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Summary

COL5A1 encodes for the α1 chain of type V collagen, an important regulator of fibril assembly in tendons, ligaments
and other connective tissues. A polymorphism (rs12722) within the functional COL5A1 3′-untranslated region (UTR)
has been shown to associate with chronic Achilles tendinopathy and other exercise-related phenotypes. The COL5A1
3′-UTR contains several putative cis-acting elements including a functional Hsa-miR-608 binding site. The aim of this
study was to determine whether previously uncharacterized polymorphisms within a functional region of the COL5A1
3′-UTR or the MIR608 gene are associated with chronic Achilles tendinopathy. The effect of these COL5A1 3′-
UTR polymorphisms on the 3′-UTR predicted mRNA secondary structure was also investigated. One hundred and
sixty Caucasian chronic Achilles tendinopathic and 342 control participants were genotyped for the COL5A1 3′-UTR
markers rs71746744, rs16399 and rs1134170, as well as marker rs4919510 within MIR608. All four genetic markers
were independently associated with chronic Achilles tendinopathy. The COL5A1 polymorphisms appear to alter the
predicted secondary structure of the 3′-UTR. We propose that the secondary structure plays a role in the regulation of
the COL5A1 mRNA stability and by implication type V collagen production.
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Introduction

The 3′-untranslated region (UTR) of eukaryotic genes con-
tains elements, which are emerging as important post-
transcriptional regulators (Mazumder et al., 2003; Xie et al.,
2005). Furthermore, these elements which include poly (A)
signals (Colgan & Manley, 1997), protein (Ross, 1995) and
microRNA (miRNA) binding sites (Lau & Lai, 2005; Matzke
& Birchler, 2005) have been shown to play significant roles
in disease aetiology (Sayed & Abdellatif, 2011). MicroRNAs
are a class of small (18–24 nucleotides) noncoding RNAs
that can induce gene silencing by targeting mRNA either by
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translational repression or mRNA cleavage (Lau & Lai, 2005;
Matzke & Birchler, 2005).

We have recently described two major functional forms of
the COL5A1 3′-UTR, namely the C- and T-forms, which
show significant differences in mRNA stability. Our analy-
ses show that a 57 bp region within the 3′-UTR containing
a putative polymorphic miRNA binding site (rs11103544,
MboII RFLP, T/C), as well as an AGGG short tandem repeat
polymorphism (STRP rs71746744, -/AGGG) was functional
(Laguette et al., 2011). Deletion of this region was sufficient
to abolish the difference in mRNA stability between the C-
and T-functional forms (Laguette et al., 2011). It is however,
currently unknown whether the function within this region is
associated with the putative miRNA binding site and/or the
STRP. We have also shown that a second upstream miRNA
binding site, Hsa-miR-608, which contains a single nu-
cleotide polymorphism (SNP) rs3196378 (AciI RFLP, C/A),
is functional. Two forms of the mature Hsa-miR-608, which
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are produced from the polymorphic (SNP rs4919510, C/G)
MIR608 gene on chromosome 10q24, can potentially bind
this miRNA binding site (http://www.ncbi.nlm.nih.gov).
The MIR608 gene encodes a 25 bp mature miRNA with
SNP rs4919510 occurring outside of the target recognition
octamer at nucleotide position 22.

Together with SNP rs3196378 and STRP rs71746744, the
functional forms of COL5A1 3′-UTR are determined by
seven tightly linked polymorphisms (Laguette et al., 2011).
A third variant, SNP rs12722 (BstUI RFLP, C/T) approx-
imately 460 bp upstream of the two miRNA binding sites
(Figure 1), is strongly associated with chronic Achilles
tendinopathy (Mokone et al., 2006; September et al., 2009)
and other exercise-related phenotypes (Posthumus et al.,
2009; Brown et al., 2011b; Posthumus et al., 2011; Brown
et al., 2011a). The T nucleotide at rs12722 was identified
within the T-functional form of the COL5A1 3′-UTR,
which was predominantly identified with Achilles tendinopa-
thy (Laguette et al., 2011). The mRNA stability of the C-
functional form was significantly lower than the T-form, sug-
gesting that less α1 chain of type V collagen is synthesized
from the C-form (Laguette et al., 2011). COL5A1 encodes
the α1(V) chain of type V collagen, which together with type
XI collagen, are required for the regulation of fibril nucle-
ation and assembly during tendon development (Wenstrup
et al., 2011). Collins and Posthumus (Collins & Posthumus,
2011) have recently suggested that the relative content of
type V collagen in the Achilles tendon and other tissues al-
ters the mechanical properties and susceptibility to Achilles
tendon injuries. This is consistent with a reported associa-
tion between an age-dependent increase in the content of
type V collagen and a decrease in fibril diameter and biome-
chanical properties of the rabbit patellar tendon (Dressler et
al., 2002). Furthermore, an increase in types III and V col-
lagen together with a reduction in type I collagen content
was also reported in degenerative tendon biopsy samples from
patients with posterior tibial tendon dysfunction syndrome
(Gonçalves-Neto et al., 2002). Recently Lu et al. (2011) (Lu
et al., 2011), also demonstrated that tendon tissue regeneration
was improved by collagen V siRNA engineered tenocytes and
that optimal levels of type V collagen was vital in regulating
fibrillogenesis.

