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The Effect of ACTN3 Gene Doping
on Skeletal Muscle Performance
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Loss of expression of ACTN3, due to homozygosity of the common null polymorphism (p.Arg577X), is underrepresented in elite sprint/
power athletes and has been associated with reduced muscle mass and strength in humans and mice. To investigate ACTN3 gene dosage
in performance and whether expression could enhance muscle force, we performed meta-analysis and expression studies. Our general
meta-analysis using a Bayesian random effects model in elite sprint/power athlete cohorts demonstrated a consistent homozygous-
group effect across studies (per allele OR = 1.4, 95% CI 1.3-1.6) but substantial heterogeneity in heterozygotes. In mouse muscle,
rAAV-mediated gene transfer overexpressed and rescued o-actinin-3 expression. Contrary to expectation, in vivo “doping” of ACTN3
at low to moderate doses demonstrated an absence of any change in function. At high doses, ACTN3 is toxic and detrimental to force
generation, to demonstrate gene doping with supposedly performance-enhancing isoforms of sarcomeric proteins can be detrimental for
muscle function. Restoration of a-actinin-3 did not enhance muscle mass but highlighted the primary role of a-actinin-3 in modulating
muscle metabolism with altered fatiguability. This is the first study to express a Z-disk protein in healthy skeletal muscle and measure the
in vivo effect. The sensitive balance of the sarcomeric proteins and muscle function has relevant implications in areas of gene doping in
performance and therapy for neuromuscular disease.

Introduction

The ACTN3 gene encodes for a-actinin-3, an actin-binding
protein that is specifically expressed in fast skeletal muscle
fibers (all fast glycolytic type 2X fibers and 50% of fast
oxidative type 2A fibers).! The common ACTN3 polymor-
phism (Arg577X) (rs1815739) is one of the most highly
replicated genetic associations in human muscle perfor-
mance. Homozygosity of the 577X allele (577XX) occurs
in 20% of the global population” and results in complete
loss of function (absence) of a-actinin-3. Association
studies in sprint/power performance have consistently
demonstrated reduced 577X allele frequency in elite ath-
letes, suggesting that the expression of a-actinin-3 (or,
presence of 577R allele) plays an integral role for optimal
generation of explosive muscle power. No other common
variant or study has been reproducibly associated with elite
sprint/power performance.’

The effect of ACTN3 Arg577X on function has also been
examined in various non-athlete populations. Absence of
a-actinin-3 has been associated with loss of muscle po-
wer” and strength® reduction of bone and muscle mass®’
as well as susceptibility to injury.® Other studies have also

shown that the absence of a-actinin-3 is linked to increased
risk of falls in the elderly,” earlier onset and poorer prognosis
among individuals with Pompe disease (MIM: 232300),"°
and reduced muscle strength in boys with Duchenne
muscular dystrophy (MIM: 310200)."! Mechanistic studies
on healthy human muscle reported a slower, more oxida-
tive muscle profile in people carrying two copies of the
null 577X allele, with some evidence for shifts in fiber-type
proportions,'*'? increased muscle glycogen,'*"® calci-
neurin signaling,'® and expression of structural and oxida-
tive signaling proteins.'’ Collectively, these studies identify
ACTN3 as an important influence upon muscle attributes in
the context of elite performance, healthy individuals, and
among those contending with heritable and acquired con-
ditions of compromised muscle function.

Phenotypic analyses of the Actn3 knockout (KO) mouse
model recapitulated the human 577XX phenotypes, with
Actn3 KO mice showing reductions in muscle strength,
increased endurance capacity,'® reduced fast fiber size,
shifts in fast fiber metabolism toward oxidative meta-
bolism,'*'® enhanced calcineurin signaling, and increased
response to endurance exercise training compared to wild-
type (WT) mice.'® Similar to 577XX human findings,
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impacts on muscle function are life-long, with aged Actn3
KO mice showed reduced muscle strength, muscle mass,
and fast fiber size compared to WT mice.'” The expression
pattern of Actn3 in the mouse muscle remains similar to
the human (Actn3 is expressed in fast 2B and 2X fibers
but not type 2A or I), but the impact of Actn3 deficiency
is likely accentuated due to the higher proportion of fast fi-
bers in a mouse compared to a human muscle."?" For this
reason, human association studies remain critical to ascer-
tain the effect of ACTN3 deficiency.

