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Rhstract. Collagens are major structural proteins of tendons, ligaments and other components of musculoskeletal tissues. Rare
mutations in many of the genes, which encode for the collagen a-chains, result in serious musculoskeletal disorders, highlighting the
importance of this protein family in the normal structure and function of musculoskeletal tissues. Since these rare mutations cause
severe disorders, it has been proposed that a lack of biological redundancy exists within the collagen fibril, and that collagen-encoding
genes are therefore ideal candidates for association with less severe exercise-related traits. This review identifies a number of collagen
gene variants which are associated with various exercise-related traits. Based on the evidence outlined in this review, we propose that
a general genetic continuum exists for collagen genes and their associated traits. At one end of this general continuum model, a single
mutation within one or more collagen genes will result in severe Mendelian disorders. At the other end of the continuum, functional variants
within these collagen genes collectively contribute to the aetiology of anomalous multifactorial connective tissue traits, which arise as
a result of the interaction of genetic and non-genetic factors which modulate physiological responses to environmental stimuli.
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An Overview of Collagens and the Structure of the Collagen Fibril

Collagens are a family of twenty-eight structurally and functionally diverse proteins which consist of three
polypeptide a-chains wound in a characteristic uninterrupted or interrupted triple helical structure (Kadler et al.
2007; Liu et al. 1995). The majority of these proteins are important for tissue assembly or maintenance (Kadler
et al. 2007). Furthermore, many are the major macromolecular building blocks of the collagen fibril, which is the
structural component of tendons, ligaments, bone, cartilage and connective tissue structures in muscle and other
tissues. Non-cartilaginous connective tissues generally contain a different set of collagen proteins when compared
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to cartilage, however some collagens do occur in both (Table 1, Figure 1) (Banos et al. 2008; Kadler et al. 2007).
Since the collagen fibril within the musculoskeletal system is an important structure in exercise performance and
injury, this review will focus predominately on the structural collagens of the non-cartilage and cartilage fibril, as well
as those collagens that are directly associated with these fibrils.

The collagen family can be divided into two groups, based on their structure and function: (i) the fibrillar,
or fibril-forming, collagens which form the fibrillar scaffolding for the extra-cellular matrix and, (i) the non-fibrillar
collagens which include, amongst others, the fibril associated collagens with interrupted triple helices (FACITSs),
network forming collagens, short chain collagens and beaded filament collagens (Table 1) (Kadler et al. 2007; Riley
2005).

Tahle 1. The classification of some of the structural collagens within the non-cartilage and non-cartilage fibril, together with those that
associate with the fibril or form networks around the fibril forming cells

. o Fibrillar Collagens Non-fibrillar Collagens
Tissue Distribution - -
Major Minor FACITs' Others
Tendons
Li Ik
Blg::en i Type | Collagen Type XlI Collagen Type IV Collagen*
Type V Coll Type VI Coll °
Muscle Type Ill Collagen ype ¥ L.olagen Type XIV Collagen ype Vi Lollagen

Type VIl Collagen*
Other non-cartilaginous tissues ype olagen

Fibrocartilage

Cartilage Type XI Collagen®
Type Il Coll
Fibrocartilage ype i Lolagen Type XXVII Collagen®

Type IV Collagen?

Type IX Coll
ype olagen Type X Collagen*

" Fibril associated collagens with interrupted triple helices.

2 Network forming collagens.

% Beaded filament collagens.

4 Short chain collagens.

° Also expressed in the developing tendon.

% Not a classical fibrillar collagen, expressed primarily in cartilage and sites of transition from cartilage to bone.