The possible association of some of the previously un-
characterized polymorphisms within the COL5A1 3′-UTR
functional regions or the MIR608 gene with chronic Achilles
tendinopathy remains to be determined (Fig. 1). The aim
of this study was therefore to determine whether any
of the COL5A1 3′-UTR polymorphisms (i) rs71746744
(-/AGGG), (ii) rs16399 (ATCT/-) and (iii) rs1134170 (A/T),
or the SNP, rs4919510 (C/G), within the MIR608 gene
are associated with chronic Achilles tendinopathy. In ad-
dition, the effects of these COL5A1 polymorphisms on

Figure 1 Schematic representation of the region (from SNP
rs12722 to rs1134170) within the 3′-untranslated region (UTR)
of the human COL5A1 gene on chromosome 9q34 associated
with several exercise-associated phenotypes and the MIR608
gene on chromosome 10q24. Five of the seven polymorphic
sites which distinguish the C- and T-functional forms of the
COL5A1 3′-UTR are annotated in the white or grey boxes.
The sequence associated with the C- functional form is
indicated on top. The remaining two single nucleotide
polymorphisms (SNPs) rs13946 (DpnII RFLP, C/T) and
rs3128575 (C/T), respectively, are not shown. SNP rs12722
(BstUI RFLP) previously associated with several exercise-related
phenotypes is indicated in the grey box. Although not associated
with the C- and T-functional forms of the COL5A1 3′-UTR,
SNP rs11103544 (MboII RFLP) is within the second putative
miRNA binding site and is therefore also annotated within a
black box. The single SNP (rs4919510) within the MIR608
gene is also annotated. The accession numbers and/or RFLP
associated with the polymorphism are indicated together with
the nucleotide changes. The nucleotide positions of the
polymorphisms within the 3′-UTR are for the wild-type
sequence (C-functional form). The two miRNA binding sites
are indicated by a black solid circle and line. The location of a
previously described 57 bp region (�) containing the second
miRNA binding site, rs71746744 and rs11103544 is also
indicated.
1- (AGGG)1 or (ATCT)1, 2- (AGGG)2 or (ATCT)2.

the predicted mRNA 3′-UTR secondary structure was
investigated.

Materials and Methods

Participants

Three hundred and forty-two asymptomatic control par-
ticipants (CON) and 160 with diagnosed chronic Achilles
tendinopathy (TEN) were included in this study. The TEN
and CON participants were recruited from South Africa (SA
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TEN, N = 81 and SA CON = 149) and Australia (AUS
TEN, N = 79 and AUS CON = 193) as previously described
(Mokone et al., 2005; Mokone et al., 2006; September et al.,
2009; September et al., 2011). All participants were of self-
reported European Caucasian ancestry and their profiles were
previously described in detail (September et al., 2011).

All the participants signed an informed consent form prior
to participation in this study. Approval for the study was ob-
tained from the Human Research Ethics Committee at the
University of Cape Town and the Human Ethics Committees
at La Trobe and Deakin Universities, Melbourne, Australia.

DNA Extraction

DNA was extracted for the SA (Mokone et al., 2005) and AUS
(September et al., 2009) participants as previously described.

COL5A1 3′-UTR Genotyping

The participants were genotyped for the rs71746744
(-/AGGG; 91 TEN and 198 CON), rs16399 (ATCT/-;
120 TEN and 254 CON) and rs1134170 (A/T; 107 TEN
and 241 CON) polymorphisms within the 3′-UTR of the
COL5A1 gene. Genotyping was performed using custom-
designed Fluorescence-based TaqmanR© PCR assays (Applied
Biosystems, Foster City, CA, USA). Allele-specific probes and
flanking primer sets (sequences available on request) were used
along with a premade PCR mastermix containing ampliTaqR©

DNA polymerase Gold (Applied Biosystems) in a final reac-
tion volume of 8 μl. The two-step PCR consisted of a 10-min
heat activation step (95◦C) followed by 40 cycles of 15 s at
92◦ C and 1 min at 60◦C using the XP Thermal Cycler, Block
model XP-G (Bioer Technology Co., Ltd, Tokyo, Japan). Re-
peats for a minimum of three samples were included in each
genotyping run as positive controls. End-point fluorescence
using a 7900 HT Fast Real-Time PCR System and the SDS
Software version 2.3 (Applied Biosystems) was used to deter-
mine the genotypes of each polymorphism.

In addition, 310 (162 TT and 148 AT) of the 348 (89.1%)
DNA samples were regenotyped for SNP rs1134170 us-
ing the Restriction Fragment Length Polymorphism (RFLP)
method. The fragments containing rs1134170 were amplified
using the following 5′- CAG AGC CTG ATG GGA GAA
TGT CCA GGG CA -3′ as the forward primer and 5′- GGA
TAA AGA AAG CAG GGA GAA CGA GGC ATG ACC
AG -3′ as the reverse primer. The PCR reactions were per-
formed in a total volume of 50 μl containing at least 100 ng
of total genomic DNA, 20 pmol of each of the forward and
reverse primers, 1X reaction buffer, 200 μM of each dNTPs
and 1 unit of Taq DNA polymerase (New England Biolabs,

Ipswich, MA, USA). The cycling conditions included an ini-
tial denaturing step at 95◦C for 2 min followed by 30 cycles
of denaturing at 95◦C for 30 s, annealing at 65◦C for 30 s,
extension at 68◦C for 1.5 min and a final extension step at
68◦C for 5 min using the XP Thermal Cycler Block (Bioer
Technology Co.). The PCR products were digested with the
PShAI restriction enzyme (New England Biolabs) to produce
159-bp and 34-bp fragments for the A allele and an uncut
193-bp fragment for the T allele. The digestion products were
separated on a 6% nondenaturing polyacrylamide gel and vi-
sualized using SYBER Gold staining (Invitrogen Molecular
Probes, Eugene, Oregon). The gels were photographed under
UV light using a Uvitec photodocumentation system (Uvitec
Limited, Cambridge, UK), and the genotypes derived from
the sizes of the DNA fragments obtained. Only two of the AT
genotypes were reassigned as an AA genotype (0.6% geno-
typing error).

