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Objectives: To investigate the role of inter-individual variations in a particular glycoprotein, TNC, and its
potential contribution to anterior cruciate ligament (ACL) injury susceptibility in Polish Caucasian partic-
ipants. ACL rupture is one of the most prevalent and severe knee injury that predominantly occurs during
sports participation, primarily via a non-contact mechanism. Several polymorphisms in genes encoding
glycoproteins either independently or as allelic combinations, modulate the risk of musculoskeletal soft
tissue injuries. Specifically, the TNC rs1330363 (C>T), rs2104772 (T>A) and rs13321 (G > C) variants,

IT(?I'I ‘;Vsocrlisc independently or in haplotype combinations, were analysed in this context.
ECM glycoprotein Design: Case-control genetic association study.

Methods: A group of 421 physically active, unrelated participants were recruited where 229 individuals
with surgically diagnosed primary ACL rupture and 192 apparently healthy participants without any
history of ACL injuries. Participants were genotyped for the above variants.
Results: Genotype and allele frequencies of TNC variants did not differ between cases and controls.
Haplotype analysis revealed no association between TNC and predisposition to ACL rupture.
Conclusions: Our analyses did not reveal a significant association between these TNC variants and risk of
ACL rupture in Polish Caucasian participants.

© 2018 Sports Medicine Australia. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Ligaments and tendons are believed to be the most common
musculoskeletal soft tissues to be injured. These injuries may be
determined by a combination of both intrinsic and extrinsic risk
factors. In the last decade, it has been suggested that genetic predis-
position contribute to modulating risk of such injuries.! Within this
category, anterior cruciate ligament (ACL) rupture is one of the most
prevalent and severe knee injuries and predominantly occurs dur-
ing sports participation, primarily via a non-contact mechanism.>>
The main function of the ACL is the stabilization of the knee joint
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and controlling the joint during movement to protect the knee
from excessive flexion and hyperextension.* ACL injuries severely
impair knee kinematics and are therefore a major concern for pro-
fessional athletes and physically active individuals participating in
recreational activities.

Extracellular matrix (ECM) glycoproteins play a crucial role
in the development, structure and function of both tendons and
ligaments, which are the key elements of the musculoskeletal
system. The structural integrity and normal mechanical function
of both tendons and ligaments depend on the precise align-
ment of type I collagen fibrils.> For instance, proteoglycans, a
distinct subclass of glycoproteins, play a crucial role in regulat-
ing collagen fibrillogenesis.5 ECM glycoproteins also participate
in the matrix remodelling and cell signaling pathways facilitating
response to mechanical loads thereby modulating the elastic and
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biomechanical properties of the tendon or ligament.”8 Moreover,
ECM glycoproteins can modulate cell-matrix interactions, adhesion
and migration.”

This family includes, among others, tenascin C (TNC) which
is encoded by the TNC gene located on human chromosome 9
(9933.1). There is a high level of TNC glycoprotein expression dur-
ing embryogenesis, as it is involved in organ morphogenesis.'?
However, it is expressed at very low levels in mature organisms,
with the exception of disease states, where an increase in TNC
expression is observed in response to injury or infection.!!'2 TNC
expression is observed in adult tendons and ligaments!> where itis
expressed predominately at the insertions of ligaments as well as in
the myotendinous and osteotendinous regions where it is regulated
in a dose-dependent manner.'4-'6 These regions are particularly
important for the transmission of high levels of mechanical force.!”