One of the most studied and replicated human associa-
tion study results is the detrimental effect of a-actinin-3
deficiency (577XX) on elite sprint/power muscle perfor-
mance. However, the nature of the genetic model that
best explains the association—for example, an «-actinin-3
gene dosage effect (RR > RX > XX), a recessive effect (XX
versus RR/RX), or a dominant effect (RR versus RX/XX)—
has not been properly explored.* Physiological investiga-
tions (phenotypes and expression data) in the Actn3"/~ het-
erozygous (HET) and homozygous null (KO) mice sup-
ported the use of an additive model when testing ACTN3
genotype associations.”' The additive model (KO > HET >
WT) best explained relative muscle force (percentage of
maximum) in response to fatigue, the reduction in 2B fiber
size, and increases in calcineurin signaling and oxidative
metabolism.?’ Expression of Actn3 in HET mouse muscles
was lower relative to WT and were compensated by upregu-
lation of a-actinin-2 in a dose-dependent, genotype
manner. Similarly, Z-disk proteins such as ZASP, mitochon-
drial proteins (COX IV, porin), and calcineurin signaling (as
shown by downstream RCAN1-4 expression) were at inter-
mediate levels in HET mice relative to WT and KO.”'

Collectively, the results reported to date suggest that
restoring o-actinin-3 expression may increase muscle
mass and force-producing capacity in a-actinin-3-deficient
skeletal muscle. We and others have previously shown that
recombinant adeno-associated viral vectors (rAAV) can
efficiently transfer genes to mature mouse muscles, result-
ing in long-term gene expression.'®?* Given the ACTN3
Arg577X association with human muscle performance
and muscle traits throughout life, augmenting expression
of a-actinin-3 in skeletal muscle could further enhance
muscle power and sprint performance in individuals
already expressing o-actinin-3 (RR, RX). Additionally,
replacement of ¢-actinin-3 in muscles of ACTN3 577XX in-
dividuals could improve muscle power performance with
beneficial consequences for prognosis in regards to mus-
cle-wasting disorders and mitigating the risks of falling in
the elderly.**

In this study, we examined the potential of ACTN3 over-
expression in mature skeletal muscle to enhance muscle
strength, mass, and the susceptibility/resistance to fatigue
in the course of repeated stimulation. A general meta-anal-
ysis was first performed using data from published, inde-
pendent studies of ACTN3 Arg577X to determine what
type of genetic model best explains the association with
elite sprint/power performance. Using the Actn3 WT and

KO mouse models, we further investigated the functional
and morphological effects of post-natal manipulation of
a-actinin-3 dosage by overexpressing sarcomeric a«-acti-
nin-3 in mature skeletal muscle via rAAV-mediated gene
transfer. We hypothesized that altering skeletal muscle
a-actinin-3 expression would modify muscle function in
a dose-dependent fashion.

Material and Methods

Study Design
Regarding systematic meta-analysis, refer to Supplemental Mate-
rial and Methods.

For mouse studies, sample sizes (n > 5) were selected based on
previous Actn3 KO and WT studies.'""?"** All experiments were
replicated in independent groups of mice or using different mus-
cles (TA and EDL). Functional testing was performed by investiga-
tors that were blinded to genotype and treatment. All data were
collected from male mice and age-matched littermates.

Mice Housing Conditions

Mice were from C57BL/6 (N12-17) genetic backgrounds aged be-
tween 6 and 24 weeks. One group of WT mice were from a house
colony of C57BL/6 (N70). Mice were housed under the same con-
ditions and were fed meat-free mouse pellets and water ad libitum
and were maintained in a 12:12 hr cycle of light and dark at
ambient room temperature (~22°C). All experiments were
approved by the Animal Care and Ethics Committee of the Chil-
dren’s Medical Research Institute (CMRI approval ID: K190) and
the Murdoch Children’s Research Institute (MCRI approval ID:
A761).

rAAV Vector and Delivery

The generation of recombinant adeno-associated viral (rAAV6)
vectors was previously described.'® For intramuscular injections,
mice were anesthetized (3.5% isoflurane in oxygen from a preci-
sion vaporizer) and given temgesic (0.05 mg/kg) for pain manage-
ment. Hamilton syringes (32 gauge) (Hamilton) were used to
deliver 30 pL of rAAV-ACTN3 or rAAV-MCS (control empty vector)
diluted with of HBSS to required dose (SE8-1E11 vector genomes).
Vectors were injected into the anterior compartment of the lower
limb, targeting the TA and EDL.