In addition, high-resolution melting (HRM) analysis was
performed for rs16399 (ATCT/-) by the Central Analyti-
cal Facility (University of Stellenbosch, Stellenbosch, South
Africa). A designed primer set (FWD: 5′-CAC TTC TCT
CTT GTG GCT C-3′, REV: 5′-CAG TGC GCC TTC
AAG GAG AC-3′) was used for that purpose. The DNA
template was quantified using the NanoDrop ND1000 (Nan-
oDrop Technologies, Wilmington, DE, USA) and adjusted to
5 ng/μl. Reactions were set up in an ABI Fast 96-well optical
plate (Applied Biosystems) using the following reaction: 1X
ABI MeltDoctor HRM Master Mix (Applied Biosystems), 6
pmol of each primer, 20 ng of DNA template with a final
volume of 20 μl. The HRM-PCR was performed in the
StepOne Real-time PCR System (Applied Biosystems) with
the following cycling and melting conditions: an activation
step at 95◦C for 10 min followed by 40 cycles consisting of
a denaturing step at 95◦C for 15 s and an annealing step at
60◦C for 1 min. This was followed by a melt curve con-
sisting of the sequential steps: a denaturing step at 95◦C for
10 s, an annealing step at 60◦C for 1 min, an HRM step at
95◦C for 15 s (ramping rate of 1%) ending with an annealing
step at 60◦C for 15 s. In each experiment sequenced sam-
ples of known genotypes were included as positive controls.
Data collection and primary analysis including amplification
plots were performed with StepOne Software Version 2.2.1
(Applied Biosystems). The high-resolution melt analysis was
performed using the High-Resolution Melt Software Version
3.0.1 (Applied Biosystems). The genotypes of the samples
were assigned automatically. The premelt and postmelt re-
gions were found between 70.9◦C to 71.3◦C and 78.0◦C
to 78.3◦C, respectively. Aligned melt curves and difference
plots were generated as well as silhouette scores for each sam-
ple. Any samples with low amplification or with outlier melt
profiles were removed from the HRM analysis.
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MIR608 Genotyping

The participants (143 TEN and 312 CON) were genotyped
for the G > C SNP (rs4919510) present in the MIR608 gene
using a custom-designed Fluorescence-based Taqman R© PCR
assay (Applied Biosystems) as described above. Duplicates of
three to nine DNA samples were included in each genotyping
run as positive controls. The mature Hsa-miR-608 has the
following sequence: 5′-AGG GGT GGT GTT GGG ACA
GCT SCG T-3′, where S is a cytosine or guanine.

mRNA Secondary Structures

All secondary structures of the wild-type and mutated C- and
T-functional forms of the COL5A1 3′-UTR were gener-
ated using the Sfold online RNA folding tool (http://sfold.
wadsworth.org) (Ding & Lawrence, 2003; Ding et al., 2005).
The Sfold RNA folding algorithm generates RNA secondary
structures using a statistical sample from the Boltzmann en-
semble of secondary structures. All structures were folded at
37◦C and 1 M NaCl in the absence of divalent ions.

Statistics

Data were analysed using STATISTICA Version 10.0 (Stat-
Soft, Tulsa, OK, USA) and GraphPad Prism version 5.0d
for Mac OS X (GraphPad Software, San Diego, CA, USA,
http://www.graphpad.com) programs. A one-way analysis
of variance was used to determine any significant differ-
ences between the characteristics of the TEN and CON
groups within the AUS and SA cohorts. A χ2-analysis or
Fisher’s exact test was used to analyse any differences in
the genotype frequencies and other categorical data between
the groups. Statistically significant differences were accepted
when P < 0.05. However, when combined gene-gene in-
teractions and effects were analysed, statistically significant
differences were accepted when P < 0.025 (Bonferroni cor-
rection). Combined genotype frequencies were also anal-
ysed using the Monte Carlo test (CLUMP program, version
2.0) (Sham & Curtis, 1995). Hardy-Weinberg equilibrium
(HWE) was established using the program Genepop web ver-
sion 3.4 (http://genepop.curtin.edu.au/). Linkage disequi-
librium (LD) was calculated using CubeX: cubic exact solu-
tion (http://www.oege.org/software/cubex/) (Gaunt et al.,
2007).

Results

The SA and AUS TEN and CON groups used in this
study have been previously described in detail (September
et al., 2009). In summary, there were significantly more

males within the combined SA and AUS TEN (73.0%, N =
159) groups when compared to the combined CON groups
(50.6%, N = 340, P < 0.001). The combined TEN and CON
groups were matched for age (TEN age of initial injury 39.8 ±
14.5 years, N = 153 vs CON age at recruitment 37.7 ± 11.7
years, N = 331; P = 0.091) and height (TEN 176 ± 9 cm,
N = 147 vs CON 172 ± 13 cm, N = 335; adjusted for sex
P = 0.960). When compared to the combined CON groups,
the combined TEN groups were significantly heavier (TEN
79.6 ± 14.1 kg, N = 153 vs CON 72.5 ± 13.4 kg, N =
339; adjusted for sex P = 0.003; adjusted for recruitment age
and sex P = 0.039) and had an increased body mass index
(BMI) (TEN 25.7 ± 3.8 kg/m2, N = 147 vs CON 24.2 ±
3.6 kg/m2, N = 330; adjusted for sex P = 0.002; adjusted
for recruitment age and sex P = 0.152). The combined TEN
groups were however recruited on average 8.6 ± 9.6 years
(N = 153) after their initial injury and any changes in weight
during this period were not documented and could not be
ruled out.