The classical fibrillar collagens are further sub-divided into the major (types I, Il, Ill) and minor (types V, XI)
collagens (Kadler et al. 2007). The predominant major fibrillar collagen is type | collagen, consisting of two a1 (1) and
one a2 (I) chains. ltis responsible for the hierarchical structure and mechanical strength of non-cartilage connective
tissue (Eriksen et al. 2002; Hoffmann and Gross 2007; Rees et al. 2009). Type Il collagen, a homotrimer consisting
of three a1 (1l) chains, is the equivalent main structural collagen in cartilage (Kannu et al. 2010). Type Il collagen,
which consists of three a1 (11l) chains, is also a major fibrillar collagen which forms heterotypic fibrils together with
type | collagen, and is important in healing and during fibrillogenesis (Banos et al. 2008; Liu et al. 1995). It is thought
that type IIl collagen regulates the diameter of type | collagen fibrils during development and healing by limiting
lateral growth (Banos et al. 2008). Tissues with elastic properties, such as skin and arteries, also have a higher type
Il collagen content than less elastic tissues (Gelse et al. 2003). Type V collagen is a minor fibrillar collagen which
is co-expressed with types | and Il collagen, and also plays a role in the regulation of type | collagen fibril diameter
(Birk 2001; van der Rest and Garrone 1991). The predominant isoform of type V collagen is a heterotrimer of two
a1 (V) and one a2 (V) chains, however other isoforms, which may contain a3 (V) chains, also exist (Birk 2001).
Type Xl collagen is the minor fibrillar collagen co-expressed with type Il collagen in the cartilage (Kadler et al. 2007;
van der Rest and Garrone 1991). Recent investigations on the function of type V collagen in tendon development
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H!]lll‘ﬂ 1. A schematic diagram of the collagen fibril, adapted from Collins et al. (2011). The major fibrillar type | (solid white cylinders)
and Il (hatched cylinders) collagen molecules comprise the majority of the fibril. The minor fibrillar type V collagen (solid black cylinders
with globular ends) is embedded within the fibril with a protruding amino end. Type Xll and XIV collagen (solid black cylinders with forked
ends) belong to the fibril-associated collagens with interrupted triple helices (FACITs) sub-family. Beaded non-fibrillar type VI collagen
(solid grey circles) interacts, at the surface of the fibril, with the other collagens that make up the fibril. Collagen types listed in parenthe-
ses are the cartilage specific collagens equivalent to those they are listed under. The proteins in this diagram are not drawn to scale.

suggest a synergistic role with type Xl collagen in the regulation of fibrillogenesis and growth of mature tendon fibrils
(Wenstrup et al. 2011). Type XXVII collagen, although not a classical fibrillar collagen, is nevertheless also a fibrillar
collagen expressed primarily in cartilage and sites of transition from cartilage to bone, but also in skeletal muscle
(Boot-Handford et al. 2003; Hjorten et al. 2007; Pace et al. 2003).

The FACITs, which include, amongst others, types IX, XIl and XIV (Gelse et al. 2003), are important
non-fibrillar collagens in mediating cell-matrix interactions between the collagen fibres and cell surfaces (Riley
2005), and during stabilisation of the attached collagen triple helices (Boudko et al. 2010; Ricard-Blum and Ruggiero
2005). Type VI collagen, a non-fibrillar beaded filament collagen, also facilitates fibrillar interaction with the extra-
cellular matrix through interactions with types I, V, and XII collagens (Minamitani et al. 2004; Symoens et al. 2011;
van der Rest and Garrone 1991). In addition, abnormal collagen fibrillogenesis in COL6AT deficient mice highlights
the potential importance that type VI collagen may have in this biological process (lzu et al. 2010). Although type
IV collagen is not a structural component of the fibril, it does form a major part of the basement membrane which
surrounds and anchors the cellular component of musculoskeletal tissues, and maintains tissue architecture during
development and wound healing (Kadler et al. 2007; Timpl and Brown 1996). In particular, the basement membranes
are connected to cells by receptors which specifically bind to type IV collagen and other proteins. The short-chain
collagen types VIl and X form networks in the basement membranes of non-cartilaginous and cartilaginous tissues
respectively (Kadler et al. 2007). The non-fibrillar collagens are further reviewed by Ricard-Blum et al. (2005).

Typically, the polypeptide a-chains of the fibrillar collagens comprise of approximately 1000 amino acids
in an uninterrupted repeating triplet, which contains a glycine amino acid in every third position with proline,
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H!]lll‘ll 2. A schematic diagram of collagen fibril assembly. The polypeptide a-chains of the fibrillar collagens comprise an uninterrupted
repeating triplet, which contains a glycine amino acid in every third position with proline and 4-hydroxyproline residues in the other two
positions (Gly-X-Y). This is indicated by the —~OH groups on the type | collagen a-chains. These repeating triplets form the triple helical
domains in all the collagens. In the major fibrillar collagens, including type | collagen, the globular carboxy- and amino-terminal domains
flanking the triple helix are post-translationally cleaved prior to their aggregation into collagen fibrils. Post-translational cleavage of
the amino-terminal domain does not occur in some of the minor fibrillar (type V collagen) and non-fibrillar (type XIl and XIV collagens)
collagens. Type | and type XII collagen have been used as examples for the collagen fibril assembly process. The molecules and
proteins in this diagram are not drawn to scale.

