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Background: There is a high prevalence of hypermobility spectrum disorder (HSD) in dancers. While there is no known genetic
variant for HSD, hypermobile Ehlers-Danlos syndrome is a genetic disorder that exists within HSD. There are many connective
tissue disorders (CTDs) with known (and unknown) genes associated with hypermobility. Hypermobility has distinct advantages
for participation in flexibility sports, including ballet.

Purpose: To determine the prevalence of gene variants associated with hypermobility in a large professional ballet company.
Study Design: Cross-sectional study; Level of evidence, 3.

Methods: In this cross-sectional investigation, 51 professional male and female dancers from a large metropolitan ballet com-
pany were eligible and offered participation after an oral and written informed consent process. Whole blood was obtained
from peripheral venipuncture, and DNA was isolated. Isolated DNA was subsequently enriched for the coding exons of 60 genes
associated with CTD that included hypermobility as a phenotype, including Ehlers-Danlos syndromes, osteogenesis imperfecta,
Marfan syndrome, and others. Genes were targeted with hybrid capture technology. Prepared DNA libraries were then sequenced
with next-generation sequencing technology. Genetic database search tools (Human Gene Mutation Database and e!Ensembl,
http://useast.ensembl.org/) were used to query specific variants. Descriptive statistics were calculated.

Results: Of 51 dancers, 32 (63%) agreed to participate in DNA analysis (mean + SD age, 24.3 = 4.4 years; 18 men, 14 women).
Twenty-eight dancers had at least 1 variant in the 60 genes tested, for an 88% prevalence. A total of 80 variants were found. A
variant in 26 of the 60 genes was found in at least 1 dancer. Among the 28 dancers with variants, 16 were found in the TTN gene;
10in ZNF469; 5 in RYR1; 4 in COL12A1; 3 in ABCC6 and COL6A2; 2 in ADAMTS2, CBS, COL1A2, COL6A3, SLC2A10, TNC, and
TNXB; and 1 in ATP6V0A2, BAGALT7, BMP1, COL11A1, COL5A2, COL6A1, DSE, FBN1, FBN2, NOTCH1, PRDM5, SMAD3, and
TGFBR1. Nine variants found in this population have never been reported. No identified variant was identical to any other variant.
No identified variant was known to be disease causing. In the general population, the prevalence of each variant ranges from
never reported to 0.33%. In the study population, the prevalence of each variant was 3.13%. There was no association between
hypermobility scores and genetic variants.

Conclusion: Genetic variants in CTD-associated genes are highly prevalent (88%) in professional ballet dancers. This may sig-
nificantly account for the high degree of motion in this population.
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Ballet dancers demand extreme ranges of motion to exe- Multiple previous studies have demonstrated a higher
cute an array of complex movements and positions. The prevalence of hypermobility spectrum disorder (HSD; for-
wide spectrum of motion attained by dancers is determined merly, generalized joint hypermobility or benign joint
by osseous anatomy and soft tissue properties, including hypermobility syndrome) in ballet dancers as compared
the morphology of the articulating bones, musculotendi- with controls, ranging from 24% to 929.57:25:35:41,43.44,47
nous unit length and flexibility, capsuloligamentous laxity, These conditions are considered genetically deter-
and the presence or absence of pain (and the ability to tol- mined.?>%¢ Additionally, hypermobile Ehlers-Danlos syn-
erate it).!#2%3% These properties may be genetically drome (formerly, Ehlers-Danlos hypermobility type) is
ingrained or acquired through training. synonymous with HSD but lacks any known genetic vari-

ant.®® While hypermobility has a heritability of 70%,%2
there are no known specific gene variants responsible for

The American Journal of Sports Medicine the hypermobility phenotype.2’ However, hypermobility,
2029’48(1)'222_228 as a phenotype in general, is very common among connec-
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known genetic variants.>! Some of the CTDs that include
a phenotype of hypermobility are Ehlers-Danlos syndrome,
osteogenesis imperfecta, Marfan syndrome, and many
others.” To our knowledge, there have been no other
reports of genetic variants in the dance population. The
prevalence of HSD is known to be higher in dancers than
the general population; thus, genes associated with the
phenotype of hypermobility are likely to have a higher
prevalence of variants in this population. The purpose of
the current investigation was to determine the prevalence
of gene variants associated with hypermobility in a profes-
sional ballet company. We hypothesized that variants
within hypermobility-associated genes would be overrepre-
sented in professional ballet dancers.

