www.nature.com/scientificreports

scientific reports

W) Check for updates

A highly prevalent SINE mutation
in the myostatin (MSTN)

gene promoter is associated

with low circulating myostatin
concentration in Thoroughbred
racehorses
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Richard J. Piercy*™

Horse racing is a popular and financially important industry worldwide and researchers and horse
owners are interested in genetic and training influences that maximise athletic performance. An
association has been found between the presence of a short interspersed nuclear element (SINE)
mutation in the myostatin (MSTN) gene promoter and optimal race distance in Thoroughbred horses.
There is previous laboratory evidence that this mutation reduces MSTN expression in a cell culture
model and influences skeletal muscle fibre type proportions in horses. Manipulating MSTN expression
has been proposed for illicit gene doping in human and equine athletes and already, researchers have
generated homozygous and heterozygous MSTN-null horse embryos following CRISPR/Cas9 editing
at the equine MSTN locus and nuclear transfer, aiming artificially to enhance performance. To date
however, the role of the naturally-occurring equine MSTN SINE mutation in vivo has remained unclear;
here we hypothesised that it reduces, but does not ablate circulating myostatin expression. Following
validation of an ELISA for detection of myostatin in equine serum and using residual whole blood

and serum samples from 176 Thoroughbred racehorses under identical management, horses were
genotyped for the SINE mutation by PCR and their serum myostatin concentrations measured. In our
population, the proportions of SINE homozygotes, heterozygotes and normal horses were 27%, 46%
and 27% respectively. Results indicated that horses that are homozygous for the SINE mutation have
detectable, but significantly lower (p <0.0001) serum myostatin concentrations (226.8 pg/ml; 69.3—
895.4 pg/ml; median; minimum-maximum) than heterozygous (766 pg/ml; 64.6-1182 pg/ml) and
normal horses (1099 pg/ml; 187.8-1743 pg/ml). Heterozygotes have significantly lower (p <0.0001)
myostatin concentrations than normal horses. Variation in serum myostatin concentrations across
horses was not influenced by age or sex. This is the first study to reveal the direct functional effect

of a highly prevalent mutation in the equine MSTN gene associated with exercise performance.
Determining the reason for variation in expression of myostatin within SINE-genotyped groups might
identify additional performance-associated environmental or genetic influences in Thoroughbreds.
Understanding the mechanism by which altered myostatin expression influences skeletal muscle fibre
type remains to be determined.

Abbreviations
ELISA  Enzyme Linked Immunosorbent Assay
GDF8  Growth differentiation factor 8
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MSTN  Myostatin
SINE  Short interspersed nuclear element
SNP Single nucleotide polymorphism

Myostatin, or growth differentiation factor 8 (GDF8), is a skeletal muscle-specific paracrine hormone with an
important role in muscle development: it inhibits muscle hypertrophy by regulating proliferation and differen-
tiation of myocytes®. Mutations in the myostatin (MSTN) gene that decrease the expression of myostatin induce
pre-natal muscle fibre hyperplasia and post-natal hypertrophy®, though not the strength of individual muscle
fibres*. Null mutations in the myostatin gene have been recorded in several species, including cattle, pigs, sheep,
dogs and humans®. Manipulation of MSTN expression has been proposed as being an attractive option for illicit
human and equine gene doping in sport®” and recently, researchers have generated homozygous and heterozy-
gous MSTN-null horse embryos following CRISPR/Cas9 editing at the MSTN locus and nuclear transfer, aiming
artificially to enhance equine athletic performance®.

In horses, the MSTN genotype is the most important genetic contributor to a horse’s optimum race distance*
and it is the highest selected gene in racing Quarter Horses’. There are two common MSTN variants in Thor-
oughbred racehorses (Fig. 1a). The first noted was a single nucleotide polymorphism (SNP) in intron 1 associated
with best race distance'. Horses with C:C paired alleles succeed at short races; in contrast, T:T types are better
at longer, endurance races, and C:T excel at middle distances'’. There is some debate over the origin of the C
gene in the Thoroughbred, with one publication dating it to a single British mare 300 years ago''. In the racing
industry, testing for a SNP is advocated for commercial breeding and training purposes'2 This SNP appears to
have been selected for in other equestrian disciplines, with a high representation of the T allele in Warmbloods
and event horses'>!.