and 4-hydroxyproline residues in the other two positions (Gly-X-Y) (Kadler et al. 2007). These repeating triplets
are essential for the formation of the triple helical domains in all the collagens (Figure 2) (Kadler et al. 2007).
Most collagens occur as homotrimers of three identical a-chains, however heterotrimers of two or three different
a-chains are also common (Kadler et al. 2007). These a-chains are wound together in a triple helix and, in the major
fibrillar collagens, the globular carboxy- and amino-terminal domains flanking the triple helix are posttranslationally
cleaved, prior to their aggregation into collagen fibrils (Figure 2) (Banos et al. 2008; Kadler et al. 2007; O’Brien
1997). The synthesis of the collagen proteins has been extensively reviewed by Banos et al. (2008).

Gollagen Related Disorders

The major structural domains of collagen proteins are typically highly conserved across species, and each
polypeptide a-chain is encoded by a specific gene (Table 2). In the case of homotrimeric collagens, all three
a-chains are encoded by the same gene. For example, the a1 chains of type Il collagen are encoded by the COL2A1
gene. In heterotrimeric collagens, each different a-chain is encoded by a different gene. The COL1AT and COL1A2
genes, for example, encode the a1 and a2 chains of type | collagen respectively. Rare mutations in many of
these genes result in serious musculoskeletal disorders including, amongst others, osteogenesis imperfecta (Pace
et al. 2003; Pollitt et al. 2006), chondrodysplasias (Warman et al. 1993) and Ehlers-Danlos syndrome (Byers et al.
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1997; Malfait et al. 2005; Malfait et al. 2010; Malfait and De 2005; Smith et al. 1997) (Table 2). Symptoms of these
disorders include bone fragility, joint hypermobility, skin hyperextensability and abnormal wound healing (Malfait
et al. 2010; Pollitt et al. 2006). These severe clinical disorders highlight the importance of this protein family in the
normal structure and function of musculoskeletal tissues. Since rare mutations within most of the genes encoding
the collagens in the fibril cause severe disorders, it has been proposed that there is a lack of biological redundancy
within the collagen fibril. Many of these collagen-encoding genes are therefore ideal candidates for association with
less severe exercise-related traits (Ribbans and Collins 2013).

A Genetic Continuum

In addition to these severe rare Mendelian disorders, common variants within the collagen genes are also
associated with a multitude of anomalous connective tissue traits (Table 2). Therefore, it is possible that a continuum
of associated traits may exist for the range of genetic variation within these genes, encoding the fibrillar and
non-fibrillar collagens. An example of this genetic continuum was recently proposed to describe traits associated

Tahle 2. pisorders resulting from rare mutations or common variants in the collagen gene(s) that encode for the non-cartilage and
cartilage fibril, as well as the collagen network around the fibril producing cells

Type  Gene(s) Mendelian Disorder(s)' Complex Multifactorial Disorder(s)
COL1A1 . X . . Osteoporotic Fractures, Osteoarthritis, Myocardial Infarction,
| Osteogenesis imperfecta, EDS?, Infantile Cortical Hyperostosis . . .
COL1A2 9 P ' ¥P Lumbar Disc Disease, Stress Urinary Incontinence

Mild Spondyloepiphyseal Dysplasia Congenita, Nonsyndromic
Cleft Palate, Osteoarthritis, Myopia

Mitral Valve Prolapse, Pelvic Organ Prolapse, Cervical Artery
Dissection, Rupture of Intracranial Aneurysms

Il COL2A1  Collagenopathy, types Il and Il

1] COL3A1  EDS (Hypermobility type; type 3), EDS (Vascular type; type 4)

COL4A1  Porencephaly, Alport Syndrome, Hematuria, Brain Small

\% COLAAE Vessel Disease Arterial Stiffness
v g(()):::::; EDS (Classic type; types 1 and 2) Central (?ornefal Thickness, Ischemic I-!eart Disease, Cervical
Artery Dissection, Rupture of Intracranial Aneurysms
COL5A3
COL6A1 Ossification of the Posterior Longitudinal Ligament (OPLL?)
VI COL6A2  Bethlem Myopathy, Ullrich Congenital Muscular Dystrophy and the Ligamentum Flavum, Diffuse Idiopathic Skeletal
COL6A3 Hyperostosis
Vil (?8::::12 EgzliestIErnzziﬁr:lioa:-lpgzlrj:e(azlol';)n;?:cif;mphyy Primary Open Angle Glaucoma, Central Corneal Thickness
COL9A1
IX COL9A2 Epiphyseal Dysplasia, Stickler Syndrome Osteoarthristis, Lumbar Disc Degeneration
COL9A3
X COL10A1  Metaphyseal Chondrodysplasia Macular Degeneration, Osteoarhtritis