Recent studies have highlighted the involvement of several
sequence variants within genes encoding macromolecules present
in the extracellular matrix of ligaments and tendons.'8-20 Initially,
a familial predisposition for ACL injury was uncovered suggesting
that patients with an ACL rupture were twice as likely to have a
relative with the same ligament damage??; studies in twins have
also confirmed that assumption.?> Understanding the causes and
molecular mechanisms underpinning ACL injury in conjunction
with knowledge of contributing risk factors is pivotal to the pre-
vention of ACL ruptures. Mokone and colleagues first reported an
association between a genetic microsatellite marker, a G-T dinu-
cleotide repeat in intron 17, of TNC and Achilles tendon injuries in
a South African population study.?*

Saunders et al. further refined and implicated this region
by exploring the association of the non-synonymous exonic
1s2104772(T>A)and rs13321 (G > C),as well as intronicrs1330363
(C>T) genetic variants in a combined South African and Australian
population.2> A haplotype containing the C allele of TNC rs13321
(G>C), and the A allele of TNC rs2104772 (T > A) was significantly
associated with the risk of Achilles tendon injuries. Recently, the A
allele at rs2104772 was further shown to modulate the risk of rota-
tor cuff injury in combination with other TNC variants.2® However,
a Genome Wide Association Study (GWAS) performed using a large
cohort from a general American population did not find a genetic
association when examining the same TNC variants independently,
or in combinations, in the context of Achilles tendon injury and ACL
injuries.?’

To date, little is known about the function of these variants,
however bioinformatics analysis conducted in previous studies col-
lectively suggest that the region identified may harbour several
functional regulatory elements.2”> To expand the current knowl-
edge on the association of inter-individual variations in the TNC
gene and ACL injury, this study will investigate whether the TNC
rs1330363 (C>T), rs2104772 (T>A) and rs13321 (G >C) variants,
independently or in combinations, contribute to ACL rupture sus-
ceptibility in an athletic Polish cohort.

2. Materials and methods

A total of 421 physically active, unrelated, self-reported Cau-
casian participants were recruited for this case-control genetic
association study between the 2009 and 2016. These participants
consisted of 229 (164 male) individuals with surgically diagnosed
ACL rupture (ACLR) who qualified for ligament reconstruction and
192 (107 male) apparently healthy participants without any history
of ACL injuries (CON group). All 229 participants from ACLR group
sustained their injury through non-contact mechanisms. The ACLR
participants were soccer players (164 males and 65 females) from
the Polish 1st, 2nd and 3rd division soccer league (trained 11-14h
per week).

The control group consisted of healthy participants, mainly soc-
cer players (107 males and 85 females), with 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 (as self-reported, all Polish, East-Europeans for >3 gener-
ations), of similar age (ACLR group =26 + 4, control group=25 £ 3),
and had a comparable level of exposure to risk of ACL injury
(same volume and intensity of training as well as match play). The
ACLR female participants (age 25+4) were soccer players from
Polish 1st division soccer league (trained 10-12 h per week) and
included amateur skiers. The female participants from CON group
(age 29 +2) were recruited from sports clubs and wellness centres
(physically active for a minimum of 7 h per week).

The procedures followed in the study were conducted ethically
according to the principles of the World Medical Association Dec-
laration of Helsinki and ethical standards in sport and exercise
science research. This study was approved by the Ethics Commit-
tee of the Pomeranian Medical University in Szczecin (approval
number 09/KB/IV/2011). All participants were provided with writ-
ten information on the study including the purpose, procedures,
risks, and benefits of participation. After ensuring that the partic-
ipant had understood the information provided, every participant
gave written informed consent. The experimental procedures were
conducted in accordance with the set of guiding principles for
reporting the results of genetic association studies defined by
the Strengthening the Reporting of Genetic Association studies
(STREGA) Statement.28

The buccal cells donated by the subjects were collected in Resus-
pension Solution (GenElute Mammalian Genomic DNA Miniprep
Kit, Sigma, Germany) with the use of sterile foam-tipped appli-
cators (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. To dis-
criminate TNC rs1330363 (C>T), rs2104772 (T>A) and rs13321
(G>C) alleles, a TagMan Pre-Designed SNP Genotyping Assay
(Applied Biosystems) (assay ID: C___8787735_1, C__16182844.10,
C__11844394_10respectively) was used and all samples were geno-
typed in duplicate on a StepOne Real-Time Polymerase Chain
Reaction (RT-PCR) instrument (Applied Biosystems, USA).