METHODS

A cross-sectional investigation was designed, and institu-
tional review board approval was obtained. Genetic counsel-
ing was available for any individual found to have a disease-
causing variant, and all results were made available to
participants at their request. A total of 51 professional adult
ballet dancers from a metropolitan ballet company in the
United States (ages, 18-35 years; mean age, 23.9 years;
men, n = 26; women, n = 25) were eligible and offered partic-
ipation after an oral and written informed consent process.
Dancers were divided into 3 ranks depending on their posi-
tion in the company. Rank 1 included principal dancers
and first soloists. Rank 2 included soloists and demi-soloists,
and rank 3 included corps de ballet and apprentices. Turnout
was measured in degrees via a protractor, with participants
performing turnout to the ballet-first position on low-friction
rotation discs (FitterFirst). Total turnout was measured by
adding the measurement from the right and left sides.
Approximately 4 mL of whole blood was obtained in an
EDTA vacutainer tube from each dancer who chose to have
DNA analysis performed (referred to as a “participant”;
samples were evaluated by Fulgent Diagnostics—a fully
accredited laboratory with endorsements by the Centers
for Medicare and Medicaid Services and the College of
American Pathologists and licensed by multiple state agen-
cies). DNA was isolated from whole blood samples through
an automated liquid handling system (AnaPrep, Z1322002;
BioChain). The DNA isolation method is bead based, and
all components of the reagent kits used were also manufac-
tured by BioChain (no third-party reagents were used).
Isolated DNA was subsequently enriched for the coding
exons of the 60 genes listed in Table 1. Exon enrichment
was performed with a capture-based method. Reagents
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and protocols were based on Illumina’s Nextera Rapid Cap-
ture Kit (FC-140-1003). They were targeted with hybrid
capture technology. Prepared DNA libraries were then
sequenced with next-generation sequencing technology.
Sanger sequencing was used to confirm variants with
low-quality scores and to meet coverage standards.!®

All dancers were evaluated with a Beighton score* and
Brighton criteria.?® A positive Beighton score for HSD
was defined as a score >5 (out of 9 total).3° Brighton crite-
ria were considered positive if the participant met 2 major,
1 major and 2 minor, or 4 minor criteria. The Hakim and
Grahame score was also obtained and was considered pos-
itive if >2 answers were “yes.”®® Participants completed
multiple patient-reported outcome scores: International
Hip Outcome Tool-12 (HOT-12),2! Tegner activity score,*®
and American Orthopaedic Foot & Ankle Society (AOFAS)
ankle-hindfoot score.?*

Based on the syndrome or function with which they are
associated, gene variants were separated into 7 groups for
statistical analysis (Table 2). Following the rationale for
combining rare mutations presented by Li and Leal,?®
the number of mutations present among genes associated
with the considered syndromes were summed to develop
a composite score. These composite scores were then corre-
lated with the measured quantitative musculoskeletal
traits for the participants. Data were analyzed with the
t test, analysis of variance, and Spearman rank correlation
for continuous, categorical, and correlation data, respec-
tively. Spearman correlation and Somers D analysis was
performed for the Hakim and Graham score, Beighton
score, Brighton criteria, total turnout, iHOT-12, and
AOFAS with each gene group.

RESULTS

All dancers agreed to have demographic data and noninva-
sive testing measures recorded. Of 51 dancers, 32 chose to
undergo DNA analysis (participants). Those who chose not
to undergo DNA analysis either simply did not want blood
drawn owing to their aversion to needles (n = 10) or did not
provide a reason (n = 9). Characteristics in the overall pop-
ulation and participant population are presented in Table
3. Turnout measurements and patient-reported outcome
scores are summarized in Table 4.