COL11A1  Fibrochondrogenesis, Marshall Syn., Stickler Syn.,
Xl COL11A2 Weissenbacher-Zweymuller Syn., Deafness,
COL2A1  Otospondylomegaepiphyseal Dysplasia
Developmental Delay, Mild Dysmorphism, Lax Connective

Lumbar Disc Herniation, Limbus Vertebra, Lumbar Spine
Stenosis, OPLL, Rheumatoid Arthritis

Xl COL12A1 Abnormal Corneal Endothelial Maturation

Tissue
XIV COL14A1 Punctate Palmoplantar Keratoderma, Recurrent Strokes Abnormal Corneal Endothelial Maturation
XXVII' COL27A1  None identified to date Tourette’s Syndrome

" As listed in the OMIM database (OMIM. Accessed: 05/2013).
2EDS, Ehlers-Danlos Syndrome.
% OPLL, Ossification of the Posterior Longitudinal Ligament.
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with variation within the COL5A1 gene (Collins and Posthumus 2011). In this model, two functional copies of the
COL5AT1 gene are required for normal development, structure and function of the connective tissue. Mutations that
inactivate both copies of COL5AT result in death in utero (Wenstrup et al. 2006), while mutations, which inactivate
a single copy of the gene (haploinsufficiency) will result in classical types of Ehlers-Danlos syndrome (EDS) (Malfait
et al. 2010). At this end of the continuum the mutations in COL5AT result in death or EDS, which occur regardless
of environmental exposure and independent of other non-genetic risk factors (Collins and Posthumus 2011). At the
opposite end of the continuum, functional common variants within COL5A7 contribute to more complex, less
severe traits. These multifactorial traits arise as a result of the interaction between genetic and non-genetic factors,
modifying physiological responses to environmental exposures (Collins and Posthumus 2011).

Mutated

Mutated

Collagen Gene

Example: No functional

Collagen Gene

Example: One functional

“Versions” of the
Collagen Genes

Example: COL5A1

“Versions” of the
Collagen Genes

Example: COL5A1

Example: Embryonically
Lethal

Example: Ehlers-Danlos

Syndrome

Example: TTGenotype
Increased Injury Risk
Increased
Performance
Increased Stiffness

copies of COL5A 1 copyof COL5A1 rs12722C/T variant rs12722 C/T variant
Lethal or Severe/ Extreme but Less “Anomalous” “Common”
Deleterious Severe Disorder Connective Tissue Connective Tissue
Disorder Traits Traits

Example: CC Genotype
Reduced Injury Risk
“Normal”
Performance
Reduced Stiffness

v

Classical Mendelian/Monogenic Disorder
Environmental Exposure NOT Required

Complex Multifactorial Phenotype
Environmental Exposure Interacting with
Genetic Background

H!Illl'ﬂ 3.A proposed general genetic continuum for collagen genes, adapted from Collins et al. (2011). The black shading represents
the lethal or severe traits due to mutations in the collagen genes. At this end of the continuum a single mutation results in the disorder.
The white shading represents the most beneficial “versions” of the collagen genes. At this end of the continuum variants within collagen
genes collectively contribute to the aetiology of the trait. The COL5A1 gene and rs12722 gene variant are used as examples at each
stage of the continuum.

Lethal mutations have also been described within other fibrillar collagen encoding genes, such as COL1A1,
COL1A2 and COLZ2A1, and severe musculoskeletal tissue disorders caused by non-lethal mutations, within most
of the genes encoding components of the collagen fibril, have also been reported (Table 2). As with the COL5A1
genetic continuum, these mutations result in death or severe disorders which occur regardless of environmental
exposure and independent of other non-genetic risk factors (Figure 3). At the opposite end of the continuum,
common variants within the same collagen genes contribute to less severe traits, such as increased susceptibility
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to musculoskeletal tissue injuries, by modifying the effects of environmental exposures (Figure 3). Since the
structure of the musculoskeletal system is an important factor in performance traits, we hypothesise that common
variants within the collagen genes may also be associated with athletic ability. Like musculoskeletal tissue injuries,
elite sporting performance is also a multifactorial trait resulting from the combination of numerous genetic and
environmental factors, which interact with one another in a poorly understood but complex manner to mold athletic
performance (Tucker and Collins 2012). This hypothesis is supported by the experimental studies investigating
common variants in genes encoding fibrillar collagens with exercise-related traits, and will be expanded on in the
following sections of this review.