COL5A1 3′-UTR Genotype Frequencies

With the exception of significant differences between BMI
within the three rs16399 (ATCT/-) genotype groups, there
were no significant genetic interactions with any of the phys-
iological variables (age, height, weight and sex) for any of
the COL5A1 3′-UTR variants (data not shown). Participants
with an ATCT/ATCT genotype (26.8 ± 5.9 kg/m2, N = 38)
had a significantly higher BMI than those with an ATCT/-
(24.4 ± 3.6 kg/m2, N = 160, P value adjusted for age at re-
cruitment and sex = 0.001) or a -/- (24.9 ± 3.6 kg/m, N =
188, P value adjusted for age at recruitment and sex = 0.009)
genotype. Similar results were obtained when BMI was also
covaried for the pathology group (data not shown).

The genotype distributions of rs71746744, rs16399 and
rs1134170 were similar within the SA and AUS cohorts
(Table 1), which were therefore combined for further analysis.
The AGGG/AGGG, -/- ATCT and TT genotype frequen-
cies of rs71746744, rs16399 and rs1134170 respectively, were
significantly overrepresented in the combined TEN cohorts.
Except for rs1134170, the other two polymorphisms were in
HWE. All three polymorphisms were in linkage disequilib-
rium (D′ ≥ 0.880).

MIR608 Genotype Frequencies and Interactions
with Its COL5A1 3′-UTR Binding Site

There were no significant genetic interactions with any of
the physiological variables for rs4919510 within the MIR608
gene (results not shown). The genotype distributions of
rs4919510 were similar within the SA and AUS cohorts

Annals of Human Genetics (2013) 77,204–214 207C© 2013 Blackwell Publishing Ltd/University College London



Y. Abrahams et al.

Table 1 Genotype frequency distributions of the COL5A1 3′-untranslated region (UTR) polymorphisms, rs71746744 (-/AGGG),
rs16399 (ATCT/-) and rs1134170 (A/T), in control (CON) and chronic Achilles tendinopathy (TEN) groups of South African (SA) and
Australian (AUS) cohorts, as well as the combined SA and AUS (SA+AUS) cohorts.

SA AUS SA+AUS

CON TEN CON TEN CON TEN TEN/CON

rs71746744 N = 101 N = 51 N = 97 N = 40 N = 198 N = 91
-/- 8.9 (9) 2.0 (1) 15.5 (15) 7.5 (3) 12.1 (24) 4.4 (4) 0.36
-/AGGG 48.5 (49) 37.3 (19) 38.1 (37) 30.0 (12) 43.4 (86) 34.1 (31) 0.79
AGGG/AGGG 42.6 (43) 60.8 (31) 46.4 (45) 62.5 (25) 44.4 (88) 61.5 (56) 1.39
HWE 0.503 0.666 0.124 0.374 1.000 0.750
P-value1 0.040 0.095 0.0082

rs16399 N = 133 N = 68 N = 121 N = 52 N = 254 N = 120
ATCT/ATCT 9.0 (12) 4.4 (3) 16.5 (20) 3.9 (2) 12.6 (32) 4.2 (5) 0.33
ATCT/- 46.6 (62) 41.2 (28) 38.8 (47) 32.7 (17) 42.9 (109) 37.5 (45) 0.87
-/- 44.4 (59) 54.4 (37) 44.6 (54) 63.5 (33) 44.5 (113) 58.3 (70) 1.31
HWE 0.552 0.536 0.114 1.000 0.495 0.612
P-value3 0.183 0.031 0.0154

rs1134170 N = 131 N = 66 N = 110 N = 41 N = 241 N = 107
AA 0.0 (0) 0.0 (0) 1.83.6 (24) 0.0 (0) 0.81.7 (24) 0.0 (0) 0.00
AT 56.5 (74) 43.5 (57)40.9 (27) 58.256.4 (6462) 46.3 (19) 5756.3 4 (138136) 43.0 (46) 0.75
TT 43.5 (57) 40.9 (27) 59.1 (39) 40.0 (44) 53.7 (22) 41.9 (101) 57.0 (61) 1.36
HWE <0.001 0.055056 <0.001002 0.086087 <0.001 0.004003
P-value5 0.050 0.144 0.014 0116

Genotypes are expressed as percentages with numbers (N) in parenthesis. HWE are exact P-values from tests of Hardy-Weinberg equilibrium.
1AGGG/AGGG genotype vs the combined -/AGGG and -/- genotypes.
2odd ratio = 2.0, 95% confidence interval = 1.2 to 3.3.
3-/- ATCT genotype vs the combined ATCT/- and ATCT/ATCT genotypes.
4odd ratio = 1.7, 95% confidence interval = 1.1 to 2.7.
5TT genotype vs the combined AT and TT genotypes.
6odd ratio = 1.8, 95% confidence interval = 1.1 2 to 2.9.

Table 2 Genotype frequency distributions of the MIR608 rs4919510 (C/G) single nucleotide polymorphism in control (CON) and
chronic Achilles tendinopathy (TEN) groups of South African (SA) and Australian (AUS) cohorts, as well as the combined SA and AUS
(SA+AUS) cohorts.

CC CG GG HWE P-value CC vs G

SA CON (N = 135) 58.5 (79) 35.6 (48) 5.9 (8) 0.815 0.186
SA TEN (N = 75) 68.0 (51) 29.3 (22) 2.7 (2) 1.000
AUS CON (N = 177) 55.9 (99) 40.7 (72) 3.4 (6) 0.147 0.081
AUS TEN (N = 68) 69.1 (47) 26.5 (18) 4.4 (3) 0.413
SA+AUS CON (N = 312) 57.1 (178) 38.5 (120) 4.4 (14) 0.345 0.0231

SA+AUS TEN (N = 143) 68.5 (98) 28.0 (40) 3.5 (5) 0.815
TEN/CON 1.20 0.73 0.80

Genotypes are expressed as percentages with numbers (N) in parenthesis. HWE are exact P-values from tests of Hardy-Weinberg equilibrium.
1CC genotype vs G allele (CG + GG genotypes): odds ratio = 1.6, 95% confidence interval = 1.1 to 2.5.