No dancer was found to possess a disease-causing vari-
ant (ie, no dancer had a disease caused by the genetic var-
iants found). Of 32 dancers, 28 had at least 1 variant in the
60 genes tested, for an 88% prevalence (Table 5). A variant
in 26 of the 60 genes were found in at least 1 dancer (Table

tAddress correspondence to Joshua D. Harris, MD, Houston Methodist Orthopedics and Sports Medicine, 6445 Main Street, Suite 2500, Houston, TX
77030, USA (email: joshuaharrismd@gmail.com) (Twitter: @JoshuaHarrisMD, @MethodistHosp).
*Houston Methodist Orthopedics and Sports Medicine, Houston, Texas, USA.

Submitted April 16, 2019; accepted September 26, 2019.

One or more of the authors has declared the following potential conflict of interest or source of funding: A.M.V has received education and hospitality
payments from Arthrex and DePuy Synthes. P.C.M. has received speaker fees from Vericel and Aastrom Biosciences and research support from DePuy and
Arthrex/Medinc of Texas. K.E.V. has received consulting fees, royalties, and stock from Wright Medical and In2Bones and consulting fees from DePuy.
J.D.H. has received research support from Arthrex/Medinc of Texas, DePuy, and Smith & Nephew; consulting fees from NIA Magellan and Smith & Nephew;
and speaker fees from Smith & Nephew and Ossur. AOSSM checks author disclosures against the Open Payments Database (OPD). AOSSM has not con-
ducted an independent investigation on the OPD and disclaims any liability or responsibility relating thereto.



224 Vera et al

TABLE 1

Gene Data®
Genes Variants Percentage in
Tested Detected, n General Population
TTN 22 Never reported to 0.0007
ZNF469 12 Never reported to 0.0007
RYRI 6 Never reported to 0.0004
COL12A1 4 <0.01 to 0.0003
TNXB 3 Never reported to 0.0003
COL6A3 3 0.0004 to 0.001
ABCC6 3 0.0001 to 0.0003
COL6A2 3 <0.0001 to 0.0002
SLC2A10 2 Never reported to <0.0001
CBS 2 0.0033 to 0.0003
ADAMTS2 2 0.0001 to 0.0012
PRDM5 2 <0.0001 to 0.0009
COL1A2 2 <0.0001
TNC 2 <0.0001
FBN2 1 Never reported
SMAD3 1 Never reported
TGFBRI 1 Never reported
ATP6V0A2 1 <0.0001
DSE 1 <0.0001
FBN1 1 <0.0001
NOTCH1 1 <0.0001
BMPI1 1 0.001
COL6A1 1 0.0006
COL11A1 1 0.0003
COLIA1 1 0.0003
COL5A2 1 0.0003
B4GALT7 1 0.0001
ACTA2 0 NA
ACVRI1 0 NA
ACVR2B 0 NA
B3GALT6 0 NA
CHST14 0 NA
COL2A1 0 NA
COL3A1 0 NA
COL4A1 0 NA
COL5A1 0 NA
CYP21A2 0 NA
ELN 0 NA
FBLN5 0 NA
FKBP14 0 NA
FLNA 0 NA
ITGA9 0 NA
LOXL2 0 NA
LZTS1 0 NA
MEDI12 0 NA
MMP3 0 NA
MSTN 0 NA
MYHI11 0 NA
MYLK 0 NA
PKD2 0 NA
PLODI 0 NA
RPSA 0 NA
SEPN1 0 NA
SKI 0 NA
SLC39A13 0 NA
SLC39A14 0 NA
SMAD4 0 NA
TGFB2 0 NA
TGFB3 0 NA
TGFBR2 0 NA

“List of all genes tested, the number of variants found in each gene, and
the percentage range of all variants found in the general population. NA,
not applicable.

The American Journal of Sports Medicine

1). All variants were heterozygous, and no 2 variants were
identical. The prevalence of the detected variants in the
database of >60,000 patients ranged from never reported
to 0.33%.12 In the study population, each variant had
a prevalence of 3.13% (1 of 32). Eighty variants were found
in the participant population (Table 1). Nine variants have
never been reported in the Human Gene Mutation Data-
base or e!Ensembl.