Genes Encoding Filirillar Collagens

Type | Collagen

Type | collagen, encoded by the COL1AT and COLTAZ genes, is the predominant fibrillar collagen in
non-cartilage connective tissues (Eriksen et al. 2002; Hoffmann and Gross 2007; Rees et al. 2009). Several
polymorphic regulatory elements have been identified within the promoter and first intron of the COL1AT gene,
which result in differing transcription factor binding affinities and in turn regulate a1 (1) chain production (Jin et al.
2009; Mann et al. 2001). One of the most extensively investigated functional polymorphic transcription factor binding
sites is the Sp-1 binding site variant (rs1800012, G/T) within the first intron of the COL1A7 gene. The G allele of this
variant produces normal levels of COLTAT mRNA and the heterotrimeric protein consisting of two a1 (I) and one
a2 (I) chains. However, the T allele has been shown to functionally increase Sp-1 binding to its binding element
within the first intron, thereby increasing COLTAT mRNA and type | collagen protein translation, and resulting in
formation of a1 (I) homotrimers. It has been proposed that tissues consisting of both hetero- and homotrimeric
type | collagen are produced, which have different mechanical properties to the normal tissue only consisting of
heterotrimers (Jin et al. 2009; Mann et al. 2001).

The association of this functional Sp-1 binding site variant with cruciate ligament injuries has been investigated
in Swedish (Khoschnau et al. 2008), South African (Posthumus et al. 2009a) and Polish (Ficek et al. 2012) cohorts.
In all three studies, the rare TT genotype was under-represented in participants with diagnosed cruciate ligament
(predominately ACL) ruptures when compared to apparently healthy control participants with no history of cruciate
ligament injuries (Ficek et al. 2012; Khoschnau et al. 2008; Posthumus et al. 2009a). In a combined analysis of
all three studies, which all had similar genotype distributions, the TT genotype was significantly over-represented
(p <0.0001, odds ratio 18.4, 95.0% confidence interval 2.5 to 136.6) in the control groups (24 TT, 4.0%; 157 GT,
26.3% and 417 GG, 69.7%) when compared to the cruciate ligament rupture groups (1 TT, 0.2%; 133 GT, 30.2% and
307 GG, 69.6%) (Collins et al. 2010; Ficek et al. 2012; Khoschnau et al. 2008; Posthumus et al. 2009a)

In the original Swedish study, the TT genotype (0.1% shoulder dislocations versus 3.7% controls) was also
reported to be significantly under-represented in participants with shoulder dislocations (Khoschnau et al. 2008).
The most recent investigation of the Sp1 binding site variant (rs1800012) reported an interaction between this
variant and another polymorphic regulatory element in the COLTAT promoter (rs1107946, G/T, position -1997)
in modulating risk of ACL injury (Ficek et al. 2012). Specifically, the haplotype constructed from the rs1800012 T
and rs1107946 G alleles, both known to functionally increase expression of COL1A1, was over-represented in the
control participants when compared to individuals with cruciate ligament ruptures (Ficek et al. 2012) (Jin et al. 2009).

Vol. 1, No. 1/2013 9



[ — evin 0'Connell, Colleen J. Saunders, Malcolm Colling

In addition, the COLTA7 Sp1 binding site variant was also investigated for the risk of both acute Achilles tendon
ruptures (n = 41) and chronic Achilles tendinopathy (n = 83) in a South African cohort (Posthumus et al. 2009c).
Although no significant associations were identified for either the acute or chronic injuries, it is interesting to note
that the TT genotype was absent in individuals diagnosed with acute Achilles tendon ruptures (0.0% ruptures, 2.4%
tendinopathy and 4.8% controls) (Posthumus et al. 2009c). Furthermore, the studies have shown an increase in type
| collagen mRNA expression in tendinopathic tendons (Riley 2004), while differential expression of type | collagen in
anterior cruciate ligaments is associated with the degree of healing after a rupture (Lo et al. 2003). These findings
highlight the potential differences in the genetic and biochemical components contributing to a risk of acute and
chronic injuries, and require further investigation.

In addition to this injury mechanism specific association, it is also interesting to note that the TT genotype is
associated with increased risk in a number of other pathologies (Jin et al. 2011). This highlights that certain gene
variants may affect the aetiology of traits in different ways. The reasons for these differences remain unknown,
however it may be the result of interactions with other gene variants or environmental stimuli.