Muscle Physiology

Ex vivo EDL: Mice were sacrificed by cervical dislocation and the
EDL was isolated to determine muscle force and recovery from fa-
tigue. All experiments were carried out at room temperature
(~22°C-24°C) using techniques previously described.'®** In situ
TA: Force and fatigue was performed using the Aurora Scientific
Dual Mode Lever System with supplied software (DMCS 4.5,
DMA) and carried out at 37°C as previously described.'! Notes
on both protocols are supplied in the Supplemental Material and
Methods.

Immunoblotting

Immunoblotting was performed as previously described.'' Briefly,
10-um frozen muscle sections were homogenized in 4% SDS lysis
buffer and assessed for total protein concentration using the Pierce
BCA protein assay kit (ThermoFisher Scientific). Proteins were
separated by SDS-PAGE using precast minigels (Invitrogen) or

846 The American Journal of Human Genetics 102, 845-857, May 3, 2018



criterion gels (Biorad), then transferred to polyvinylidene fluoride
membranes (PVDE Millipore). These were blocked with 5% skim
milk in 1x PBST, probed with probed antibodies (Supplemental
Material and Methods) overnight and secondary antibodies at
room temperature for 2 hr, then developed with ECL reagents
(Amersham Biosciences). Membranes were washed, developed,
and imaged by Image Quant (GE Healthcare). Densitometry was
performed using Image] image processing software (NIH) and
quantified using the area under the curve. This was normalized
to myosin and actin expression, obtained from PVDF membranes
stained with Coomassie brilliant blue (1610436, Sigma-Aldrich).

Histology and Immunofluorescence

Haematoxylin and eosin and SDH histological stains were
performed on 8-um muscle sections as previously described.'®
For immunofluorescence, 8-um sections were blocked with 2%
BSA or affinipure goat a-mouse Fab fragment (Jackson
ImmunoResearch) before overnight primary incubation (anti-
bodies are in Supplemental Material and Methods) at 4°C. Sections
were washed with 1x PBS. Secondary incubation was performed in
combination with Hoechst staining at room temperature for 1 hr.
Fiber-typing was performed as previously described.”® Sections
were imaged on the Mirax slide scanner (ZEISS), V-Slide Scanner
(MetaSystems), or the confocal microscope (Zeiss LSM 780).

Statistics for Experimental Studies

Data results (sample size) are presented as individual points, with
the calculated group mean (line) and standard error of the mean
(SEM) or 95% confidence interval error bars for each group. As
group sizes consisted of <12, two-sided, unpaired t tests using
nonparametric statistics, Mann-Whitney U-tests were applied us-
ing an alpha of 0.05 for all analyses. Analyses were performed in
GraphPad Prism (V7.0c, GraphPad Software).

Results

Meta-analysis of ACTN3 Arg577X Association Studies in
Elite Sprint/Power Athletes Demonstrates a Consistent
Homozygote Effect but a Heterogeneous 577RX Effect
Previous meta-analyses have assumed the association be-
tween human Arg577X genotype and elite international
athlete status fits a dominant model®® and/or a recessive
model”” but did not test whether data may better fit alter-
native models, such as an additive model. We therefore
systematically searched relevant articles (Figure S1) and
performed a meta-analysis using raw data from 12 inde-
pendent studies that met a strict inclusion criterion
(Table S1). This criterion aimed to minimize heterogeneity
of the genetic effect by restricting analyses to similar-
caliber athletes across studies who competed in similar
events; in particular, by including study genotyping results
comprised of >50%-100% international level (elite) ath-
letes who had competed in an individual sprint/power
event (Table S2). Elite endurance performance, such as
the marathon, was not considered for meta-analysis pur-
poses due to the absence of any consistent effect of the
ACTN3 Arg577X variant.*®