The other Thoroughbred MSTN variant is a SINE mutation in the gene’s promotor. Unlike the C allele,
which can be found in the majority of horse breeds, this SINE is only common to Thoroughbreds and Quarter
Horses'>'®. There is strong linkage disequilibrium between the SNP and the SINE, with C:C horses having the
SINE insertion and T:T horses lacking it'”. Further, work has suggested the SINE to be the putative functional
mutation rather than the intronic SNP, since reduced myostatin expression was detected in transgenic reporter
assays in cultured cells driven by the promoter with and without the SINE!”!8, The authors of a previous study
concluded that the SINE moved the gene’s transcriptional start site and decreased in vitro expression of myostatin
4.5-fold".

Myostatin mutations have also been selected for in other species, particularly within the meat industry, evi-
dent in ‘double muscled’ beef cattle breeds such as the Belgian Blue. These animals have a deletion (frame-shift)
mutation that prevents the expression of myostatin, as in some lines of knockout mice'**. Myostatin knockout
animals have significantly higher proportions of fast glycolytic type 2 muscle fibres than controls®!. Similar
effects are evident in horses with the SINE insertion: these animals have 12.5% more type 2X muscle fibres and
fewer type 1 than those without. Type 2X fibres are fast contracting, but quicker to fatigue, compared to type
1 fibres that contract slower but have a higher oxidative capacity and thus are more suited to endurance. This
observation of muscle histological characteristics in horses corroborates the identification of the performance
related associations between the CC alleles, and SINE, in optimal race distance’. However, horses with MSTN
mutations are exceptionally athletic, which is not seen in other species that are MSTN knockouts: in Whippet
racing, homozygous MSTN null Whippets are far inferior to their heterozygous counterparts; indeed, the latter
animals are significantly over represented in top races and specifically bred*.

To date, the functional effect of the equine MSTN SINE on myostatin protein expression in vivo has not been
elucidated. In this work, we optimised and validated an ELISA for detection of equine myostatin in serum, and
then investigated the hypothesis that the MSTN SINE is associated with reduced circulating myostatin protein
expression in racehorses.

Materials and methods

Ethical approval. Ethical approval for this project was granted by the Clinical Research and Ethical Review
Board of the Royal Veterinary College. Reference: URN 2018 1830-2. All methods were performed in accord-
ance with the relevant guidelines and regulations for animal use.

Sample collection. Residual whole EDTA blood and serum samples were obtained from 176 racing Thor-
oughbreds from a single yard in England (with the owners’ permission) in Spring 2019. Both serum and EDTA
blood samples were frozen within 16 h of collection and stored at — 20 °C until used. Sex, age and height of each
horse was recorded. There were samples from 48 mares, 25 geldings and 103 stallions.

Quantifying serum myostatin. Serum myostatin concentrations were quantified (with the researcher
blinded to the MSTN genotype), by ELISA (GDF-8/Myostatin ELISA: R&D systems) with optical density
recorded by plate reader at a wavelength of 450 nm with a reference of 570 nm to correct for imperfections in
the plate, according to the manufacturer’s instructions. Initially, a serial dilution was performed to ascertain lin-
earity. To examine the influence of storage on myostatin stability, myostatin concentrations were assayed in five
serum samples from different horses, and then compared with the same samples that had been frozen at —80 °C
for 30 min, then thawed at room temperature on six occasions, and also in samples that were left at room tem-
perature for 24 h before testing. Thereafter, myostatin was measured by ELISA in all 176 horse serum samples in
duplicate. Controls of sterile water and buffer solution were used for every 14 samples.
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Figure 1. (A) Equine MSTN gene structure in Thoroughbred horses. (1) Note the presence of the SINE
mutation within the promoter which is in linkage disequilibrium with an intronic SNP (C allele) in
Thoroughbred racehorses. (2) In contrast, wild type horses that lack the SINE, have a T allele at the SNP. The
equine MSTN gene consists of three coding exons (in green). (B) Genotyping agarose gel electrophoresis of
PCR products designed to test for the presence or absence of the MSTN promoter SINE mutation. Lane 1 is a

1 kb DNA ladder followed by a water control (no band). DNA products in the following five lanes represent 3
Wild Type animals in lane 3, 4 and 5 (983 base pair (bp) product), one homozygote in lane 6 (1210 bp) and one
heterozygote with both bands in lane 7 (983 bp and 1210 bp).

Genotyping. DNA extraction was performed on frozen EDTA blood samples using a commercial kit (Illus-
tra Nucleon BACC 3 Genomic DNA extraction kit, G E Healthcare), as per manufacturer’s instructions. Concen-
tration and purity were measured (NanoDrop One; ThermoFisher Scientific) and PCR was used to determine
the presence of the 227 base pair SINE insertion in the MSTN promotor, using GoTaq Hot start polymerase
(Promega) and associated reagents and the following primers: 5'-CTG ACA TTA TGC CCT GGT AA-3' (For-
ward), 5'-CGC TGT TCT CAT TTA GAT CC-3' (Reverse). Assays were run in the following conditions: 95 °C
for 5 min followed by 35 cycles of 95 °C for 15 s, 55 °C for 15's, 72 °C for 90 s, and finally 72 °C for 7 min. DNA-
free negative controls (sterile water) were included.