Type V Gollagen

As mentioned previously, type V collagen is known to interact with types | and lll collagen and plays a role
in the regulation of collagen fibrillogenesis (Birk 2001; van der Rest and Garrone 1991). The rs12722 C/T variant
within the 3™-untranslated region (UTR) of the COL5AT gene, which encodes the a1 chain of type V collagen,
was the first collagen gene variant reported to be associated with Achilles tendon injuries (Mokone et al. 2006).
Specifically, the CC genotype was significantly over-represented in physically active healthy control participants with
no self-reported history of Achilles tendon injury, when compared to participants with clinically diagnosed chronic
Achilles tendinopathy in independent South African and Australian cohorts (Mokone et al. 2006; September et al.
2009). Several other variants, rs71746744 (-/AGGG), rs169399 (ATCT/-) and rs1134170 (A/T), within the COL5A1
3-UTR were also found to independently associate with the risk of Achilles tendinopathy in the same Caucasian
South African and Australian cohorts (Abrahams et al. 2013). Specifically, the COL5A1 rs71746744 AGGG/AGGG,
rs169399 -/- and rs1134170 TT genotypes were significantly over-represented in the participants with clinically
diagnosed Achilles tendinopathy when compared to the controls in both cohorts, as well as in the combined cohorts
(Abrahams et al. 2013).

Posthumus et al. (2009b) further investigated the COL5A1rs12722 CIT variant for an association with the risk
of ACL injuries in a Caucasian South African cohort. The CC genotype was also significantly over-represented in
apparently healthy female control participants (27.3%, 23 of 84) when compared with female participants with ACL
ruptures confirmed at surgery (5.4%, 2 of 37), but not in a male cohort (Posthumus et al. 2009b). The reasons for
this gender specific association remain unknown and require additional research.

Since the 3'-UTR of eukaryotic genes contains elements which are emerging as important post-transcriptional
regulators (Mazumder et al. 2003; Xie et al. 2005), it has been suggested that the COL5A1 3-UTR plays a role in the
regulation of the COL5AT mRNA stability and by implication type V collagen production. In support of this, two major
functional allelic forms of the COL5A1 3"-UTR, namely the C- and T-forms, have been identified and show significant
differences in mRNA stability, with the T-form having increased stability (Laguette et al. 2011). The T- and C-allelic
forms were predominately identified in participants diagnosed with Achilles tendinopathy and asymptomatic controls
respectively (Laguette et al. 2011). The differences in the sequence of the two functional forms of the 3-UTR
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are determined by seven variants which include the four variants, rs12722 (C/T), rs71746744 (-/AGGG), rs169399
(ATCT/-) and rs1134170 (A/T), shown to be independently associated with chronic Achilles tendinopathy (Laguette
et al. 2011). Based on these findings, Collins and Posthumus (2011) proposed that the relative content of type
V collagen in tendons, ligaments and other tissues alters the fibril diameters and packing density within these
tissues. This will alter their mechanical properties, susceptibility to injury and other exercise-related traits. To further
explore this hypothesis, COL5A1 3-UTR variants were investigated for associations with other exercise-related
traits, namely range of motion (ROM) measurements, endurance performance and exercise-associated muscle
cramps (EAMC).

Mutations within COL5A1 cause classic EDS, a condition that is characterized by joint hypermobility (Malfait
et al. 2010). Furthermore, it has also been proposed that COL5A1 is associated with benign joint hypermobility
syndrome (BJHS) (Grahame 2009). Altered musculotendinous flexibility, which is defined as “the ability to move
a joint through its complete range of motion” (ROM), has been cited as an intrinsic risk factor for many of these
injuries (Knapik et al. 1991; Knapik et al. 1992; Krivickas and Feinberg 1996). Although flexibility can be improved
through regular stretching, it is at least in part also determined genetically (Hakim et al. 2004). Since variants
within COL5AT may affect tissue architecture and biomechanical properties (Collins and Posthumus 2011),
variants within this gene were investigated for associations with ROM measurements. The COL5A1 rs12722
variant was associated with lower limb ROM measurements in a mixed injured/uninjured cohort (Collins et al.
2009). In addition, a follow-up study in an independent, larger cohort of apparently healthy physically active
Caucasian South Africans reported that the COL5AT rs12722 CC genotype protected participants against an
age-related decline in sit and reach (SR) ROM (Brown et al. 2011b). Since this functional variant was associated
with SR ROM, it was recently investigated for effects on the mechanical properties of human tendons in vivo
(Kubo et al. 2013). Specifically individuals with the COL5A1 rs12722 CC genotype recorded significantly
greater measurements of maximal knee extensor tendon elongation and strain when compared to their TC or TT
counterparts (Kubo et al. 2013). No significant differences were recorded for the plantar flexors (Kubo et al. 2013).
This study highlights that the level of effect of gene variants may differ between tissue structures, possibly due to
differences in environmental stimuli, and adds further evidence to the proposed genetic continuum model outlined
in Figure 3 (Collins and Posthumus 2011; Kubo et al. 2013).

