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Abstract

PURPOSE—An osteopontin (OPN; SPP1) gene promoter polymorphism modifies disease
severity in Duchenne muscular dystrophy, and we hypothesized that it might also modify muscle
phenotypes in healthy volunteers.

METHODS—Gene association studies were carried out for OPN (rs28357094) in the FAMuUSS
cohort (n=752; age 23.7+5.7 yrs). Phenotypes studied included muscle size (MRI), strength, and
response to supervised resistance training. We also studied 147 young adults that had carried out a
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bout of eccentric elbow exercise (age 24.0 + 5.2 yrs). Phenotypes analyzed included strength,
soreness, and serum muscle enzymes.

RESULTS—In the FAMUSS cohort, the G allele was associated with 17% increase in baseline
upper arm muscle volume only in women (F=26.32; p=5.32 x 10~7), explaining 5% of population
variance. In the eccentric damage cohort, weak associations of the G allele were seen in women
with both baseline myoglobin, and elevated CK. Sexually dimorphic effects of OPN on muscle
were also seen in OPN null mice. Five of seven muscle groups examined showed smaller size in
OPN null female mice, whereas two were smaller in males. Query of OPN gene transcription after
experimental muscle damage in mice showed rapid induction within 12 hrs (100-fold increase
from baseline), followed by sustained high level expression through 16 days of regeneration
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before falling to back to baseline.

CONCLUSION—OPN is a sexually dimorphic modifier of muscle size in normal humans and
mice, and responds to muscle damage. The OPN gene is known to be estrogen responsive, and this
may explain the female-specific genotype effects in adult volunteers.

Keywords

osteopontin (OPN); secreted phosphoprotein 1 (SPP1); genetic polymorphism; estrogen;
hypertrophy; MRI

Introduction

Muscle tissue is both highly adaptable, remodeling to different activity patterns, as well as
highly polymorphic, where individuals may be predisposed to endurance or strength, or
large or small muscle volume. Inter-individual differences is a combination of genetics and
training, with the gene polymorphisms influencing muscle phenotypes often called ‘genetic
modifiers’. A polymorphism in the a-actinin 3 gene (ACTN3) is the best characterized and
validated genetic modifier of muscle in healthy populations and athletes (7, 8, 37). This
common nonsense (loss-of-function) polymorphism (R577X) is broadly distributed
worldwide. In general, individuals with the intact ACTN3 gene are predisposed to greater
strength and speed, whereas individuals with the loss-of-function allele have greater
endurance (37).

Duchenne muscular dystrophy (DMD) is the most common muscle disease, causing
progressive weakness and early death in about 1 in 3,500 males worldwide. The disease
results from the loss of dystrophin, a membrane cytoskeletal protein normally present at the
myofiber sarcolemma (16). Dystrophin deficiency causes myofiber membrane instability
during muscle contraction and chronic bouts of muscle degeneration and regeneration.
Patients with DMD show variability in the severity of their disease, both with regards to age
of onset and disease progression, and this led to the search for genetic modifiers of disease
severity. We recently reported a study of 29 candidate genes that had been previously shown
to be correlated with muscle phenotypes in healthy volunteers (including ACTN3), and gene
loci associated with metabolic syndrome and cardiovascular disease phenotypes (32). We
also took a disease-centric approach, where archival muscle biopsies were accessed from
particularly severe or mild DMD patients, and then mRNA profiled to identify potential
biomarkers of later disease severity (31). In these studies, two of the 29 polymorphisms
studied showed an association with disease severity in two independent DMD cohorts;
ACTN3 and OPN. ACTN3 had been chosen as a candidate due to its association with
muscle phenotypes in healthy volunteers and athletes, and the nonsense (loss-of-function)
allele was associated with less severe disease. The OPN polymorphism studied was chosen
due to the observation of high mMRNA levels in muscle biopsies from particularly severe
DMD patients, and due to the well-characterized nature of the rs28357094 SNP on the gene
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promoter and mRNA expression (13, 14, 19). The OPN polymorphism was particularly
strongly associated with disease severity of DMD in two independent cohorts, with the more
common TT genotype (60-70% of subjects) showing a milder disease progression compared
to the GT/GG combined genotypes (p = 0.003 in one DMD cohort, and p =0.0003 in a
second independent DMD cohort). The OPN rs28357094 SNP is the most robust genetic
modifier of DMD identified to date (32), and as the rarer G allele has been shown to reduce
OPN gene expression in reporter constructs in HeLa cells (13), the data suggest that less
OPN protein causes greater DMD severity.