Electrophoresis was conducted in 1.5% agarose gels. Presence of the SINE mutation was indicated by a band
size of 1210 bp, and absence, by a band size of 983 bp. Heterozygous horses had bands at both 1210 bp and 983 bp
(Fig. 1b). In this study, homozygous refers to animals with two SINE mutations, and heterozygous with one. Wild
type (WT)/normal applies to animals that do not have the mutation.

Statistical analysis. Statistical analysis was performed using GraphPad Prism v. 8.1.2 with the mean of
the technical duplicate myostatin concentration for each horse used. For all ELISA results, a second order poly-
nomial (quadratic) interpolated curve was used to ascertain the concentration of myostatin present in samples
compared to a standard serial dilution curve, completed with each plate. For the serial dilution series Pearson’s
correlation was used. Normality of distribution of bench and freeze-thaw samples, and concentrations within
genotyped and signalment groups were examined visually, and by D’Agostino-Pearson normality test. Data was
not normally distributed. Consequently, a non-parametric one-way repeated measure Friedmann test was used
to compare effect of sample storage condition with each sample normalised to the value of its fresh serum
myostatin concentration. A Kruskal-Wallis test was used to compare serum myostatin concentration between
genotyped and signalment groups with post hoc multiple comparison testing performed using a Tukey test. The
sex distribution within genotyped groups was compared by Chi squared test. Any association between horse
height and serum myostatin concentration was examined by Pearson correlation. In all cases, differences were
considered statistically significantly different when P <0.05.
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Figure 2. Comparison of serum myostatin concentrations between Thoroughbred horses of different MSTN
genotypes. Note that homozygotes (n=47) have significantly lower (but still detectable) serum myostatin
concentrations than heterozygotes (n=81) which in turn have lower concentrations than wild type horses
(n=48). There is substantial overlap in serum myostatin concentrations, particularly between heterozygotes and
wild type horses. Individual data points shown and boxes represent the median and interquartile ranges and
whiskers the range. (****P <0.0001).

Results

Initial validation. Serial dilution revealed both linearity and accuracy (R?=0.999, P <0.0001) and enabled
selection of an appropriate serum dilution for ongoing tests. Serum was diluted at 1:10 to allow for variations
between horses whilst remaining within the linear range. Myostatin concentration was measured in identical
sourced samples of fresh serum, frozen and thawed, and serum left at room temperature for 24 h (n=5). No
significant differences (P=0.37) were detected within samples stored in different ways suggesting that equine
myostatin is stable in serum at room temperature for 24 h and can withstand repeated freeze—thaw cycles (results
not shown).

Influence of horse MSTN genotype on serum myostatin concentration. Homozygotes (n=47)
had significantly lower (though detectable) serum myostatin concentrations than heterozygous horses (n=281)
(P<0.0001) which in turn had significantly lower myostatin concentrations than wild type horses (n=48)
(P<0.0001). There was prominent overlap of the range of myostatin concentrations in heterozygotes and wild
type horses (Fig. 2). Within each group, occasional outliers were identified.

To further explore possible reasons for variations in serum myostatin concentration, the effect of sex and
age were considered. There was no significant difference in the proportions of sexes (mare, gelding, stallion) in
each genotyped group (P=0.25) and no difference in median ages between genotyped groups (P =0.33) (data
not shown). Further, there were no significant differences in serum myostatin concentrations between horses of
different sexes (Fig. 3A) or between horses of different ages across all groups (Fig. 3B).

Given that myostatin has prominent effects on musculature and that muscles and the skeleton are directly
associated, we speculated that serum myostatin concentration might be associated with horse height. No sig-
nificant associations were found between the two variables in homozygotes (P =0.32) and WT horses (P=0.76),
but there was a significant, though very weak association between the two in heterozygotes (P =0.003; R*=0.10).
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Figure 3. Comparison of serum myostatin concentrations in horses of different sex (A) and age (B). Boxes
represent the median and interquartile ranges and whiskers the range. No significant differences detected
(P=0.14 and 0.72 respectively).