(Table 2) and were therefore also combined for further anal-
ysis. The CC genotype frequency was significantly overrep-
resented when compared to the G allele (CG and GG geno-
types) in the combined TEN groups (P = 0.023, OR = 1.6,
95% CI = 1.1 to 2.5) (Table 2). This polymorphism was in
HWE in all the groups.

Interestingly, the Hsa-miR-608 binding site within the
COL5A1 3′-UTR is also polymorphic (September et al.,
2009). We therefore investigated the combined genotype fre-
quencies of MIR608 SNP rs4919510 and its correspond-
ing COL5A1 binding site SNP rs3196378 (C/A, AciI
RFLP). The A allele of rs3196378 was identified within the
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Table 3 Combined genotype frequency distributions of the MIR608 gene rs4919510 (C/G) single nucleotide polymorphism (SNP) and
the COL5A1 3′-UTR SNP rs3196378 (C/A) within the Hsa-miR-608 binding site in control (CON) and chronic Achilles tendinopathy
(TEN) groups of South African (SA) and Australian (AUS) cohorts, as well as the combined SA and AUS (SA+AUS) cohorts.

COL5A1 SA CON SA TEN AUS CON AUS TEN SA+AUS SA+AUS TEN
MIR608 3′-UTR (N = 100) (N = 74) (N = 175) (N = 63) CON (N = 275) TEN (N = 137) /CON

CC CC 13.0 (13) 12.2 (9) 15.4 (27) 15.9 (10) 14.5 (40) 13.9 (19) 0.96
CC CA 28.0 (28)1 40.5 (30)1 32.6 (57)3 44.4 (28)3 30.9 (85)4,5 42.3 (58)4,5 1.37
CC AA 11.0 (11)2 14.9 (11)2 8.6 (15) 6.4 (4) 9.5 (26)5 10.9 (15)5 1.15
CG CC 12.0 (12) 6.8 (5) 8.0 (14) 0.0 (0) 9.5 (26) 3.6 (5) 0.38
CG CA 20.0 (20) 14.9 (11) 25.7 (45) 23.8 (15) 23.6 (65) 19.0 (26) 0.81
CG AA 10.0 (10) 8.1 (6) 6.9 (12) 4.8 (3) 8.0 (22) 6.6 (9) 0.83
GG CC 2.0 (2) 1.4 (1) 0.6 (1) 0.0 (0) 1.1 (3) 0.7 (1) 0.64
GG CA 2.0 (2) 1.4 (1) 1.7 (3) 4.7 (3) 1.8 (5) 2.9 (4) 1.61
GG AA 2.0 (2) 0.0 (0) 0.6 (1) 0.0 (0) 1.1 (3) 0.0 (0) 0.00

Genotype pairs are expressed as percentages with numbers (N) in parenthesis. TEN/CON, SA+AUS TEN/SA+AUS CON.
1SA TEN/SA CON = 1.45.
2SA TEN/SA CON = 1.35.
3AUS TEN/AUS CON = 1.36.
4SA+AUS TEN vs SA+AUS CON (MIR608 CC genotype + COL5A1 CC genotype), P = 0.022, odds ratio = 1.6, 95% confidence
interval = 1.1 to 2.5.
5SA+AUS TEN vs SA+AUS CON (MIR608 CC genotype + COL5A1 C allele), P = 0.016, odds ratio = 1.7, 95% confidence interval =
1.1 to 2.5.

T-functional form of the COL5A1 3′-UTR, which was
predominately cloned from TEN subjects (Laguette et al.,
2011). There were no significant differences between the
global P values (Monte Carlo tests) when the combined
rs4919510 and rs3196378 genotype frequencies were com-
pared between the pooled TEN and CON groups (Table 3).
The combined MIR608 CC and COL5A1 rs3196378 CA
genotypes were however significantly overrepresented in
TEN (42.3%) when compared to the CON (30.9%) groups
(P = 0.022, OR = 1.6, 95% CI = 1.1 to 2.5). The MIR608
CC and COL5A1 rs3196378 AA combined genotype distri-
butions were, however, similar between the TEN (9.5%) and
CON (10.9%) groups. This similarity was due to the com-
bined MIR608 CC and COL5A1 CC genotypes being un-
derrepresented within the AUS TEN cohort, but not the SA
TEN cohort (Table 3). The combined MIR608 CC genotype
and COL5A1 rs3196378 C allele (CA and AA genotypes)
was significantly overrepresented in the TEN (53.2%, N =
73) when compared to the CON (40.4%, N = 111) groups
(P = 0.016, OR = 1.7, 95% CI = 1.1 to 2.5).

MIR608 and COL5A1 3′-UTR Genotype
Interactions

The CC MIR608 rs4919510, AGGG/AGGG COL5A1
rs71746744, -/- ATCT COL5A1 rs16399 and TT COL5A1
rs1134170 genotypes were all independently associated with
increased risk of chronic Achilles tendinopathy (Tables 1

and 2) and therefore gene-gene interactions were investigated.
Each of the four individual “at risk” genotypes contributed a
score of 2 towards a participants′ genotype risk score. Partici-
pants with all four individual Achilles tendinopathy “at risk”
genotypes therefore had a total score of 8, while those with
none of the risk genotypes had a score of 0. Compared to the
CON group, the genotype risk score of 8 was significantly
overrepresented within the TEN group (P = 0.004; odds ra-
tio = 2.6; 95% confidence interval 1.3 to 4.9), and the geno-
type risk score of 0 was significantly underrepresented within
the TEN group (P = 0.019; odds ratio = 3.1; 95% confi-
dence interval 1.2 to 8.5) (Fig. 2). When the CC MIR608
rs4919510 “at risk” genotype was excluded from the anal-
yses, the three COL5A1 3′-UTR “at risk” genotypes were
also significantly overrepresented (P = 0.006; odds ratio =
2.3; 95% confidence interval 1.3 to 4.3) within the TEN par-
ticipants (60.0%, N = 36 of 60) when compared to the CON
participants (39.4%, N = 61 of 155). In contrast, none of the
three “at risk” genotypes were significantly overrepresented
(P = 0.002; odds ratio = 2.7; 95% confidence interval 1.4 to
5.0) within the CON participants (55.5%, N = 86 of 155)
when compared to the TEN participants (31.7%, N = 19
of 60).