Given that the ACTN3 polymorphism is a modifier of muscle function in both health and
disease, we hypothesized that the OPN polymorphism might also influence muscle traits in
normal volunteers. OPN is a protein that is increasingly studied as a key inflammatory
cytokine involved in tissue remodeling. OPN is actively secreted by both inflammatory cells
and remodeling tissues, and the extracellular protein is extensively yet variably processed by
O-linked glycosylation, phosphorylation, and transglutamination (6, 20). OPN also shows
multiple proteolytic cleavage sites for proteases such as thrombin and MMPs (mmp-2, -7,
and -9), which cleave the protein into different biologically active isoforms (38). One of the
key roles for OPN is to interact with at least nine integrins and CD44 at the cell surface,
modulating cell-cell interactions, and cell-matrix interactions. OPN has been shown to be a
key factor in cancer progression and metastasis in multiple tumor types, including prostrate
(12), breast (22), and esophageal cancers (21), and hepatocellular carcinoma (5).

The different products of OPN have different roles in inflammatory cell recruitment and
chemotaxis. At the sites of tissue damage, thrombin cleaves OPN to create an N-terminal
fragment that is chemotactic for neutrophils (38). In addition, transglutaminase 2 at sites of
tissue damage acts upon OPN resulting in polymerized OPN (polyOPN), and polyOPN is
also highly chemotactic for neutrophils (29). The chemotactic activity of N-terminal
fragment and polyOPN are directly through interactions with a9p1 integrin on leukocytes
(38). However, the role of OPN is not only restricted to recruitment of neutrophils. There are
numerous studies that support a role for OPN in the accumulation of macrophages at the
sites of tissue injury and pathology (23, 29).

Given that OPN was a validated genetic modifier of muscle disease, we sought to determine
if the same OPN polymorphism might modify muscle phenotypes in healthy young adult
volunteers. To study this, we carried out sex-stratified genotype/phenotype associations in
two previously described cohorts: a unilateral upper arm resistance training intervention in
752 healthy Caucasian volunteers (FAMuSS cohort; 34), and a unilateral upper arm
eccentric challenge in 147 young adults (8, 33). The eccentric challenge was studied as OPN
is a cytokine frequently associated with tissue damage.

Subjects: Unilateral resistance training cohort (FAMuSS)

The study population was derived from a multicenter, NIH funded study designed to identify
genetic factors that dictate baseline bone, muscle and fat volume and the variability in
response to exercise training. The study design protocol has been described in detail
elsewhere (34), and we have previously published genetic associations with muscle strength
and size, response to exercise and metabolic syndrome markers (7). Briefly, 1,300 men and
women, average age 24 yrs were recruited by one of the 8 centers (University of
Massachusetts Amherst, University of Connecticut, Dublin University (Ireland), Florida
Atlantic University, Hartford Hospital, University of Central Florida, West Virginia
University, Central Michigan University). The study was approved by the Children's

Med Sci Sports Exerc. Author manuscript; available in PMC 2014 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hoffman et al.

Page 4

National Medical Center Institutional Review Board (protocol #2449), and was in
compliance with the Helsinki Declaration, and included written informed consent.

Exercise Training Program and Strength Assessments—Unilateral resistant
training was performed with the non-dominant arm. The protocol was described elsewhere
(34). Briefly it consisted of two 45 — 60 minute sessions per week for 12 weeks. Each
session included dumbbell biceps curls, dumbbell biceps preacher curls, and incline
dumbbell biceps curls, overhead dumbbell triceps extension, and dumbbell triceps
kickbacks. The amount of weight was aggressively increased during the 12 weeks. Strength
assessments were isometric biceps strength (maximum voluntary contraction; MVC), and
one repetition maximum weight (1RM) before and after training. Details of the strength
measurement protocols have been described previously (34).