Brighton criteria were positive in 31.3% (10 of 32) of par-
ticipants; 65.6% (21 of 32) had a Beighton score >4; and
53.1% (17 of 32) had Beighton score >5. No significant differ-
ence (P > .05) was found between Beighton score or Brighton
criteria and any gene group. There was no significant differ-
ence (P > .05) between total number of variants, Beighton
score, or Brighton criteria and rank. Participants with a var-
iant in the Marfan syndrome gene group had a decreased
total turnout as compared with those without a variant in
this group (119.6° = 22.8° vs 139.6° + 23.6° P = .03). There
was no difference (P > .05) in turnout among participants
with or without variants in all other gene groups.

The Somers D statistic for total turnout versus Loeys-
Dietz syndrome and Marfan syndrome was —0.14 (P = .05)
and —0.19 (P = .04), respectively. The Somers D statistic
for iHOT-12 versus morphology-of-muscle and morphology-
of-skeleton gene groups was —0.34 (P = .001) and —0.24
(P = .03). Similarly, the Somers D statistic for AOFAS versus
morphology-of-muscle and morphology-of-skeleton gene
groups was —0.38 (P = .003) and —0.29 (P = .01). No other
significant associations were found with Somers D analysis.

Significant inverse associations were found between
iHOT-12 and the morphology-of-muscle and morphology-of-
skeleton gene groups (r = —0.51; P = .003, and r = —0.41;
P = .02, respectively). Similarly, significant inverse associa-
tions were found between AOFAS and the morphology-of-
muscle and morphology-of-skeleton gene groups (r = —0.51;
P =.003, and r = —0.44; P = .01).

No participant reported a family history of Marfan syn-
drome®® or Ehlers-Danlos syndrome.?’

DISCUSSION

The present investigation found that genetic variants in
CTD-associated genes are highly prevalent (88%) in profes-
sional ballet dancers, thus confirming our hypothesis.
Additionally, 9 gene variants were discovered that had
not been previously reported in the Human Gene Mutation
Database'? or e!Ensembl’® at the time of analysis. The cur-
rent article is the only report to date on connective tissue
gene variants in a population of professional ballet
dancers. These results give insight into the possibility of
a genetic bias to succeeding in a profession requiring
extreme flexibility such as ballet.

The present study found a significant inverse associa-
tion between total turnout and genes associated with
Loeys-Dietz syndrome and Marfan syndrome. These 2
gene groups have many of the same genes, and the clinical
presentations of the 2 syndromes are very similar as well.
While they both may involve hypermobile joints, they are
also associated with acetabular protrusio.>'® This suggests
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TABLE 2
Gene Groups for Statistical Analysis®

Syndrome or Function

Genes

Ehlers-Danlos syndrome

ADAMTS?2, BSGALT6, B4GALT7, CHST14, COL1A1, COL1A2, COL3A1, COL5A1, COL5A2, DSE,

FBN2, FKBP14, FLNA, NOTCHI, PLOD1, PRDM5, SLC39A13, TNXB, ZNF469

Loeys-Dietz syndrome
Marfan syndrome

Bethlem myopathy
Morphology of connective tissue

ACTA2, COL3A1, COL5A2, FBN1, MYH11, MYLK, SMAD3, TGFB2, TGFB3, TGFBR1, TGFBR2

ACTA2, COL1A2, COL3A1, COL5A1, COL5A2, FBN1, FBN2, FLNA, MYH11, MYLK, NOTCH]1,
SMAD3, TGFBR1, TGFBR2

COLI2A1, COL6A1, COL6A2, COL6A3

ACTA2, ACVR2B, CBS/CBSL, COL12A1, COL1AI, COL2A1, COL5A2, DSE, ELN, FBLN5, FBN1,

MMP3, MSTN, NOTCHI1, SMAD3, TGFB2, TGFB3, TGFBR2

Morphology of muscle

ACVR2B, COL12A1, COL6A1, ELN, FBN1, MSTN, MYH11, NOTCH1, PLODI, RYR]I,

SELENON, SKI, SMAD4, TGFB2, TGFBR2, TTN

Morphology of skeleton
SMADS3, TGFB2

ACVR2B, COL12A1, COL1A2, COL2A1, FBN1, MSTN, NOTCH1, RYR1, SKI, SLC39A14,

“Genes found to have variants in the population were distributed into groups based on the syndrome or function with which they are asso-

ciated. This was performed for statistical analysis.