Reduced ROM, specifically SR ROM, has also been associated with improved endurance running economy
and performance (Craib et al. 1996; Jones 2002). This relationship is proposed to result from reduced aerobic
demand due to increased elastic return, and may result in improved performance (Jones 2002). Given that the
COL5AT1 rs12722 variant is associated with SR ROM (Brown et al. 2011b; Collins et al. 2009), it is not surprising
that this variant was also associated with endurance running performance. The TT genotype of this variant was
associated with faster run times in South African Ironman Triathletes, while triathletes with the CC genotype were
over-represented in the slowest tertile for the run stage of this triathlon (Posthumus et al. 2011). The TT genotype
was also associated with faster performance in a 56km ultra-marathon road race (Brown et al. 2011a). Furthermore,
when these endurance runners were divided into four quadrants (Fast and inflexible, fast and flexible, slow and
inflexible, slow and flexible) based on both their race finishing times and SR ROM measures, runners with the
COL5AT rs12722 T allele were over-represented in the fast and inflexible quadrant (Brown et al. 2011a). It is
interesting to note that variations in range of motion as well as increased intensity and/or duration of exercise are
proposed to modulate the risk of exercise-related muscle cramps (EAMC). As such COL5A1 rs12722, together with
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other collagen gene variants, were investigated for an association with the risk of EAMC (O’Connell et al. 2013).
The rs12722 TT genotype was significantly over-represented in athletes with a self-reported history of EAMC when
compared to athletes with no self-reported life-long history of EAMC (O’Connell et al. 2013).

Type XI Collagen

Type Xl collagen has been suggested to interact with type V collagen in the regulation of fibrillogenesis
during tendon development (Wenstrup et al. 2011); and sequence variants within the genes encoding the a-chains
of type Xl collagen have also been investigated for association with AT in Caucasian South African and Australian
populations (Hay et al. 2013). Although there were no independent genotype associations with the risk of chronic
Achilles tendinopathy for the COL11A1 rs3753841 (T/C), COL11A1 rs1676486 (C/T) and COL11A2 rs1799907 (T/A)
functional variants, significant gene-gene interactions in modulating the risk of Achilles tendinopathy were observed
(Hay et al. 2013). Specifically, the TCT-inferred pseudo-haplotype constructed from rs3753841, rs1676486 and
rs1799907 was significantly over-represented in participants with clinically diagnosed Achilles tendinopathy (25.9%)
when compared to control participants (17.1%) in a combined Caucasian South African and Australian cohort (Hay
et al. 2013). Similarly, the TCT pseudo-haplotype was significantly over-represented in the Achilles tendinopathy
participants when South African and Australian cohorts were analysed separately (Hay et al. 2013). Furthermore,
the TCT (AGGG) pseudo-haplotype constructed from the type XI collagen genes and independently associated
COL5AT rs71746744 (-/AGGG) variant was also significantly over-represented in the Achilles tendinopathy
participants (25.2%) compared to the controls (9.1%) (Hay et al. 2013).

The proposed functional effects of the variants contributing to these inferred pseudo-haplotypes have been
previously reported (Hay et al. 2013). Based on these proposed functions, it was hypothesised that this interaction
between COL11A1, COL11A2 and COL5AT may modulate a risk of chronic Achilles tendinopathy by affecting mMRNA
stability, thereby altering type V and/or XI collagen production, which in turn regulates collagen fibril diameter and
changes the biomechanical properties of the collagen fibril (Hay et al. 2013). In addition, this interaction further
corroborates the evidence supporting integrated roles of type V and type Xl collagen in tendon fibrillogenesis
(Wenstrup et al. 2011).