Power analysis was performed using QUANTO v1.2.4 (http://
hydra.usc.edu/gxe) to calculate sample size for the study. Minor
allele frequencies were taken from the 1000 Genomes Project for
the EUR population. Briefly, assuming allele frequencies between
0.1 and 0.9 for the ‘risk’ allele of each variant investigated and a
dominant model of inheritance, our current sample size would be
adequate to detect an allelic odds ratio (OR) of 1.5 and greater
at a power of 80% and a significance level of 5%. The accordance
of observed genotypes with the Hardy-Weinberg principle was
assessed using the Pearson’s Chi-squared test. Genotype and allele
frequencies were compared between cases and controls using
the Pearson’s Chi-squared test and Fisher’s exact test using the
programming environment R (https://cran.r-project.com, version
3.1.0). To examine the TNC genetic interval encompassed by the
variants studied, rs1330363 (C>T; intron 15), rs2104772 (T>A;
exon 17) and rs13321 (G >C; exon 24), inferred haplotypes were
constructed using the genotype data generated together with
haplo.stats package (version 1.7.6).2° This package was further used
to compare the frequency distributions of the generated haplotypes
between the control and case participants using Haplo.score.??
Haplo.score is a score statistic based on the strength of the asso-
ciation of a haplotype with a given phenotype. A positive value
indicates increased susceptibility to an ACL injury while a neg-
ative value indicates reduced susceptibility.'® The TNC inferred
haplotype association with ACL injury was analysed in R using the
haplo.stats package. Three haplotype effects: additive (an effect
depends on the number of copies of a particular haplotype), dom-
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Table 1
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Genotype and minor allele frequency distributions of the TNC rs1330363 (C>T), rs2104772 (T>A) and rs13321 (G > C) 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
CON ACLR p-Value CON ACLR p-Value” CON ACLR p-Value®
TNC rs1330363 (Intron 15) n 191 228 107 163 84 65
T 86 (45%) 106 (46%)  p=0214  50(47%) 77 (47%) p=0225  36(43%) 29 (45%) p=0.692
cT 78 (41%) 102 (45%) 40 (37%) 71 (44%) 38(45%)  31(48%)
cc 27 (14%) 20 (9%) 17 (16%) 15 (9%) 10 (12%) 5(8%)
Callele  132(35%)  142(31%) p=0294  74(35%)  101(31%) p=0399  58(35%)  41(32%) p=0313
HWE 0.180 0.517 0.086 1 1 0.567
TNC 152104772 (Exon 17) n 190 227 106 162 84 65
AA 58 (31%) 67(30%)  p=0973  33(31%)  47(29%) p=0897  25(30%)  20(31%) p=0877
AT 92 (48%) 111 (49%) 50 (47%) 81 (50%) 42(50%)  30(46%)
T 40(21%) 49 (22%) 23(22%)  34(21%) 17(20%)  15(23%)
Tallele  172(45%) 209 (46%) p=0834  96(45%)  149(46%) p=0929  76(45%) 60 (46%) p=0.492
HWE 0.093 0.806 0.695 1 1 0.619
TNCrs13321 (Exon 24) n 191 228 107 163 84 65
GG 109 (57%)  123(54%) p=0518  62(58%)  88(54%) p=0521  47(56%)  35(54%) p=0.893
GC 70 (37%) 84 (37%) 39(36%) 60 (37%) 31(37%)  24(37%)
cc 12 (6%) 21 (9%) 6 (6%) 15 (9%) 6 (7%) 6(9%)
Callele  94(25%) 126 (28%)  p=0322  51(24%)  90(28%) p=0368  43(26%)  36(28%) p=0434
HWE 0.862 0.233 1 0.328 0.776 0.540

Genotype and allele frequencies were expressed as the number of participants with the percentage of the total number of participants in parenthesis. The p-values for the
exact test of Hardy-Weinberg equilibrium (HWE) for each of the groups are included in the table. Allelic variation reported on the forward orientation of the genome as per

convention.
" CON versus ACLR (unadjusted p-values) in All participants.
# CON versus ACLR (unadjusted p-values) in Male participants.
& CON versus ACLR (unadjusted p-values) in Female participants.

inant (homozygotes and heterozygotes are assumed to have the
same effect), recessive (only homozygotes for a particular hap-
lotype have an effect) were examined. The remaining analyses
were conducted using STATISTICA version 13.0 (Dell Software, Inc.;
Texas, USA).