To analyze the effect of the ACTN3 genotype on sprint
performance, we used a general genetic model for analyses

of these data. This allowed us to assess the extent of evi-
dence across the full range of simpler models (which in-
cludes dominant, additive, and recessive as special cases).
This approach can be described as a Bayesian random ef-
fects meta-analysis and decomposes the association into
two parts: (1) a “homozygote” component, which models
the per-allele effect when comparing the two homozygotes
(analogous to the “additive” component in a pure additive
model); and (2) a “dominance” component, which models
the extent to which the effect of the heterozygotes deviates
from a purely additive (or dosage) effect. In particular, this
second component can take values consistent with the
overall model being dominant, recessive, or additive (and
all models in between, see Figure S2 for visualization).
We found there was evidence for a consistent homozy-
gote effect (overall per-allele odds ratio [OR] = 1.4, 95% CI
1.3-1.6; between-study SD t = 0.12, 95% CI 0.01-0.31)
(Figure 1). However, there was substantial heterogeneity
in the dominance effect (overall OR = 0.98, 95% CI 0.73-
1.3; between-study SD t = 0.40, 95% CI 0.18-0.72). The
variability was large, to the extent that some of the individ-
ual studies were consistent with a dominant model”* and
some a recessive model®® (Figure S3), and overall, they
were centered on an additive model (i.e., dominance OR
of = 1). Comparisons of both the homozygote and domi-
nance effects against potential explanatory variables
(ancestry, sex) did not show any clear trends (Figure S4)
that were worth pursuing with formal heterogeneity mea-
sures (Supplemental Material and Methods). Overall, the
meta-analysis showed that the difference between the ho-
mozygotes was consistent across these studies but no single
genetic model can consistently explain the association be-
tween ACTN3 Arg577X and elite sprint/power performance
due to the effect of heterozygotes being highly variable.

Overexpression of a-Actinin-3 Results in Reciprocal
Downregulation of a-actinin-2 and Is Detrimental to WT
Muscle Function

Given the ACTN3 577RR genotype-positive association
with elite sprint/power performance, irrespective of the ge-
notype model, we hypothesized that overexpression of
ACTN3 in WT mice (“doping”) may still enhance muscle
force generation and modify fatigue resistance. We have
previously used tAAV-CMV-ACTN3 to induce o-actinin-3
overexpression in mouse muscles by intramuscular injec-
tions'® (Figure 2A); here we assess its effect on force and
fatigue response at 5-6 weeks after injection. We examined
the rAAV-CMV-ACTN3 vector expression at various doses
(5E8, 1E9, 1E10, 1E11 vg) in WT muscles (WT-ACTN3)
compared to muscles injected with empty vector
(WT-MCS) (Figure 2B). Flag expression was highest at
1E11 vg, but there was no appreciable increases in a-acti-
nin-3 expression at any dose examined.

We further assessed the effect of a-actinin-3 overexpres-
sion in WT TA and EDL muscles at 1E11 vg. At this
dose, ubiquitous rAAV-ACTN3 expression (as shown by
Flag staining) caused wide-spread muscle damage, with
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Figure 1.

Meta-analysis of the ACTN3 Arg577X Genotype Effect on Elite Power Performance

(A) Forrest plots with estimates of the posterior median and 90% credible interval of the odds ratios (OR) for each study are shown to
demonstrate both the homozygote and dominance effects from the general meta-analysis model. Studies are grouped based on the
ancestry of their participants, according to the key provided, and overall estimates are shown in blue.

(B) The same OR estimates are plotted jointly, with homozygote and dominance effects on the x and y axes, respectively. Diagonal gray
lines correspond to dominant and recessive models. The point and interval estimates are identical to those in (A) and are numbered by

study according to the key provided.

increased centralized nuclei and inflammatory infil-
trates relative to WT-MCS (Figure 2C). Staining with wheat
germ agglutinin®' demonstrated increased fibrosis in WT-
ACTN3 TA muscles. Desmin, an intermediate filament
protein associated with muscle remodeling, was also upre-
gulated in WT-ACTN3 TA muscles (Figure S5C). There was
no overall increase in a-actinin-3 expression (Figure 3A),
and no difference between WT-MCS and WT-ACTN3 TA
muscles in maximal force generation and response to fa-
tigue (Figures 3B and 3C).

