regulate ECM adaption and healing [7, 14].

More specifically, when all participants (males and females) were 
evaluated in the combined cohort, individuals homozygous for the 
major allele (CC genotypes) were associated with a 2-fold reduced 
ACL rupture risk (contact and non-contact), while Individuals homo-
zygous for the minor allele (TT genotypes) were associated with 
a 3-fold increased ACL rupture risk (contact and non-contact). The 
minor T allele was likewise associated with a 2-fold increased risk 
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immunodeficiency disorders caused by defects in adhesion mole-
cules to leukocytes and thereby disrupting the healing process of tis-
sues. Adhesion molecules are surface bound glycoprotein molecules 
expressed on leukocytes and/or endothelial cells and mediate the 
combination between cells, or between cells and the ECM [40]. In 
our previous study we used Fathmm, a method that predicts func-
tional effects of various changes within coding and non-coding re-
gions of a gene [41] and we found the rs2230528 variant to be del-
eterious. Furthermore, the 3D protein dynamic simulation suggests 
that even though the mutation is synonymous, there is a recognisa-
ble alteration of the helical and pleated sheet arrangement of the 
ITGB2 protein structure. This alteration can result in changes in the 
dynamic flexibility of the protein which may impact the conforma-
tion of the protein, its stability and naturally the complex binding 
combinations with ECM network pathway partners [42]. We hypoth-
esised that the variant combination may affect the three-dimension-
al conformation of the respective proteins and thereby influence the 
dynamics of protein-protein binding, unwinding and dissociation. It 
is reasonable to glean that such structural perturbations, and in par-
ticular in pathways focused on regulating ECM homeostasis could 
alter the collagen fibril architecture and impact fibril stability and 
even delay the timely resolution of tissue repair. A less organised col-
lagen network maybe more vulnerable to breakdown or be invaded 
by blood vessels and immune cells leading to the disruption of an 
optimal healing response, repair and recovery. We therefore hypoth-
esised that the flexibility of the three-dimensional ITGB2 protein as 
influenced by this C > T substitution could potentially trigger how it 
engages with key sets of ECM protein partners and thereby influenc-
es the time-sensitive molecular pathways required for optimal regu-
lation of connective tissue homeostasis.

Although there were novel associations in the study, there were 
some limitations. The population sizes for the individual cohorts were 
a limitation. The cohort from Australia did not have female controls, 
and it is therefore important to explore the impact of this specific 
variant in Australian females. We also noted the importance of im-
proving the recruitment of participants who are matched for con-
founders such as the age of injury, sporting exposure, and level of 
sports participation. There were deviations from Hardy Weinberg not-
ed which could be as a result of population stratification. The South 
African Caucasian population, largely descended from the Dutch, 
German, French Huguenot and British ancestry. These populations 
share substantial genetic ancestry with Northern and Western Euro-
pean populations [43]. Similarly, the Australian population of Euro-
pean descent predominantly originated from the British and Irish [43]. 
As a result, both populations exhibit genetic profiles reflective of 
Northern European ancestry, which emphasises their similarity in 
studies of genetic association and disease susceptibility [43]. Rela-
tively recent migration histories show that these populations have 
experienced limited admixture and retain high levels of genetic ho-
mogeneity characteristic of many European-descended groups [44]. 

This genetic homogeneity across European populations has been 
well-documented and supports the transferability of genetic findings 
between European-ancestry cohorts [45]. It is therefore interesting 
to note that we found independent associations for ITGB2 
rs2230528 C/T in both cohorts. We did not observe this in the co-
horts from Poland and Sweden. These two populations have very 
distinct genetic ancestry to Australia and South Africa. We do recog-
nise that our samples have a selection bias as our cases were selec-
tively recruited using specific inclusion criteria and similarly, our con-
trols do not represent the general population and were also highly 
selected. We also acknowledge that although population of origin 
was included as a covariate, formal correction for population struc-
ture was not performed in this study. Therefore, the deviations for 
HWE in some variants may reflect unaccounted stratification, and 
caution is warranted when interpreting these associations.