3. Results

No significant differences in the genotype and allele frequencies
were noted when the control and case groups were compared for
either of the TNC polymorphisms tested (Table 1). Similarly, no sig-
nificant differences were noted for any of the three polymorphisms
tested when only males or females were compared between the
control and case groups (Table 1). Genotype and minor allele fre-
quency distributions for each of the polymorphisms, together with
the HWE p-values are shown in Table 1.

The TNC polymorphisms were found to be in Hardy-Weinberg
equilibrium (HWE) for both the control and case groups (Table 1).
Variants rs1330363 and rs2104772 were in high linkage disequilib-
rium (LD), D’: 0.969, r2: 0.619, whilst the other combinations were
found to be in low LD (D’ <0.717, r2 <0.485).

Moreover, inferred haplotype analysis was performed to exam-
ine the effect of allelic combinations on the modulation of risk of
ACL ruptures. We identified eight inferred haplotypes using the
genotype data from the three variants. There were four haplotypes
with inferred frequency greater than 5% which accounted for 91.8%
ofall [rs1330363-rs2104772-rs13321] haplotypes. The most preva-
lent haplotype was [T; A; G| (41.8%). Inferred haplotype analysis
revealed no significant association between the TNC gene and pre-
disposition to ACL rupture (Table 2). No significant differences or
trends were observed after adjustment for sex (Table 2).

4. Discussion

In the recent years, a number of studies have examined the
associations between ACL rupture and various genetic variants,
highlighting the importance of genetic predisposition as a risk fac-

tor in ACL rupture.'8-2! Due to their biological functions, the genes
encoding ECM glycoproteins are promising candidates for modula-
tion of the risk of musculoskeletal soft tissues injuries.

Considering previous reports'® in the Polish population on
proteoglycans, a distinct subgroup of glycoproteins, and studies
examining the association of the TNC loci in the context of mus-
culoskeletal soft tissue injuries?*~26 as well as the importance of
the gene in this specific context, this study examined whether
the TNC rs1330363 (C>T), rs2104772 (A>T) and rs13321 (G>C)
variants were associated with ACL rupture susceptibility in a Pol-
ish population. We hypothesised that the current loci in the TNC
gene would modulate the risk of ACL ruptures in this population,
mirroring what was observed in other studies. Interestingly, no sig-
nificant differences between genotype and allele distributions were
observed in our Polish population groups for all loci examined. Like-
wise, no significant differences or trends were noted when inferred
haplotype analyses were performed.

These glycoproteins together with collagens are major compo-
nents of the extracellular matrix of tendons and ligaments. They
play a crucial role in remodelling pathways activated in response
to changes in loading and mobilization, during exercise as well as
during development.” TNC is expressed in dense connective tissues
of tendons and ligaments!!!3 in response to mechanical loading!®
and mainly in regions transmitting a high level of mechanical
force.!* The examination of TNC gene expression in biopsy sam-
ples of chronic Achilles tendinopathies revealed an increase in TNC
mRNA levels.?? Genetic association studies conducted in different
populations showed that chromosomal region 9q33, where the TNC
gene is located, may be involved in the predisposition to Achilles
tendon injuries. As mentioned, a dinucleotide (GT) microsatellite
marker within intron 17 of TNC gene was associated with increased
susceptibility to Achilles tendon injuries.?* Allele containing 12 and
14 GT repeats was over-represented in a group of participants with
tendon injuries, while the allele containing 13 and 17 GT repeats
was under-represented in the same group of participants. Partic-
ipants with variants of TNC gene with 12 and 14 GT repeats had
a 6-fold risk of developing Achilles tendon injuries. Saunders and
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Table 2