MRI assessment—MRI assessment of both upper arms (trained and untrained), before
and after the 12 wk resistance training intervention has been previously described (34).
Entry MRI was done 24 to 48 h before the isometric orlRM (1 repetition maximum) test.
Scans post-training MRI was performed 48 — 96 h after the last training session. Fifteen 16
mm contiguous axial slices from each arm were taken from each arm independently. Scans
for both arms were taken by Fast Spoiled Gradient Recalled and Fast Spin Echo with TE
1.8/TR 200 msec. All eight centers submitted the MRI data to the Center for Genetic
Medicine Research at Children's National Medical Center (CNMC) in Washington, D.C, via
e-mail or DAT disc, and all scans were integrated into the study SQL database. The
complete MRI data set with both pre- and post-measures of high quality images for both
arms was n=752.

For the volumetric analysis of the MRI images, we used Rapidia (INFINITT Inc, Seoul,
Korea), a PC based software that allows the semi-automatic quantification of muscle, bone
and subcutaneous fat. The software was optimized to provide automated position
adjustment, and to distinguish muscle, fat, and bone, with automatic edge detection, user
modification of ambiguous edges, and automated propagation of defined tissue boundaries
when possible. Volume measures were taken using an anatomical landmark (metaphyseal-
diaphyseal junction of the humerus) as our starting point and assayed the six 1 cm slices
proximal to it. Reliability of measures was determined using the untrained arm, with muscle
volume measured at a 12 week interval, showing that our quantitation of muscle volume was
highly reliable and sensitive (R = 0.968). Measurement values were automatically written
and saved in a SQL database together with anthropomorphic and genotyping data.

Subjects: Eccentric challenge cohort

Data for this study were derived from a larger clinical trial assessing the efficacy of a topical
analgesic on delayed onset muscle soreness, and genotype associations have been previously
reported for this cohort (8, 17). Markers of muscle damage included muscle function,
muscle soreness, serum creatine kinase (CK), and myoglobin (Mb) levels. Study protocols
were approved by the University of Massachusetts Human Subjects Review committee, and
included written informed consent.

Testing Schedule—During visit 1, subjects were screened for inclusion/exclusion criteria
and signed informed consent documents. Within 1 wk following vis/t 1, subjects were seen
by the study physician, height and weight were recorded, and subjects had blood drawn for
baseline analyses (visit 2). Visit 3occurred 2 days following visit 2, during which pre-
exercise soreness and strength were assessed, followed by the eccentric exercise bout,
followed immediately by reassessment of strength. Twelve hours after visit 3, subjects
returned for treatment with topical analgesic (visit 4). Strength recovery was assessed at 3
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(visit 5), 4 (visit 6), 7 (visit 7), and 10 days post exercise (visit 8). Blood was drawn at 4, 7,
and 10 days post-exercise.

Strength testing—Maximal voluntary isometric strength of the elbow flexors was
assessed before and immediately after the exercise. Strength was assessed on a modified
preacher bench, with the elbow flexed at 90°. A strain gauge (model 32628CTL; Lafayette
Instrument, Lafayette, IN) was used to measure the force produced. Three trials were
averaged, with 1 min of rest between sets.

Exercise—The single exercise bout consisted of 50 maximal eccentric (muscle
lengthening) contractions of the elbow flexor muscles of the non-dominant arm. Two sets of
25 contractions were separated by a 5-min rest period. Each contraction was 3 s long,
followed by 12 s of rest.

DNA extraction and genotyping

DNA was extracted from blood samples obtained by phlebotomy before starting the exercise
training using Qiagen Gentra PureGene kits. Genotyping was done using the TagMan allele
discrimination assay that employs the 5' nuclease activity of Taq polymerase to detect a
fluorescent reporter signal generated during PCR reactions.

Statistical analyses

Hardy-Weinberg equilibrium was determined for each SNP using a x 2 test to compare the
observed genotype frequencies to those expected under H-W equilibrium.