CONCLUSIONS 
The genetic association study conducted in this combined cohort 
analyses identified the collective contribution of key biological partners 
(ITGB2, COL5A1, and VEGFA) to ACL rupture susceptibility. It was 
noted that these effects sizes were small. The bioinformatic analyses 
further supported the hypothesis that these genes playing roles in 
ACL homeostasis through ECM remodelling and mechanotransduc-
tion, collectively explain the variability in ACL risk susceptibility. 
Together, these genetic and in-silico findings highlight the potential 
of ITGB2 as a candidate for further functional and pharmacological 
investigation in the context of ACL injuries and other connective 
tissue-related disorders.
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SUPPLEMENTARY MATERIAL

TABLE S1. Descriptive characteristics for participants in the combined cohorts (Australia, Poland, Sweden, and South Africa) for the 
control (CON) group, anterior cruciate ligament ruptures (ACL-R) group and non-contact mechanism anterior cruciate ligament ruptures 
(ACL-NON) subgroup, including the individual cohorts for Australia, Poland and Sweden.

Combined-CON Combined-ACL-R p-values Combined – ACL-NON p-values

n 548 731 425

Age (years) 30.1 ± 12.1 (541) 28.0 ± 10.6 (701) 0.002 (0.082) a 28.1 ± 10.7 (418) 0.010 (< 0.001) a

Sex (%male) 63 (548) 63 (731) 0.907 64 (425) 0.639

Height (cm) 175.7 ± 9.5 (536) 176.0 ± 9.8 (700) 0.580 176.6 ± 9.4 (413) 0.137

Body Mass (kg) 74.1 ± 13.5 (536) 77.7 ± 15.2 (689) < 0.001 (< 0.001) a 78.0 ± 15.3 (405) < 0.001 (< 0.001) a

BMI (kg · m−2) 23.8 ± 3.4 (536) 24.8 ± 4.4 (681) < 0.001 (0.001) b 24.7 ± 4.4 (403) < 0.001 (0.005) b

Australia – CON Australia – ACL-R Australia – ACL-NON

n 81 266 154

Age (years) 31.4 ± 8.4 (80) 25.0 ± 7.6 (266) < 0.001 (< 0.001) c 25.5 ± 7.5 (154) < 0.001 (< 0.001) c

Sex (%male) 100 (81) 55 (266) < 0.001 51 (154) < 0.001
Height (cm) 179.4 ± 7.0 (81) 175.1 ± 9.7 (266) < 0.001 (0.272) d 175.4 ± 9.3 (154) < 0.001 (0.008) d

Body Mass (kg) 81.4 ± 11.6 (81) 77.5 ± 14.3 (266) 0.025 (0.070) e 78.0 ± 14.3 (154) 0.059

BMI (kg · m−2) 25.3 ± 3.2 (81) 25.2 ± 3.6 (266) 0.781 25.3 ± 3.7 (154) 0.946

Poland – CON Poland – ACL-R Poland – ACL-NON

n 147 136 54

Age (years) 21.0 ± 1.8 (147) 31.3 ± 9.8 (136) < 0.001 (< 0.001) f 30.3 ± 9.2 (54) < 0.001 (< 0.001) f

Sex (%male) 75 (147) 73 (136) 0.787 87 (54) 0.083

Height (cm) 178.0 ± 9.8 (147) 177.3 ± 9.7 (136) 0.580 180.2 ± 8.9 (54) 0.138

Body Mass (kg) 72.7 ± 12.0 (147) 79.0 ± 15.0 (136) < 0.001 (0.111) g 81.4 ± 16.9 (54) < 0.001 (0.034) g

BMI (kg · m−2) 22.8 ± 2.4 (147) 25.0 ± 4.1 (131) < 0.001 (0.124) h 25.0 ± 5.2 (54) < 0.001 (0.206) h

Sweden – CON Sweden – ACL-R Sweden – ACL-NON

n 104 92 76

Age (years) 44.4 ± 11.8 (102) 36.9 ± 13.1 (90) < 0.001 (0.003) i 36.2 ± 13.4 (75) < 0.001 (0.002) i