TABLE 3
Characteristics®
Eligible Population (n = 51) Participants (n = 32) P Value
Male 26 18
Female 25 14
Rank 1 10 8
Rank 2 10 5
Rank 3 31 19
Age, y 239 + 4.5 24.4 + 4.4 .6
Body mass index, kg/m? 204 = 2.3 20.3 =24 9
Beighton score 43 £ 25 4.3 £ 25 9
Hakim and Grahame score 2.32 = 0.80 2.10 = 0.64 3
Dancers meeting positive Brighton criteria 12 10
“Values are presented as n or mean *= SD.
TABLE 4 TABLE 5
Turnout Measurements Number of Variants per Participant
and Patient-Reported Outcome Scores®
Variants, n Dancers, n Percentage
Mean SD
0 4 12.5
Total turnout (left + right), deg 134.1 24.7 1 6 18.8
iHOT-12 84.0 25.0 2 5 15.6
Tegner 9.5 1.4 3 10 31.3
AOFAS ankle-hindfoot 88.3 10.3 4 3 9.4
5 3 9.4
“Turnout measurements and patient-reported outcome scores 6 0 0.0
for all study participants. AOFAS, American Orthopaedic Foot & 7 0 0.0
Ankle Society; iHOT-12, International Hip Outcome Tool Short 8 1 3.1

Version.

that there may be an association with variants of the genes in
these groups that result in a deeper acetabulum, limiting hip
external rotation and resulting in decreased total turnout.
This study found an inverse relationship between variants
in the morphology-of-muscle and morphology-of-skeleton
gene groups and patient-reported outcome scores regarding
the hip, foot, and ankle. This suggests that participants
with gene variants in these groups experience more pain in

their hips, feet, and ankles than do those without such
gene variants. These findings are consistent with studies
that have shown a correlation between hypermobility and
chronic or severe pain.®% Di Stefano et al'® found that
patients with joint hypermobility syndrome may have wide-
spread pain owing to sensitization from joint abnormalities
that produce persistent painful stimuli. Furthermore, many
of the genes in these 2 gene groups are involved in the
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structure and function of the extracellular matrix and are
important for tissue strength and repair.5%5457-%° Thus, var-
iations in these genes may result in a poor healing response
that allows microtrauma to progress to chronic pain in com-
monly overused joints within this population.

In the present study, no participant was known or sus-
pected to have a genetic disorder or disease of any kind before
genetic testing. However, an investigation into participants’
genetic profiles based on a nonpathologic phenotype is likely
to reveal unexpected findings. This can be seen in the identi-
fication of the variant in ABCC6 with a deletion of exon 23 to
29 (Appendix Table A1, available in the online version of this
article). This variant demonstrates compound heterozygosity;
thus, it has been found to be pathologic only in the setting of
additional ABCC6 mutations,*® which was not the case in our
1 participant demonstrating this variant. Furthermore, ded-
icated genetic studies that identify pathogenic genetic var-
iants in affected populations are subject to inherent “post
hoc, ergo propter hoc” bias. In a patient with disease,
a genetic variant finding does not necessarily indicate the
cause of disease (ie, correlation does not indicate causation).
Thus, it is important to emphasize that participants in the
present study do not have disease and that the findings are
correlations among a nonpathologic phenotype, hypermobil-
ity, and variants in hypermobility-associated genes.