In the FAMUSS cohort, 12 quantitative phenotypes (baseline and 12 week change in MVC
and 1-RM strength, whole muscle, cortical bone, and total bone volume, and whole muscle
cross-sectional area) were analyzed as continuous quantitative traits. In the eccentric
challenge cohort, muscle strength, soreness, serum CK and Mb were analyzed as continuous
traits. Normality of each quantitative trait was confirmed using the Shapiro-Wilk normality
test. Bivariate correlation analyses of each quantitative measurement showed several
significant correlations with age and baseline mass, therefore, associations between each
SNP and quantitative traits were assessed using analysis of covariance (ANCOVA)
methods. Due to large gender differences in baseline values and the response to training, all
analyses were performed separately for men and women.

Initially, co-dominant genetic models were tested, and all significant associations from the
main ANCOVA model were subjected to pair-wise statistical tests among each of the three
genotype groups for each SNP. Positive associations with the co-dominant model were then
tested with both recessive and dominant models. Linear tests were performed between each
of the genotype groups to determine which genotype groups were significantly different
from one another. The resulting p values from these linear tests were adjusted for multiple
comparisons using the Sidak post-hoc multiple comparison test. For all models, linear
regression analysis, including likelihood ratio tests between full (containing genotype and
covariates) and constrained (containing covariates only) models, were performed to estimate
the proportion of variance in volumetric measurements attributable to each SNP's genotype.
In order to avoid false positives, the p-value for significance was set at 0.002 to account for
multiple testing (i.e. 12 phenotypes in males and females for a total of 24 tests in the
FAMuSS cohort).

OPN (Spp1l) KO mice

Six male and six female homozygous B6.129S6(Cq)-Sppltm1BIhlJ osteopontin (Sppl)
knockout mice at 57 weeks of age were purchased from and housed at The Jackson
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Laboratory (Bar Harbor, ME, USA, http://jaxmice.jax.org/strain/004936.html) (24). Age-
and gender-matched C57BL/6J mice served as controls. Animals were housed with food and
water ad /ibitum in a 12-h light/dark cycle environment. Animals were euthanized via CO,
at 8-10 weeks of age, as approved by The Jackson Laboratory Institutional Animal Care and
Use Committee.

Muscle groups were isolated immediately after euthanization. Muscles isolated from the left
distal leg were the soleus, plantaris, gastrocnemius (G, which includes both the medial and
lateral gastrocnemius), tibialis anterior (TA), and extensor digitorum longus (EDL). In the
left proximal arm, the biceps bracchii longus and triceps brachii longus were isolated. All
muscles were trimmed of excess tendon and weighed, and sex-stratified comparisons of
wild-type and knock out animals using Student’s T test.

Murine degeneration/regeneration time series

Results

We have previously reported a 27 time point wild-type mouse muscle degeneration/
regeneration time series MRNA profiling data set (39,40). Briefly, the gastrocnemii of adult
mice were caused to undergo a complete round of staged degeneration and regeneration
using a 10 needle manifold and injection of cardiotoxin. The muscles were then harvested at
defined time points after the injection, with two muscles analyzed in each of 27 times point.
mRNA profiling data was generated using Affymetrix U74v2 microarrays from the 54
murine gastrocnemii, and the dCHIP mismatch model probe set algorithm utilized to
normalize array and generate signal intensities. This data set is accessible for dynamic
queries via a public website visualization tool we developed (http://pepr.cnmcresearch.org)
(4), and data for OPN shown in this current publication is taken from this web site analytical
and graphic tool.

OPN rs28357094 is associated with baseline muscle size in young women

Associations of rs28357094 genotypes (TT vs. GG/GT) with 12 quantitative phenotypes in
sex-stratified cohort were evaluated (baseline isometric strength, absolute difference in
isometric strength, % change in isometric strength, baseline 1-RM strength, difference in 1-
RM strength, % change in 1-RM strength, baseline whole muscle volume, difference in
whole muscle volume, baseline total bone volume, difference in total bone volume, baseline
cortical bone volume, difference in cortical bone volume). Bone phenotypes were included
due to the known role of osteopontin in regulation of bone remodeling. Muscle phenotypes
were chosen due to the association of the rs28357094 genotypes with muscle strength and
disease progression in Duchenne muscular dystrophy. Normality of each phenotype was
confirmed, genotype data was in Hardy-Weinberg equilibrium, and genotype/phenotype
associations were adjusted for multiple testing. MVC strength, 1-RM strength and whole
muscle phenotypes were adjusted for age and weight, bone phenotypes were adjusted for
age and height.