In contrast to TA muscles, the level of a-actinin-3
was ~50% greater in WI-ACTN3 EDL muscles relative to
WT-MCS EDL controls (p = 0.002). The increase in a-acti-
nin-3 was accompanied by ~30% downregulation of

endogenous a-actinin-2, suggesting that expression of sar-
comeric a-actinins (encoded by ACTN2 and ACTN3) is
reciprocally regulated (p = 0.003) (Figure 3D). Despite
increased a-actinin-3 expression, the maximal force in the
WT-ACTN3 EDL was ~15% lower than WT-MCS muscle
(p < 0.001) (Figure 3E). In response to fatigue stimulation,
WT-ACTN3 EDL muscles showed improved recovery from
fatigue compared to the WT-MCS (p < 0.01) (Figure 3F).
Overall, these results indicate that adult mammalian
skeletal muscle fibers are sensitive to the levels of Actn3
expression and that supraphysiological overexpression of
a-actinin-3 in mature skeletal muscle damages subcellular
structure and is detrimental to muscle’s force-generating
capacity.
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Postnatal Replacement of a-Actinin-3 in Actn3 KO
Muscles Does Not Rescue Force or Enhance Muscle Mass
or Fast Fiber Size

Since supraphysiological overexpression of a-actinin-3 in
WT muscles is damaging to skeletal muscle and detri-
mental to muscle force generation, we explored whether
post-natal replacement of a-actinin-3 expression in Actn3
KO mice to WT levels could instead “rescue” the muscle
force deficit in Actn3 KO muscles and increase susceptibil-
ity to fatigue to levels similar to that of WT muscles. We
again performed a dose escalation assay with rAAV-CMV-
ACTNS3 (Figure S6) and determined that a dose of 1E9 vg
was sufficient to replace a-actinin-3 expression in KO mus-
cles to WT levels 6 weeks after injection.

Despite ubiquitous expression of a-actinin-3 in all mus-
cle fiber types, localization to the Z-disk (Figure 4A), and
reciprocal downregulation of a-actinin-2 similar to WT-
MCS muscles (Figure 4B), KO-ACTN3 TA (Figures 4C
and 4D) and EDL (Figures 4E and 4F) muscles failed to
reach the maximal forces elicited from WT-MCS muscles
(Figures 4C and 4E). There was a small increase (5%) in
absolute force in KO-ACTN3 EDL muscles relative to
KO-MCS, but WT-MCS EDL absolute force was still 9%
greater (p < 0.001) (Figure 4C). Similarly, KO-ACTN3 TA
muscles demonstrated no improvement in muscle
strength relative to KO-MCS, maintaining 18% lower ab-
solute force compared to WI-MCS TA muscles (p < 0.05)
(Figure 4E). There was also no effect on muscle mass in
KO-ACTN3 EDL (Figure 4D) and TA (Figure 4F) muscles
relative to KO-MCS. Mean fast 2B fiber size of KO-ACTN3
TA muscles was similar to KO-MCS and 20% smaller rela-
tive to WI-MCS (p < 0.0001) (Figures 4G and 4H). How-

by FLAG expression, increase with dose (5E8,
1E9, 1E10, and 1E11 vg) in WT (n = 3) muscles,
indicative of efficient product expression. How-
ever, total ACTN3 protein did not increase with
dose.

(C) Six weeks after high-dose injection (1E11 vg
rAAV-ACTN3) into the WT TA muscles, cross-
section shows positive flag staining accompa-
nied by substantial centralized nuclei and
cellular infiltration (H&E) and fibrosis (wheat
germ agglutinin [WGA] staining).

ever, KO-ACTN3 2X fibers demonstrated
a small reduction in size relative to KO-
MCS (KO-ACTN3 1,000 + 78 pm?, KO-
MCS 1,037 + 62 um? versus WI-MCS
951 + 97 um?) (p = 0.02) (Figure 4G),
likely caused by increased proportions
of smaller 2X fibers (Figure 4I). There was no change in
total fiber count between groups (Figure 4]), but KO-
ACTN3 muscles showed a small (6%) increase in 2B fiber
proportions (p = 0.03) and a corresponding decrease in
2X fiber proportions relative to KO-MCS (p = 0.03)
(Figure 4K).