Type XXVII Collagen

As previously mentioned, the fibrillar type XXVII collagen is expressed primarily in cartilage and sites of
transition from cartilage to bone, but also in skeletal muscle (Boot-Handford et al. 2003; Hjorten et al. 2007; Pace et
al. 2003). Recently, Saunders et al. (2013) investigated variants within the COL27A1 and TNC genes as risk factors
for chronic Achilles tendinopathy in Caucasian South African and Australian populations. Both of these genes are
situated close to COL5AT on chromosome 9, and a variant within the TNC gene was previously associated with
chronic Achilles tendinopathy (Mokone et al. 2005; Saunders et al. 2013). Although no independent associations
were identified for COL27A1 rs946053 (G/T), this variant was implicated in a haplotype, with the TNC rs13321
and rs2104772 variants, associated with a risk of chronic Achilles tendinopathy (Saunders et al. 2013). This finding
highlights the possibility that variants in COL27A1 and its neighbouring genes also play a role in modulating risk of
chronic Achilles tendinopathy, and suggests that COL27A1 variants may be useful candidates in the investigation
of other exercise-related traits.
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Genes Encoding the FACITS and other Non-firillar Collagens
Type X1l and XIV Collagen

FACIT collagens, such as type Xll and XIV collagens, mediate cell-matrix interactions between the collagen
fibres and cell surfaces (Riley 2005), and assist with stabilisation of the attached collagen triple helices (Boudko
et al. 2010; Ricard-Blum and Ruggiero 2005). Furthermore, these collagens play a similar role to type V collagen in
regulating collagen fibril assembly and diameter (Young et al. 2002). As such, September et al. (2008) investigated
variants within both COL12A1 and COL14A1 for associations with a risk of ATin in SA population. However, no
significant associations between COL12A1 rs240736 (T/C), COL12A1 rs970547 (G/A), COL14A1 rs4870723 (A/C)
COL14A1rs1563392 (T/A) and a risk of AT were observed (September et al. 2008). The COL12A1 rs970547 variant
was also investigated for an association with a risk of ACL rupture in a Caucasian South African cohort (Posthumus
et al. 2010). Interestingly, a significant association was again only identified after gender stratification of the
participants. The COL12A1 rs970547 AA genotype was significantly over-represented in female participants with
clinically diagnosed ACL ruptures when compared to apparently healthy female control participants (Posthumus
etal. 2010).

Type VI Gollagen

The studies identifying COL5A1 rs12722 as a marker for endurance running performance suggest that other
collagen gene variants may also be used as markers of endurance performance (Brown et al. 2011a; Posthumus
et al. 2011). Given that COL6AT null mice run, on average, significantly less than wild-type mice (Bonaldo et al.
1998), the COL6AT gene was also investigated for an association with endurance performance. Caucasian
South African triathletes with the COL6AT rs35796750 TT genotype completed the cycling stage of the triathlon
significantly faster than triathletes with a TC or CC genotype (O’Connell et al. 2011). No associations were identified
between COL6AT rs35796750 and performance in either the swimming or running stages of the triathlon. Further
analysis of this variant and others within the COL6A7 gene in more traditional cycling events is required to confirm
this association.

Revisiting the Genetic Continuum

This review has identified anumber of collagen gene variants which are associated with various exercise-related
traits, such as endurance performance, risk of chronic Achilles tendinopathy and ACL rupture. Furthermore,
mutations and common variants within these collagen genes are shown to cause a number of severe Mendelian
disorders and are associated with several other complex multifactorial conditions, respectively (Table 2). Therefore,
we propose that a general genetic continuum, as outlined in figure 3, exists for collagen genes and their associated
traits. At one end of this general continuum model, a single mutation within one or more collagen genes will result
in lethal or severe Mendelian disorders (Figure 3). At the other end of the continuum, functional variants within
these collagen genes collectively contribute to the aetiology of anomalous multifactorial connective tissue traits.
These multifactorial traits arise as a result of the interaction of genetic and non-genetic factors which modulate
physiological responses to environmental stimuli (Figure 3).
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Future Research

Further research is required to expand the genetic continuum model for collagen genes in exercise-related
traits. One of the main limitations to this model is the lack of experimental data investigating the functional effects
of these associated variants. Understanding the functional effects of these variants will not only corroborate the
genetic associations already observed with multifactorial connective tissue traits, but also aid in elucidating the
biological mechanisms through which these variants exert their effects. Although there is an increasing number of
sequence variants shown to be associated with anomalous multifactorial connective tissue traits, further research
is required to fully understand how these variants interact with one another and environmental risk factors to either
mask or modify risk of exercise-related traits, as well as the extent to which environmental factors modulate genetic
risk through epigenetics (Collins and Raleigh 2009; Ribbans and Collins 2013; September et al. 2006).
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