Sex (%male) 33 (104) 48 (92) 0.040 54 (76) 0.006
Height (cm) 171.9 ± 9.5 (98) 172.9 ± 8.7 (82) 0.480 173.6 ± 8.7 (68) 0.250

Body Mass (kg) 71.8 ± 12.9 (97) 68.5 ± 11.3 (74) 0.086 69.2 ± 11.6 (61) 0.192

BMI (kg · m−2) 24.4 ± 2.7 (98) 23.0 ± 2.5 (72) < 0.001 (0.002) j 22.9 ± 2.5 (60) 0.001 (0.001) j

Values are expressed as mean ± standard deviation; sex is represented as a percentage. The number of participants (n) with available 
data for each variable is in parentheses. P-values in bold typeset indicates significance (p < 0.05). CON: control group, ACL; anterior 
cruciate ligament rupture group, NON; non-contact mechanism anterior cruciate ligament rupture subgroup. P-values are depicted as 
unadjusted and adjusted in parentheses. The cohort from South Africa was previously published (Dlamini et al, [1]). P-value adjustment; 
a Age and Country of recruitment, b Weight and country of recruitment, c Height, weight and sex, d Age, weight and sex, e Age, height 
and sex, f Weight, g Age, h Age, I BMI and sex, j Age and sex.
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TABLE S2. Genotype effects for participants in the combined cohorts (Australia, Poland, Sweden, and South Africa) for the control 
(CON) group, anterior cruciate ligament ruptures (ACL-R) group and non-contact mechanism anterior cruciate ligament ruptures (ACL-
NON) subgroup, including the individual cohorts for Australia, Poland, and Sweden.

C/C C/T T/T p-values

Combined cohort

Age (years) 29.0 ± 11.3 (681) 29.0 ± 11.4 (424) 28.7 ± 11.4 (137) 0.963

Sex (% male) 61 (690) 66 (437) 66 (152) 0.144

Height (cm) 175.4 ± 9.7 (672) 176.4 ± 9.5 (423) 176.4 ± 9.6 (138) 0.190

Body mass (kg) 75.1 ± 14.4 (666) 77.9 ± 14.7 (418) 76.1 ± 14.9 (139) 0.008 (0.009) a

Body mass index (kg/m2) 24.3 ± 3.8 (661) 24.7 ± 4.1 (418) 23.8 ± 4.9 (138) 0.057

Australian cohort

Age (years) 26.4 ± 8.4 (195) 26.9 ± 7.9 (127) 24.8 ± 8.3 (24) 0.501

Sex (% male) 62 (195) 71 (128) 71 (24) 0.180

Height (cm) 175.7 ± 9.8 (195) 176.7 ± 8.7 (128) 176.7 ± 8.7 (24) 0.610

Body mass (kg) 77.1 ± 13.5 (195) 80.7 ± 14.1 (128) 75.7 ± 12.8 (24) 0.034 (0.022) a

Body mass index (kg/m2) 24.9 ± 3.6 (195) 25.8 ± 3.3 (128) 24.2 ± 3.1 (24) 0.034 (0.038) b

Polish cohort

Age (years) 26.7 ± 9.4 (169) 24.6 ± 7.0 (94) 27.0 ± 8.7 (20) 0.148

Sex (% male) 72 (169) 78 (94) 75 (20) 0.559

Height (cm) 177.0 ± 10.0 (167) 179.1 ± 9.3 (94) 176.7 ± 9.1 (20) 0.217

Body mass (kg) 75.4 ± 14.9 (168) 76.2 ± 11.9 (93) 75.9 ± 13.4 (20) 0.894

Body mass index (kg/m2) 24.0 ± 3.9 (166) 23.7 ± 2.7 (93) 23.9 ± 2.8 (19) 0.790

Swedish cohort

Age (years) 40.6 ± 12.7 (111) 41.3 ± 13.6 (71) 40.5 ± 12.1 (10) 0.931

Sex (% male) 37 (115) 42 (71) 50 (10) 0.641

Height (cm) 171.7 ± 8.4 (104) 172.8 ± 10.0 (66) 176.2 ± 10.9 (10) 0.281

Body mass (kg) 68.5 ± 12.3 (99) 72.3 ± 11.1 (62) 77.3 ± 16.3 (10) 0.031 (0.105) b