Predicted Secondary Structures of the Major
COL5A1 3′-UTR Functional Forms

The secondary structures of the 3′-UTR were generated for
both the C- and T-forms using a statistical folding algorithm
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Figure 2 Genotype risk score frequency distributions of the
Hsa-miR-608 gene (Has-miR-608) rs4919510 (C/G)
polymorphism and the three COL5A1 3′-untranslated
region (UTR) polymorphisms, (i) rs71746744 (-/AGGG)
polymorphism, (ii) rs16399 (ATCT/-), and (iii) rs1134170
(A/T) in the pooled South African and Australian control
(CON, clear bars) and chronic Achilles tendinopathy (TEN,
solid bars) groups. The “at risk” genotypes for chronic
Achilles tendinopathy at each variant contributed 2 points
(rs4919510, CC; rs71746744, AGGG/AGGG; rs16399, -/-
ATCT; rs1134170, TT) towards the genotype risk scores
while the nonrisk genotypes (rs4919510, CG and GG;
rs71746744, -/- AGGG and -/AGGG; rs16399, ATCT/-
and ATCT/ATCT; rs1134170, AT and AA) contributed 0
points. As indicated by an asterisk, the genotype risk score of
0 was significantly underrepresented in the TEN group, P =
0.019, OR = 3.1 and 95% CI = 1.2 to 8.5. The genotype
risk score of 8 was however significantly overrepresented in
the TEN group, P = 0.004, OR = 2.6 and 95% CI = 1.3 to
4.9. The global P-value, which was calculated by combining
the 4 and 6 genotype risk scores, is indicated.

(SFold) to identify regions of local high and low stability. As
illustrated in Figure 3, there were clear structural differences
in the most stable C- and T-functional forms. The most
significant changes in secondary structure occur in an 814 bp
region containing five of the seven polymorphisms (rs12722,
rs3196378 rs71746744, rs16399 and rs1134170) and the two
miRNA binding sites shown in region A of Figures 3 and 4.
The AGGG STRP, which was associated with TEN, appears
to be directly involved in the secondary structure of the second
miRNA binding site (Top Inserts in Fig. 4).

The seven previously identified polymorphic sites within a
2.5 kb region of the COL5A1 3′-UTR appear to determine
the predicted secondary structures of the C- and T-functional
forms (Laguette et al., 2011). In an attempt to identify which
of the seven polymorphisms were responsible for determining
the “gross” structural differences between the two functional
forms, the secondary structures of the COL5A1 3′-UTR

Figure 3 The most stable predicted secondary structures of
the C (left panel) and T (right panel) functional forms of the
COL5A1 3′-UTR. The region, which contains both
miRNA binding sites and the AGGG short tandem repeat
polymorphism (STRP) (rs71746744), is indicated with box
A. Box B indicates the region that contains the ATCT
STRP (rs16399) and rs1134170 (A/T). Region B of the C
(left insert) and T (right insert) functional forms of COL5A1
3′-UTR is expanded in the inserts. The two and one copies
of the ATCT STRP are highlighted in the inserts.
Nucleotide positions within the 3′-UTR are also indicated.
The secondary structures were generated using the Sfold
online RNA folding tool (available at
http://sfold.wadsworth.org). The algorithm generates RNA
secondary structures using a statistical sample from the
Boltzmann ensemble of secondary structures. All structures
were folded at 37◦C and 1M NaCl in the absence of divalent
ions.

were determined after in silico site-directed mutagenesis. The
structure of region A (Figs 3 and 4) was similar in all of the
10 most stable predicted secondary structures identified for
the C-form of the 3′-UTR (CCC12AT in Fig. 5). Interest-
ingly, much more variation within the structure of region A
was noted for the T-form (TTA21TC in Fig. 5 and data not
shown). The characteristic structure of region A within the
C-form was only present within 20% (4th and 5th most stable
structures) of the 10 most stable predicted structures of the
T-form (Left Panel of Fig. 4). As illustrated in Figure 5 all
seven polymorphic sites most likely contribute to the struc-
tural differences of region A within the C- and T-functional
forms. Of note, was that the structure of region A was more
characteristic of the C-form within 80% of the 10 most stable
predicted structures when only a single AGGG repeat was in-
cluded in the structure of the T-form (TTA11TC in Fig. 5).
As summarized in Figure 5, the majority of the COL5A1 3′-
UTR haplotypes that produced 7 or more C-form structures
had a C at rs3196378 (6 of 8) and a (AGGG)1 at rs71746744 (7
of 8). The majority of the haplotypes that produced 4 or less
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Figure 4 The most stable predicted secondary structures of
region A of the C (left panel) and T (right panel) functional
forms of the COL5A1 3′-UTR. This region contains both
polymorphic miRNA binding sites, the AGGG variable
nucleotide tandem repeat (STRP) (rs71746744), single
nucleotide polymorphism (SNP) rs11103544 (T/C) and
SNP rs3196378 (C/A). The region to which Hsa-miR-608
(bottom inserts) and the second unknown miRNA (top
inserts) binds are expanded in the boxed inserts. The one and
two copies of the AGGG STRP are highlighted with grey
diamonds in the top inserts. The miRNA binding sites are
highlighted with grey circles. The SNPs within these
binding sites are indicated with grey diamonds. Nucleotide
positions within the 3′-UTR are also indicated. The
secondary structures were generated using the Sfold online
RNA folding tool (available at http://sfold.wadsworth.org).
The algorithm generates RNA secondary structures using a
statistical sample from the Boltzmann ensemble of secondary
structures. All structures were folded at 37◦C and 1M NaCl
in the absence of divalent ions.