We found a strong association between OPN genotype and baseline muscle volume in
females (Figure 1) (n=389). The other 11 phenotypes tested showed no significant genotype-
phenotype associations after adjustment for multiple testing. Given the strong association
with muscle volume in females (Figure 1), we further queried additional data fields in our
FAMUuSS data set. We had three measures of ‘baseline” muscle volume: the dominant arm at
study entry, the dominant (unexercised) arm at study exit, and the non-dominant arm at
study entry (prior to exercise). However, these three measures are not independent measures,
as there is a strong co-linear relationship between an individual’s dominant (untrained) pre-
and post-intervention measures, and the non-dominant (trained) pre-intervention measure.
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Using a dominant inheritance model (TT, vs. GT/GG), all three measures of untrained
(baseline) size showed a striking association of larger muscle size with the G allele (14.3% —
17.0% increase in size) (Figure 1). Considering the dominant arm at baseline, women
carrying the G allele showed significantly larger muscle size (TT, N=167, 433910+9344
mm3; TG/GG, N=122, 507835 + 10938 mm3) (F-test = 13.1; p = 5.3 x 1077). The
percentage of population variation for muscle size explained by this genotype was 5.1%
(LRT p <0.001), making this one of the largest effect sizes for any genetic modifier of
muscle identified to date. This association was specific to females, with no association of
baseline muscle volume in males. Tests of other traits such as baseline strength, or response
to resistance training (size or strength) showed no associations, in either males or females.

rs28357094 G allele is associated with increased serum myoglobin at baseline in females

Young adult volunteers undertook a bout of eccentric exercise, with phenotypes then
measured as a function of time after the bout. Phenotypes included muscle strength loss,
muscle soreness, and serum CK and Mb, tested in males (n=74) and females (n=78)
separately. Using the same dominant inheritance model used in the muscle size data, we
found an association of the GG/GT genotypes with increased serum myoglobin levels at
baseline in females only (TT, N=61; 26.96 = 0.61 IU/L); GT/GG, N=16, 29.91 + 1.20)
(Table 1). However, the limit of detection of the serum myoglobin assay used was 23 ng/ml,
and many subjects in both genotype groups were at or below the limit of detection, and these
were set at 23 ng/ml.

There were two female homozygotes for the rare GG allele, and one of these showed
unusually high increase creatine kinase post-exercise (22,099, 11,257 and 1,986 1U/L
compared to an average of 5,265 * 6,687, 1,930 + 2,410 and 306 + 297 IU/L in other
females at 4, 7 and 10 days respectively) (Figure 2). This led to significant associations of
the GG genotype with both CK at 10 days, and difference between day 0 and day 10 CK, but
this was driven by the single subject coupled with low variance of all other subjects in the
day 0 and day 10 time points (Table 1).

It is important to note that the eccentric exercise association data were not corrected for
multiple testing, and there were many comparisons run in both males and females (soreness,
strength, myoglobin and CK at multiple time points). Thus, myoglobin and CK associations
are tentative and require validation in additional cohorts.

OPN null mice show sexually dimorphic differences in muscle size relative to wild-type

mice

Given the female-specific association of muscle size with the OPN polymorphism in young
adult females, we hypothesized that mouse knock-outs for the OPN gene might also show
sex-specific alterations in muscle weights. The weights of seven dissected muscle groups
were compared between OPN null mice and wild-type controls, in both males and females
(n = 6 per group; 24 mice total). Weights were normalized to body weight, and sex-specific
statistical comparisons of each muscle group done between the OPN and wild-type mice
(Figure 3). OPN female mice showed significant reductions in muscle weight in five of the
seven muscle groups analyzed, whereas male mice showed reductions in two of the seven
groups. Murine female biceps and triceps were both significantly reduced in weight, and
these correspond to the muscle groups analyzed by MRI in the young adult female
volunteers (Figure 1).
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OPN expression in muscle is associated with experimental muscle degeneration and
regeneration

mMRNA profiling has been used to study changes in the muscle transcriptome following
different interventions and disease states, and we have developed a public access resource to
query many of these data sets (http://pepr.cnmcresearch.org) (4). Using this interface, we
queried the response of OPN mRNA accumulation after: experimental muscle damage in
mouse (cardiotoxin induced degeneration/regeneration; 27 time point series) (39,40) (Figure
4).