Body mass index (kg/m2) 23.4 ± 2.5 (98) 24.1 ± 2.9 (62) 25.1 ± 2.9 (10) 0.087

All variables except sex are expressed as mean ± standard deviation with the number of participants presented in parentheses. Sex 
is expressed as percentages with the number of participants written in parentheses. Age are self-reported values at the time of the 
first ACL rupture of the ACL-R and the NON subgroup and at the time of recruitment for the CON group. Body mass and body mass 
index (BMI) are self-reported values at the time of recruitment for all groups. The p-values are presented next to the variables and 
significance (p < 0.05) is indicated in bold typeset. a p-value adjusted for country of recruitment; b p-value adjusted for age and sex. 
The cohort from South Africa was previously published (Dlamini et al, 2023).
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TABLES3. Pathway base analysis using Enrichr and GeneMANIA, on the ITGB2, VEGFA, COL5A1 genes.

Interacting genes Pathways

Enrichr (KEGG, Reactome) ITGB2, COL5A1 Extracellular Matrix Organization

ITGB2, VEGFA Rheumatoid arthritis

Interleukin-4 And Interleukin-13 signalling

Rap1 signalling pathway

Signalling By Interleukins

Hemostasis

Cytokine signalling In Immune System

GeneMANIA ITGB2, COL5A1 Endoderm formation

Cell substrate Adhesion

ITGB2, VEGFA Cell chemotaxis 

Leukocyte migration

ITGB2: Integrin subunit beta 2, COL5A1: Collagen type V alpha-1 chain: VEGFA: Vascular endothelial growth factor A Rap 1: Ras-
proximate-1

FIG. S1. ITGB2  interactions with COL5A1 and VEGFA. The type of interactions between genes indicated by different colours, are 
shown in the key.
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TABLE S4. Genotype and minor allele frequency distributions, and p-values for Hardy-Weinberg exact test for ITGB2 rs2230528 C/T 
in all participants (males and females) for participants from Australia, Poland and Sweden for the control (CON) group, anterior 
cruciate ligament ruptures (ACL-R) group and non-contact mechanism anterior cruciate ligament ruptures (ACL-NON) subgroup.

CON
% (n)

 ACL-R
% (n)

p-valuesa AIC
ACL-NON

% (n)
 p-valuesb AIC

Males + females

Au
st

ra
lia

n 80 266 154

CC 63 (50) 55 (145) 0.040 (0.040)
D = 0.012 (0.022) 260.6

52 (81) 0.016 (0.025)
D = 0.005 (0.018) 191.6

CT 31 (25) 38 (102) O = 0.018 (0.022) 261.2 41 (63) O = 0.006 (0.018) 192.1

TT 6 (5) 7 (19) R = 0.720 266.7 7 (10) R = 0.790 199.5

T allele 22 (35) 26 (140) 0.300 27 (83) 0.262

HWE 0.523 0.875 0.837

Males + Females

Po
la

nd

n 147 136 54

CC 61 (90) 58 (79) 0.174 63 (34) 0.176

CT 34 (50) 32 (44) 26 (14)

TT 5 (7) 10 (13) 11 (6)

T allele 22 (64) 26 (70) 0.278 24 (26) 0.686

HWE 1.000 0.075 0.054

Males + Females

Sw
ed

en

n 102 90 75

CC 55 (56) 61 (55) 0.100 57 (43) 0.160

CT 37 (38) 37 (33) 40 (30)

TT 8 (8) 2 (2) 3 (2)