TNC haplotype analysis.
Haplotype Frequency (%) Additive Dominant Recessive
[rs1330363; rs2104772; rs13321]  Total ACLR CON  Score  p'0.624 p' 0.639° Score  p'0.452° p'0.497  Score  p' 0.696 p' 0.845
[C;T; G] 13.6 12.3 15.1 -1.35 0.176 0.162 -1.76  0.078 0.081 1.15 0.251 0.367
[T; T; G] 17.8 17.6 18.1 0.05 0.961 0.976 -0.14 0.886 0.942 0.51 0.610 0.782
[T; A; G] 41.8 421 41.4 0.08 0.932 0.897 0.26 0.798 0.806 -0.15 0.884 0.957
[C;T; C] 18.6 18.8 18.5 0.17 0.866 0.801 -0.10 0.922 0.975 0.74 0.459 0.508
t p-Value not adjusted.
# p-Value adjusted for sex.
" Global score statistic p-value; minimum haplotype frequency 5%.

colleagues showed that in a South African and Australian sub- Implications

jects COL27AI rs946053, TNC rs13321, and TNC rs2104772 variants
were significantly associated with risk of Achilles tendon injury.2>
The [G;C;A] haplotype of [rs946053;rs13321;rs2104772] variants
occurred significantly more frequently in participants suffering
from Achilles tendinopathy compared to healthy control. It was
suggested thatthers13321 (G > C) locus was within a putative GATA
transcription factor binding site, and putative splicing regulatory
elements were found 7 and 15bp downstream.2> More recently,
several variants in the TNC gene were associated with degenerative
rotator cuff tears.2® The T allele at rs1138545 (C>T) was shown to
be protective in this context. In addition, the combination of the
C allele at rs1138545 (C>T), the A allele at rs2104772 (A>T), and
the G allele at rs10759752 (A>G) formed the risk-related haplo-
type [C;A;G]. Of interest, elevated TNC levels have been observed
in synovial fluid after injury to human and canine knee joints.?!

However, our haplotype analysis revealed no association
between the TNC gene sequence variants and predisposition to ACL
rupture, an acute injury, whilst the previous studies implicated risk
modulation in chronic injuries such as rotator cuff and Achilles ten-
don injuries. Interestingly, the results from this study are further
mirrored in a recent GWAS investigation involving a large cohort
of individuals from the general American population.?” No signifi-
cant genetic associations were observed with the same TNC SNPS,
independently or in combinations, in the context of ACL injury
risk. Although, it should be noted that in the GWAS study, several
ACL injuries were included ranging from ACL sprains to ACL tears
requiring surgery.

Due to the nature of case-control studies, the results of this
study need to be confirmed in independent studies with a large
sample size. This current study was sufficiently powered to detect
associations at the effect size of OR 1.5 and higher. However, it
was underpowered to detect small effect sizes of OR less than 1.5.
Further independent studies using a larger group of participants
are required to replicate or confirm these findings. Future anal-
yses should also consider investigating other variants within the
TNC gene for a more comprehensive analysis of the risk profiling
specific to the Polish population.

5. Conclusion

In conclusion, this is the first study to investigate a potential
correlation between the studied TNC variants and ACL injury risk in
a cohort of athletes. Interestingly, although evidence in the litera-
ture implicates TNC variants in tendon biology,2*-26 this study and
another?” do not link these loci within TNC to ligament injury risk
susceptibility. It is likely that the modulation of ACL rupture sus-
ceptibility involves numerous genes encoding proteins involved in
the structure, development and regeneration of ligaments.?? This
study further supports the theory that there are similarities and dif-
ferences in the genetic susceptibility of acute and chronic injuries.

e The TNCrs1330363 (C>T), rs2104772 (T>A) and rs13321 (G>C)
variants may not modulate susceptibility to ACL injuries.

e Genetic susceptibility to ACL rupture is dependent on the interac-
tions of various gene variants in several genes that encode and/or
regulate the proteins that comprise the ligament.

¢ The interactions of these specific genetic variants in determining
risk susceptibility may not contribute to future multifactorial risk
models to ACL rupture.
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