OPN mRNA showed low baseline expression in uninjured muscle (baseline; time 0), but
was then rapidly and strongly induced following cardiotoxin-induced muscle degeneration,
with a 120-fold increase in levels by 12 — 24 hrs (Figure 4). High levels of OPN were
maintained in regenerating muscle through day 14, whereupon levels fell to baseline by day
16.

Discussion

The ACTN3 polymorphism has been identified as a genetic modifier of muscle function in
both healthy volunteers and athletes (7, 8, 37), as well as in Duchenne muscular dystrophy
(30). We sought to determine if an OPN gene promoter polymorphism we previously
associated with disease severity in Duchenne dystrophy was also associated with muscle
phenotypes in healthy young adult volunteers. The G allele of the rs28357094
polymorphism is a 5 bp upstream of the transcription start site, alters a SP1 transcription
factor binding site, and reduces OPN gene transcription. This G allele was associated with
more severe disease in DMD, suggesting that less OPN led to poor muscle remodeling in the
context of continuous degeneration/regeneration (muscular dystrophy). We did not have
expectations regarding the effect of the G allele in normal volunteer groups, and the effects
on normal muscle (baseline, trained, or eccentric challenge) are quite different than the
severe and chronic remodeling seen in muscular dystrophy.

The two normal volunteer groups studied were a resistance training intervention cohort, and
an eccentric bout group. The resistance training group was meant to study a 12 wk training
effect, whereas the eccentric group was meant to study acute responses to a single bout of
muscle damage from lengthening contractions. In the resistance training group, we found a
strong association of the OPN polymorphism with baseline muscle size in females, but not
males (Figure 1). Women with the rare allele (GT and GG) showed 17% increase in muscle
volume of the upper arm by MRI volume compared to TT (p=5.3 x 10~7), and this finding
was similar in both arms prior to the exercise intervention, and in the control unexercised
dominant arm following the unilateral resistance training of the non-dominant arm (Figure
1). This single genetic locus explained approximately 5% of population variance (LRT
p<0.001) in the females in FAMuSS. This was a surprising large proportion of variance, and
is quite unusual for any single genetic polymorphism in any population-based trait. A factor
that may contribute to the large effect size is the highly objective and quantitative nature of
the MRI phenotype studied here. As stated by Long and Langley (1994), “an increase in the
variance attributable to a quantitative trait locus is seen with the careful definition of the
phenotype so that any variation in phenotype is less likely due to other factors” (25). The
cohort studied was also relatively homogenous in age and gender, and phenotypes were
adjusted for age, weight and stratified by gender. Each of these would be expected to reduce
variance, and thus augment our sensitivity in detecting gene x phenotype (MRI)
associations. Finally, our cohort was quite young, and we have previously shown that young
cohorts may augment effect sizes in genetic association studies (10). This is because age-
associated phenotypes (such as sarcopenia with aging) would serve as confounding (hidden)
variables and contribute to greater variance in older cohorts (10). This more robust nature of
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the MRI phenotype may also explain the lack of association with muscle strength, as the
latter has a central effort component.

A correlation of a gene polymorphism with muscle size might be expected to similarly be
correlated with muscle strength. However, studies of the relationship of size and strength
typically show correlation coefficients of only r = 0.7 (1, 26). In addition, strength has a
central component (effort) that likely contributes to increased variance, whereas MRI
measures of size have no such central component. Further studies of the relationship of size
and strength and the role of OPN in muscle are required.

The association with muscle size was not seen in males, and there was no association of
strength or size changes upon resistance training in either males or females. It is important to
validate genetic association studies in additional cohorts, however we were unable to
identify similar large cohorts of young adults with volumetric MRI of muscle. Thus,
independent validation must await future studies.