T allele 26 (54) 21 (37) 0.187 23 (34) 0.456

HWE 0.613 0.348 0.332

Genotype and allele frequencies are expressed as a percentage with the number of participants (n) in parentheses. CON vs. ACL-Ra 
(adjusted P-values for country of recruitment and BMI). CON vs. ACL-NON b (adjusted P-values for country of recruitment and BMI). 
P-values in bold typeset indicate significance (P < 0.05). P-values corrected for multiple testing (FDR) are in parenthesis. D indicates 
the dominant model (CC vs TT + CT); O indicates the over-dominant model (CT vs CC + TT), and R indicates the recessive model (TT 
vs CC + CT). AIC indicates Akaike information criterion. AIC in bold typeset is best fit model. ITGB2 significant p-values remained 
significance after FDR correction. In the Australian cohort ALL (males and females), the CC genotype (CC vs TT + CT) (best fit model) 
was over-represented in the CON group (63%) compared to the ACL-R group (55%; p = 0.022; OR:2.19; 95% CI:1.17–4.07,  
AIC = 260.6) and ACL-NON (52%; p = 0.018; OR:2.76; 95% CI:1.35–5.68, AIC = 191.6) subgroup. The CT (CT vs CC + TT) 
genotype was under-represented in the CON group (31%) compared to the ACL-R (38%; p = 0.022; OR:2.13; 95% CI:1.13–4.03, 
AIC = 261.2) and ACL-NON (41%; p = 0.021; OR:2.72; 95% CI:1.31–5.67, AIC = 192.1) subgroup. For the Australian cohort 
there were no significant differences for the recessive model (TT vs CC + CT) (TT genotype)  [p  = 0.720  (CON vs ACL-R),  
p = 0.790 (CON vs ACL-NON)] and T allele frequency [p = 0.300 (CON vs ACL-R), p = 0.262 (CON vs ACL-NON)].
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TABLE S5. Genotype and minor allele frequency distributions, and p-values for Hardy-Weinberg exact test for ITGB2 rs2230528 C/T 
in all participants (males and females), males and females for participants in the combined cohorts (Australia, Poland, Sweden) for 
the control (CON) group, anterior cruciate ligament ruptures (ACL-R) group and non-contact mechanism anterior cruciate ligament 
ruptures (ACL-NON) subgroup.

CON
% (n)

 ACL-R
% (n)

p-valuesa ACL-NON
% (n)

 p-valuesb

Males + Females

n 305 457 252

CC 59 (180) 57 (260) 0.881 56 (141) 0.904

CT 35 (107) 36 (165) 37 (93)

TT 6 (18) 7 (32) 7 (18)

T allele 24 (143) 25 (229) 0.442 26 (129) 0.458

HWE 0.537 0.472 1.000

Males

Combined n 207 280 148

CC 58 (120) 52 (146) 0.495 49 (73) 0.364

CT 35 (74) 41 (115) 43 (64)

TT 7 (14) 7 (20) 8 (12)

T allele 25 (98) 28 (155) 0.194 30 (88) 0.100

HWE 0.661 0.368 0.242

Females

n 98 177 104

CC 61 (60) 64 (113) 0.765 66 (69) 0.671

CT 34 (33) 30 (53) 30 (31)

TT 5 (5)  6 (11) 4 (4)

T allele 22 (43) 21 (75) 0.917 19 (40) 0.550

HWE 0.849 0.669 1.000

Genotype and allele frequencies are expressed as a percentage with the number of participants (n) in parentheses. CON vs. ACL-Ra 
(adjusted P-values for country of recruitment and BMI). CON vs. ACL-NON b (adjusted P-values for country of recruitment and BMI). 
P-values in bold typeset indicate significance (P < 0.05). P-values corrected for multiple testing (FDR) are in parenthesis. ITGB2 
significant p-values remained significance after FDR correction.
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FIG. S2. Distribution of inferred allele-allele interactions in A, B, C, D; males and females of the combined cohort (including and 
excluding South Africa) and in E, F, G, H; individual cohorts (Australia, Poland, Sweden, and South Africa) for ITGB2 (rs2230528 C/T)-
COL5A1 (rs12722 C/T) – VEGFA (rs699947 C/A, rs2010963 G/C). CON: Control group (dark grey bars), ACL-R: anterior cruciate 
ligament rupture group (light grey bars), ACL-NON: subgroup of participants with a non-contact mechanism of injury (white bars). 
C-T-A-G allele interaction was the most frequent combination and was selected as the reference. The number of participants (n) in 
each group is in parentheses. Statistically significant differences in frequency between groups are indicated, with p-values adjusted 
for BMI and country of recruitment. P-values in bold typeset indicate significance (p < 0.05).
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