C-form structures, on the other hand, had an A at rs3196378
(6 of 8), a (AGGG)2 at rs71746744 (7 of 8), a (ATCT)1 at
rs16399 (6 of 8) and a T at rs1134170 (6 of 8).

Discussion

We have recently described significant differences in mRNA
stability between two major forms of the COL5A1 3′-
UTR. Our analyses show that a 57 bp region within the
3′-UTR containing a putative polymorphic miRNA binding
site (rs11103544, MboII RFLP, T/C), as well as an AGGG
short tandem repeat polymorphism (STRP rs71746744, -
/AGGG) was functional (Laguette et al., 2011). Deletion of
this region was sufficient to abolish the difference in mRNA
stability between the two COL5A1 3′-UTR functional forms
(Laguette et al., 2011).

The first main finding of this study was that three additional
sequence variants, namely rs71746744 (-/AGGG), rs16399

Figure 5 The number of predicted secondary structures
similar to the C-form for each of the COL5A1 3′-UTR
haplotypes generated during in silico site-directed
mutagenesis. The haplotypes consist of the seven
polymorphic sites; rs13946 (C/T), rs12722 (C/T),
rs3196378 (C/A), rs71746744 (-/AGGG), rs16399
(ATCT/-), rs1134170 (A/T) and rs3128575 (T/C); that
determine the distinct C- and T-functional forms. The
nucleotide sequence associated with the C-form
(C-C-C-1AGGG-2ATCT-A-T) is highlighted in white, while
the sequence associated with the T-form
(T-T-A-2AGGG-1ATCT-T-C) is highlighted in grey. The
algorithm generates RNA secondary structures using a
statistical sample from the Boltzmann ensemble of secondary
structures. All structures were folded at 37◦C and 1M NaCl
in the absence of divalent ions. The �G values for the 10
most stable structures are indicated. The secondary structures
that are similar to the C-functional form of the COL5A1
3′-UTR were identified for each haplotype and indicated.
The preferred sequences within the COL5A1 3′-UTR
polymorphisms that produced seven or more C-form
structures (above the top dashed line) are indicated above the
histogram, while the preferred sequences within the
COL5A1 3′-UTR polymorphisms that produced 4 or less
C-form structures (below the bottom dashed line) are
indicated below the histogram. A single sequence was
indicated at a variant only if it was present in six or more of
the haplotypes.
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(ATCT/-) and rs1134170 (T/A), within or upstream of the 57
bp COL5A1 3′-UTR functional region were independently
associated with chronic Achilles tendinopathy (refer to Fig. 1)
(Laguette et al., 2011). Specifically, the AGGG/AGGG, -/-
ATCT and TT genotypes were significantly overrepresented
in the tendinopathic participants. There was approximately
a two-fold increased risk of developing chronic Achilles
tendinopathy with any one of these three genotypes, which
are tightly linked (D′ ≥ 0.880) and located within a 256 bp
region of the COL5A1 3′-UTR, which contains a miRNA
binding site. We have previously shown that a 57 bp region
containing this miRNA binding site and the AGGG short
tandem repeat polymorphism (STRP, rs71746744) assayed in
this study was functional (Laguette et al., 2011). In addition,
the functional differences between the C- and T-forms of
the COL5A1 3′-UTR were abolished when this 57 bp re-
gion was deleted from the entire 2.5 kb 3′-UTR, suggesting
that this region contains important regulatory elements re-
sponsible for the increase in mRNA stability conferred by
the T-functional form (Laguette et al., 2011). Further work
is however required to identify the specific elements and the
specific miRNA that bind to this putative site.

Although the miRNA binding site within the 57 bp re-
gion is polymorphic, we have previously shown that the
SNP within this site (rs11103544, MboII RFLP, T/C) is not
associated with chronic Achilles tendinopathy (September
et al., 2009). In addition, this SNP was not one of the
major sequence variants that differentiated between the C-
and T-functional forms of the COL5A1 3′-UTR (Laguette
et al., 2011). Furthermore, investigations have concluded
that rs11103544 did not interact with the AGGG STRP
(rs71746744) to modify the association with chronic Achilles
tendinopathy (data not shown). Although rs11103544 was
not associated with chronic Achilles tendinopathy, the AGGG
STRP, which is 25 bp upstream of the miRNA binding site,
directly influenced the predicted secondary structure of the
putative miRNA binding site (Top Inserts of Fig. 4). It is
therefore tempting to speculate that the upstream AGGG
STRP, and not the SNP within the binding site, modulates
miRNA binding to this site. This hypothesis is currently being
tested.

The second main finding of this study was that the poly-
morphic MIR608 gene (rs4919510, C/G) was also associated
with chronic Achilles tendinopathy. The CC genotype of this
variant was significantly overrepresented within the tendino-
pathic participants. Each allele of the MIR608 gene encodes
for a distinct mature miRNA, Hsa-miR-608, which binds
to a functional polymorphic (rs3196378, AciI RFLP, C/A)
cis-acting element within the COL5A1 3′-UTR (Septem-
ber et al., 2009; Laguette et al., 2011). Since the A allele of
rs3196378 within the Hsa-miR-608 binding site was identi-
fied within the T-functional form of the COL5A1 3′-UTR

(Laguette et al., 2011), we investigated the combined geno-
type frequencies of MIR608 rs4919510 and rs3196378 within
the miRNA binding site. We therefore hypothesized that the
combined MIR608 rs4919510 CC and COL5A1 miRNA
binding site rs3196378 AA genotypes should be overrepre-
sented in the chronic Achilles tendinopathy group. Although
the combined MIR608 CC and COL5A1 rs3196378 AA
genotype distributions were similar between the AUS TEN
and AUS CON groups, the combined MIR608 CC genotype
and COL5A1 rs3196378 A allele (CA and AA genotypes)
were significantly overrepresented in all the TEN participants
when compared to all the CON participants.