Variants in TTN, ZNF469, RYRI1, COL12A1, COL6A2,
COL6A3, TNXB, and ABCC6 made up 69% (56 of 81) of
all the variants found in this population. When these genes
and their functions were examined, 2 common themes
developed for an explanation of their association with
a population possessing an increased joint range of motion.
The first commonality is the association between skeletal
muscle and the TTN and RYR1 genes. The TTN gene
encodes for a large protein of striated muscle and plays
a substantial role in the elasticity of muscle.*®%2 The
RYR1 gene encodes for the ryanodine receptor isoform 1,
which is a transmembrane calcium channel in skeletal
muscle.’* Some of the clinical manifestations of RYRI var-
iants include joint laxity and acetabular dysplasia. At a his-
tologic level, there is a type 1 muscle fiber predominance in
individuals with RYR1 vriants.®® Interestingly, the type of
titin found in type 1 muscle fiber is longer and more exten-
sible,?*52 and the extensibility of titin is dependent on cal-
cium concentrations.''?7 Thus, it is possible that the TTN
and RYRI gene variants in this population allow the
dancers greater elasticity in their muscles (and thus
greater range of motion) through variations in titin sub-
type or calcium channel mechanisms, allowing more elas-
ticity in the titin molecules present within the muscle.

The second commonality is the association of extracellular
matrix and the ZNF469, COLI2A1, COL6A2, COL6A3,
TNXB, and ABCC6 genes. The ZNF469 gene encodes for
a zinc finger protein that is thought to function as a transcrip-
tion factor or extranuclear regulator for the synthesis or orga-
nization of collagen fibers.%® Alterations in the ZNF469
protein are thought to disrupt the formation of extracellular
matrix proteins.’® The COLI2A1 gene encodes for collagen
XII alpha 1 subunit, which functions to maintain extracellular
matrix integrity in load-bearing connective tissues of the mus-
culoskeletal system.?> COL6A2 and COL6A3 encode the alpha
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2 and alpha 3 chains of type VI collagen, which bind extracel-
lular matrix proteins, making it important in organizing
matrix components.?>*® Collagen VI has been found to have
a role in the physiology of the synovial joint,? the tensile
strength of skin,?® muscle regeneration,”® and tendon fibro-
blast renewal.*> The TNXB gene codes for the extracellular
matrix glycoprotein tenascin.’! Tenascin has antiadhesive
properties and is thought to function in matrix maturation
during wound healing.%* The ABCC6 gene encodes for a pro-
tein in the superfamily of ATP-binding cassette (ABC) trans-
porters, which act to transport molecules across cellular
membranes.®® It is thought to be essential for extracellular
matrix deposition or turnover of connective tissue and to spe-
cifically affect elastic fiber assembly.>'” HSDs are thought to
be caused by disorganization of several extracellular matrix
components and alterations in connective tissue architecture,
homeostasis, and inflammatory response.'®®® Thus, each of
these gene variants likely plays a role in the extensile proper-
ties of the extracellular matrix, allowing dancers with these
variants a greater range of motion through variable but
equally beneficial molecular pathways.

The present study demonstrates results similar to those
of prior studies, with generalized joint hypermobility in
65.6% of dancers and joint hypermobility syndrome in
31.3%.25-35:4144 However, no association was found between
CTD gene variants and hypermobility scores. This does not
mean that these gene variants do not influence dancers’
mobility. CTDs have been shown to express genetic hetero-
geneity,’® and unique variants among CTD genes exhibit
incomplete penetrance or variable expressivity in clinically
unaffected individuals.! As such, the variants found in this
population may produce traits on the spectrum of connective
tissue laxity that benefit dancers in their careers without
being pathologic. The inability to find an association
between hypermobility scores and genetic variants is likely
due to the small sample size, lack of control group, or lack
of comparison with a population without CTD gene variants.
Hypermobility is a complex trait, and there are likely multi-
ple rare unknown variants that develop independently and
contribute to ligamentous laxity.!®?! The variants found in
this study may be some of those rare variants.

Limitations of the current study include the small sam-
ple size, the lack of a dedicated control group, and the lim-
ited existing genetic data on the identified variations and
their clinical implications. Furthermore, the average
genome differs from the reference genome by approxi-
mately 4 million sites, and each individual’s DNA has
between 100 and 120 loss-of-function variants.*? Thus,
the variants found in the study population may be inconse-
quential variants that are on a spectrum of normal.
Finally, while there may be an advantage for hypermobile
dancers in attaining professional status, hypermobility
was not found to have an influence on their career progres-
sion beyond this with regard to rank within the company.

CONCLUSION

Genetic variants in CTD-associated genes are highly prev-
alent (88%) in professional ballet dancers. This may
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significantly account for the high degree of motion in this
population.
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