In an eccentric contraction (muscle damage) group, we found weak associations with
females with baseline myoglobin, and serum CK at 7 days (Table 1; Figure 2). The
associations with CK were in a recessive model and were driven by one of two female
homozygotes for the rare allele (GG) showed striking elevations of CK 10 days following
the exercise challenge (Figure 2). These findings were not corrected for multiple testing, and
are subject to false positive associations.

The sex-related effects of OPN on muscle size were validated in our study of mouse knock-
outs (null) for OPN (Figure 3). OPN null female mice showed significant reductions in five
of seven muscle groups examined, including the biceps and triceps muscles (the same
muscle groups studied by MRI in the healthy young adult female volunteers in FAMuSS).
Male mice showed significant reductions in two of the seven muscle groups. Thus, OPN
expression appears related to muscle size in mice as well as humans, and that the effect is
also largely sex-specific to females. We also showed that OPN is strongly expressed during
muscle remodeling in mice subjected to a bout of muscle degeneration and regeneration
(Figure 4). This suggests that OPN likely plays a role in repair of muscle damage, with
expression elevated until the muscle is fully regenerated at about 14 days post-insult.

Our findings indicate that the OPN polymorphism is a genetic modifier of muscle in both
health (young adult volunteers), and disease (DMD). Thus, both ACTN3 and OPN
polymorphisms modulate both healthy volunteer muscle, as well as dystrophic muscle. That
said, our study raises a question regarding the sex-specificity of our findings. DMD is an X-
linked disorder that affects young boys, yet our significant genetic association findings in
healthy volunteers were restricted to females. OPN has gene promoter elements that have
been shown to be responsive to estrogen (9, 27), and other disease-related association
studies with the same polymorophism have also found sex-specific effects (2, 15). It is
challenging to draw parallels between pre-pubertal DMD boys, and the likely estrogen-
sensitive gene effects we have observed in the post-pubertal volunteer women studied.
However, sex-specific effects of gene polymorphisms in other loci have also been reported
(7,19, 31, 32).

The association of the rare allele of the OPN promoter SNP with larger muscle size in
females and more severe disease in DMD boys is challenging to reconcile into a single
unifying gene/phenotype association. Our finding that mice with loss of OPN (knock-out)
show sexually dimorphic effects on muscle size is supportive of sex-modified effects and the
apparent importance of OPN in muscle tissue, but again does not aid in defining a unifying
model. We also showed that mouse muscle shows very low levels of OPN at baseline, but it
is rapidly and extensively induced by muscle damage (is at quite low levels in normal
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muscle, and is strongly induced upon muscle damage (120-fold increase in levels by 12 — 24
hrs). Taken together, our data suggests that OPN likely plays a role in response of muscle to
damage (as a tissue remodeling cytokine), and may also have a role in normal development.
With regards to muscle damage, it is important to note that OPN is expressed in both
infiltrating macrophages and in regenerating myoblasts, and different isoforms of the protein
have different effects on initiation of inflammation (e.g. transglutaminated form and
neutrophil chemotaxis) (29, 38), and resolution of inflammation (e.g. macrophage
polarization towards a tissue repair 1L-10 producing phenotype) (3). Future research should
focus on mechanistic studies of specific OPN protein isoforms and their role in muscle
inflammation and remodeling, in both healthy muscle and dystrophic muscle. The effect of
the promoter polymorphism on OPN regulation in muscle, and the modulatory effect of
estrogen, also requires further study.
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Figure 1. OPN genotype is associated with untrained upper arm muscle size in young adult
female volunteers

Young adult (average age 24 yrs) volunteers enrolled in a unilateral upper arm resistance
training study were genotyped for the OPN polymorphism, and males and females
separately assessed for associations of OPN genotype with baseline and trained muscle
strength and size. Upper arm total muscle volume measured by volumetric MRI showed
strong association with OPN genotype in females, but not males, where the GT/GG
genotype muscle volume was 15-17% larger than the TT genotype carriers. The untrained,
dominant arm, showed similar associations before and after the 12 wks training bout,
whereas the trained, non-dominant arm, showed association only at baseline. Standard errors
are shown.
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Figure 2. A single OPN GG homozygote female shows evidence of unusual muscle damage
following a challenge of upper arm eccentric activity