Discussion

Previously, work has identified genetic predictors of exercise performance or racing success, but the functional
effect of these variants has been less well explored. In this study we sought to test the use of a commercial ELISA
for detection of myostatin in equine serum and thereafter to examine the effects of a MSTN gene promoter SINE
insertion in vivo. Crucially, this study has revealed the biological consequences of the SINE mutation at the
protein level in Thoroughbred racehorses. The results corroborate those found in previous in vitro cell culture
reporter studies'”'® and help explain in vivo effects on performance.

Morrison et al. described use of an ELISA for detection of serum myostatin in mixed breed horses and ponies
of unknown MSTN genotype revealing that circulating myostatin concentration is significantly higher in obese
compared to lean animals®. All the Thoroughbreds used in the current trial were all from the same racing yard,
and were of similar lean body condition; however, given the variation of myostatin expression even within
genotyped groups, it would be of interest to see if body condition score is also associated with myostatin serum
concentration in racehorses.

There is debate as to whether sex affects serum myostatin concentration in humans. Tanaka et al. revealed
that obese men had higher circulating myostatin concentration than obese women?*. Similarly, it has also been
suggested that only men have an association between muscle mass and serum myostatin®. However, Yano et al.
found no difference in serum myostatin between sexes®, as we report in the current work. Circulating myostatin
concentrations decline with age in mammals, including horses*” and there is much interest in the hormone’s
role in development of age-associated sarcopaenia in older mammals®®. An association with age was not seen
in this study; however, the majority of horses in this investigation were between 2 and 3 years old (i.e. active
racehorses), with the oldest being 8. As such, serum myostatin concentrations might decline in older horses
than those in this study.

Physically fit humans have higher serum myostatin concentrations than unfit humans®. In the current work
all samples were collected from racehorses in training, and likely therefore with similar levels of fitness. How-
ever, other work has found that musculoskeletal condition has little effect on serum myostatin concentrations in
humans*-** including those in high-velocity resistance training®. Recent studies suggest that myostatin expres-
sion changes in equine skeletal muscle in response to exercise and training®*: in future it would be of interest to
examine the effects of exercise and training on serum myostatin concentrations within MSTN-genotyped horse
groups.

MSTN genotype is associated with variation in muscle mass®: WT horses have the lowest muscle mass,
and those with SINE mutations have the highest. Similarly, a study in a child with marked muscle hypertrophy
detected exceedingly low myostatin concentrations in the individual’s serum®. This is comparable to the effect
seen in homozygous MSTN-null, double-muscled meat-producing animals that have significantly lower cir-
culating myostatin than wild type counterparts. Homozygous SINE horses also have a greater body weight to
wither height ratio®. We found no difference in the height of homozygous and wild type horses but since horses
were not weighed, the mass to height ratio could not be calculated; our data does though suggest that the SINE
mutation in horses is not directly linked to stature. Myostatin has an indirect effect on bone formation due to
decreased muscle growth and thereby a reduction in mechanical loading. The protein is also expressed around
fracture sites and reduces callus formation®’-*°. Wu et al. discovered that circulating myostatin correlates with
lower bone density*®. Consequently, it would be of interest to examine whether horses with the SINE insertion
are more at risk of musculoskeletal injury.

In this study, myostatin was detectable in the serum of homozygous SINE animals. Unlike Belgian Blue
cattle’®, mice?® and dogs?? with null mutations that prevent the expression of myostatin entirely, these horses
produce the hormone, albeit at a lower concentration than the heterozygous and WT animals. This may be the
reason that these animals are outstanding athletes whereas those with myostatin mutations in other species are
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not. Similarly, perhaps, heterozygous “bully” (myostatin haploinsufficient) Whippets are faster than wild type
dogs* and notably, the mother of a human myostatin null infant (who was therefore presumably a heterozygote)
was an Olympic athlete.

Whilst the range of myostatin concentrations in homozygous horses is clearly defined, there is a marked over-
lap between heterozygous and WT horses. It seems likely therefore that there are other genetic or environmental
factors that influence serum myostatin concentration in these animals. It will be of interest to examine daily and
seasonal variability within horses and to determine whether heterozygote horses that have consistently lower
serum myostatin concentrations excel over shorter distances, similar to homozygous types. Determining the
reasons for this variation might reveal other performance-associated gene variants in Thoroughbreds.

To conclude, within Thoroughbreds the circulating myostatin concentration differs, and is dependent on the
number of copies of a SINE mutation within the MSTN gene promoter. Determining the reason why myostatin
expression varies between horses of the same genotype might reveal additional performance-associated genes.
Finally, the underlying mechanism that links altered myostatin expression with the fibre type proportions of
skeletal muscles in mammals remains unknown and is worthy of further study.
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