We have previously reported that rs12722 (BstUI RFLP,
C/T), located 602 bp upstream of AGGG STRP within
the COL5A1 3′-UTR, is associated with chronic Achilles
tendinopathy (Mokone et al., 2006; September et al., 2009),
ACL ruptures in females (Posthumus et al., 2009), joint range
of motion (Collins et al., 2009; Brown et al., 2011b) and en-
durance running performance (Posthumus et al., 2011; Brown
et al., 2011a). All three COL5A1 3′-UTR variants assayed in
this study are linked (D′ ≥ 0.546) to rs12722. We previ-
ously reported that the CC genotype of rs12722 protected
individuals from developing chronic Achilles tendinopathy
(September et al., 2009). Paired genotype distributions of
the three variants, rs71746744, rs16399 and rs1134170, with
rs12722 demonstrated that the CC genotype of rs12722 gen-
erally segregated together with the underrepresented geno-
types, rs71746744 (AGGG/- and -/-, 50 of 60), rs16399
(-/ATCT and ATCT/ATCT, 66 of 73) and rs1134170 (AT
and AA, 64 of 75), in chronic Achilles tendinopathy (un-
published data). This linkage of rs12722, with rs71746744,
rs16399 and rs1134170 is therefore the simplest explanation
for the previously reported associations. The association of
these three polymorphisms within ACL ruptures (Posthumus
et al., 2009) and other exercise-related phenotypes (Brown
et al., 2011a; Brown et al., 2011b; Posthumus et al., 2011)
needs to be investigated. Preliminary work from our lab-
oratory has shown that the AGGG STRP (rs71746744) is
associated with joint range of motion and endurance running
performance (unpublished data). Any direct effect of rs12722
(BstUI RFLP) on type V collagen production is however
worthy of investigation.

The third main finding of this study was the clear struc-
tural differences in the most stable C- and T-functional forms
of the COL5A1 3′-UTR (refer to Figs 3 and 4). The pre-
dicted secondary structure of the region, which contains both
miRNA binding sites, was distinctly different in these two
forms. Sequence differences within only seven polymorphic
sites which span the entire 2.5 kb COL5A1 3′-UTR de-
termined the distinct predicted secondary structures of the
C- and T-functional forms. All seven of these polymorphic
sites contribute to the predicted structures associated with the
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C- and T-functional forms although the weight of their con-
tribution varies. In this study, all secondary structures were
folded at 37◦C and 1 M NaCl as previously described (Xia
et al., 1998). Divalent cation (Mg2+) concentrations are only
considered relevant for the tertiary folding of RNA and were
ignored for the purpose of this study (Tan & Chen, 2010).
One limitation of this study is the use of an in silico prediction
of the secondary structures of the 3′-UTR. Sfold is unable to
predict pseudoknots and the accuracy of the prediction also
diminishes as the size of the RNA increases (Laing & Schlick,
2010). A significant amount of research has nevertheless been
conducted to accurately determine the energies that stabi-
lize helices (SantaLucia & Turner, 1997; Xia et al., 1998;
Mathews et al., 1999) and secondary structure prediction re-
mains a powerful tool.

Although this and other studies (Mokone et al., 2006;
September et al., 2009) have reported an association be-
tween polymorphisms within the 3′-UTR of COL5A1 and
chronic Achilles tendinopathy, tendinopathy is a multifacto-
rial and polygenic disorder (Collins & Raleigh, 2009). Poly-
morphisms within several other genes such as TNC (Mokone
et al., 2005), MMP3 (Raleigh et al., 2009), GDF5 (Posthumus
et al., 2010) and CASP8 (Nell et al., 2012) have therefore also
been shown to independently associate with chronic Achilles
tendinopathy.

There are several pathologies that affect the Achilles ten-
don and surrounding tissues (Järvinen et al., 2005). In this
study, chronic Achilles tendinopathy was either diagnosed by
clinical criteria and/or soft-tissue ultrasound examination as
previously described (Mokone et al., 2006; September et al.,
2009). The majority of participants injured the mid-portion
of their tendon while approximately 1% of the participants
injured the insertion (data not shown). Pathologies of the sur-
rounding tissues, such as peritendinitis, were excluded from
this study. Although only participants with a well-defined
Achilles tendon injury were included in this study (Mokone
et al., 2006; September et al., 2009), we cannot exclude the
possibility that our tendinopathy group did not represent a
number of related, but similar, pathologies. It is possible that
there are some differences in the genetic predisposition of
these different tendinopathies. The genetic associations re-
ported in this study would however be stronger if any similar
pathology with a different aetiology was removed.

In conclusion, three additional polymorphisms within close
proximity to the functional region of COL5A1 3′-UTR were
independently associated with chronic Achilles tendinopathy.
These variants appear to alter the predicted secondary struc-
ture of the 3′-UTR. We propose that the secondary structure
plays a role in the regulation of the COL5A1 mRNA stabil-
ity and by implication type V collagen production. In addi-
tion, the polymorphic MIR608 gene was also associated with

chronic Achilles tendinopathy. Hsa-miR-608, which is pro-
duced by this gene, also regulates COL5A1 mRNA stability.
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