Young adults were given a challenge of elbow eccentric contractions, then blood sampled at
4,7 and 10 days after the bout of eccentric activity. There were two GG homozygote
females in the 147 volunteer cohort, and one of these showed extraordinary elevations of
serum creatine kinase (CK), reflective of muscle damage, at 7 days post-bout (green data
points). The average elevation of CK in females was 500 IU/L at 7 days, whereas the GG
female showed 25,000 IU/L. Standard errors are shown.
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Figure 3. Muscle weights normalized to body weight in OPN null mice and wild-type controls
Shown is the average and standard error for males and females in the indicated muscle
groups (n = 6 per group). OPN null female mice showed significant reduction in normalized
muscle weights for five of the seven muscle groups examined, whereas male mice showed
significant reduction in two of the 10 groups. Muscle weight to body weight ratio is
calculated as (milligram muscle/gram body weight) x 10. * p< 0.05; ** p<0.01
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Figure 4. OPN is strongly induced by experimental muscle degeneration and regeneration
Shown is MRNA expression profile data from 54 mice at defined time points during staged
degeneration and regeneration. Time 0 is prior to injection, and the days of harvest of
muscle are shown through 40 days (X axis). Shown is the fold-change in OPN mRNA
expression in each mouse muscle relative to baseline (time 0) (Y axis). OPN shows low
baseline expression at time 0, but then is rapidly induced to about 100-times baseline levels
by 1 day following experimental muscle damage. High level OPN is sustained throughout
the time period of muscle regeneration, falling back to baseline levels after 16 days when
regeneration is largely complete. Shown are fold-change relative to averaged baseline (time
0) for each muscle (two per time point; squares), and the average of the two muscles (circles
and line).

Med Sci Sports Exerc. Author manuscript; available in PMC 2014 June 01.



Page 17

Hoffman et al.

*(1xa1 pue z ainbi4 8as) sMD ybiy Asan pamoys oym 19algns s10bAzowoy 99 a1buls e Aq UaALIp sem (auljaseq 03 SAep 0T) MD Ul 8duaJayid pue (8 USIA) sAep 0T — MD yioq Joj anfea d mc._.N

*U0139313p JO HWiI| 3y} MoJaq Jo Je atam sdnoib adAlouab (e ul s198lgns Auew pue ‘Jw/Bu £z sem Aesse u1qo]BoAw wnias ayl Jo UOIIIBIAP JO JWI| JAMO] mc._.N.

(/N1 99°07 ¥ ¥S'6€2 ‘29=N) L1
(/N195°98 F LSEXT ‘¥T=N) O1

VIN VIN 2N ee'L2z 785986 :2=N) 99 | geqpg | 209 | srewes | (surjeseq o1 skep oT) Y19 ur sousispIa

(UNI €5°TY ¥ 66'€2€ ‘29=N) L1
(/N1 0v'88 ¥ T9°2€2 ‘¥T=N) DL

VN wiN | (VNI LT'Ze2 ¥ S0TL0T :2=N) 99 | 25000 | So's | erewes (8 SIA) 1n0q 150d SABP OT - $ID
7 (lw/Bu 0z'T ¥ 16'62 :9T=N) 99/9L
8920°0 ‘%T'9 VIN (Jw/Bu 190 ¥ 9692 T9=N) LL | 62€00 | €.'% | orewad (¢ nsin) surjaseq — uigojBoAN
xonjea-d 141 sueaw
‘adKyouab JUESETINo)
o1 a|geinquine | Apuedsyyiubis anjea | 1se)
Aligerren o5 JO anjeA-d NS F uesw paisnipe ‘N -d -4 | J48puso JusWaINSeaN

"ApN1s 8s1919X3 2111u3933 ue ul sadAjouayd yum wsiydiowAjod Ja10woid NJO JO SUOIRIIOSSY

T alqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Med Sci Sports Exerc. Author manuscript; available in PMC 2014 June 01.