Postnatal a-Actinin-3 Replacement in Actn3 KO Muscles
Does Not Alter Calcineurin Activity or Expression of
Other Z-disk Proteins

We further assessed RCAN1-4 expression as a marker of
calcineurin activity to determine whether this could
explain the shift in fiber type toward a fast-glycolytic
phenotype. Calcineurin activity is calcium/calmodulin
dependent and is inhibited by binding with calsar-
cin-2.>> However, in the absence of a-actinin-3, a-acti-
nin-2 is upregulated and competes with calcineurin for
binding with calsarcin-2, resulting in release of calci-
neurin from the inhibitory effect of calsarcin-2 and
elevating calcineurin activity.'® We assessed RCAN1-4
expression by western blot, which is a downstream marker
of calcineurin activity. Interestingly, despite a 28% down-
regulation of a-actinin-2 in KO-ACTN3 muscles relative to
KO-MCS, RCAN1-4 expression was not significantly
altered in TA muscles (Figure 5A). Calsarcin-2 (Figure 5B)
and calcium signaling proteins SERCA1 and sarcalumenin
(Figure 5A) were also not different between KO-ACTN3
and KO-MCS muscles.

Other Z-disk proteins, ZASP and myotilin and the inter-
mediate filament protein desmin, upregulated in Actn3 KO
muscles compared to WT,** also remained unchanged in
KO-ACTN3 muscles relative to KO-MCS (Figure 5B).

The American Journal of Human Genetics 102, 845-857, May 3, 2018 849



2. 2
A WT-MCS WT-ACTN3 : ke
e WT-ACTN3
c ~
. - - 5515
a-actinin-3 ErNyTRTTTeeeeeas 32 §
- - - S0
a-actinin-2 500 j ?
. - . SR — 0
o _ . ) 5 4 ®=205
Myosn SwSS-“SSNESSESEES -:
Actin [ S S e - O
0.0
a-actinin-3 a-actinin-2
B C
+WT-MCS
2500 100 100 y .o
= CWTACTNG o
E 2000 _ 80 80 % . o
@ .. g\f 8 s *
5 1500 *% 60 5 60 S
e == ¢ L N -
=] * o 3 ki *
2 1000 : (2 0 < 407 g 5 .
g * = ®* .o
< 500 — WT-ACTN3 | 20 20
= 5 — WT-MCS "
WTMCS  WT-ACTN3 120 39 58 77 96115 180 240 300 420 600 Last 1 min 10 min
Fatigue Recovery fatigue recovery recovery
Time (sec)
)
D < S
0"0 0& C)% O« 25 = WT-MCS
N~ N ,‘?‘ ° WT-ACTN3
ARSI 5520
N 23
- <15
0-actinin-3 we— - — — sa i
()
. =10
0-actinin-2 e s - S %
$=05
ACtin W w— - — 00
a-actinin-3 a-actinin-2
E F +WT-MCS
SWT-ACTN3
300 100+ 100 — *%
= *kk 1
100
€ ] % R
| S DR 1 C cw i
& AN ) ﬂ:H;*—‘ 60 & kS T ¥
Qo
] 2 ols 5 { < 60 A
=] * L . . *
2 100 * 3 401 ) 8 0] & oo .
<<
a 201 ~—wrmes [0 220{%F 7
o i . — WT-ACTN3 "
WT-MCS WT-ACTN3 0 10 20 100 200 300 400 500 600 Last 1 min 10 min
Fatigue Recovery fatigue recovery recovery
Time (sec)

Figure 3.

High Doses of rAAV-ACTN3 Intramuscular Injection (1E11 vg) Did Not Enhance Muscle Force in WT-ACTN3 Muscles

(A) a-Atinin-3 levels varied across injections in WT-ACTN3 TA (n = 8) compared to WT-MCS (n = 8), with no mean changes in

g-actinin-3 or 2.

(B) No change in WT-ACTN3 TA force (1,227 + 225 mN, n = 8) compared to WT-MCS (1,412 = 152 mN, n = 10) 5 weeks after injection.
(C) Fatigue response and force recovery at 1 and 10 min (arrows) was also not different.

(D) a-Actinin-3 was increased in WT-ACTN3 EDL muscles compared to WT-MCS at 1E11 vg while a-actinin-2 is decreased.

(E) EDL force was lower in WI-ACTN3 (177 = 16 mN, n = 13) compared to WT-MCS (207 + 17 mN, n = 23) (p = 0.001).

(F) WT-ACTN3 EDL muscles showed improved recovery at 1 min and 10 min after fatigue compared to WT-MCS.

Boxplots represent the median, whiskers; min-max. Mean + SEM.

Postnatal Replacement of a-Actinin-3 in Actn3 KO
Muscles Increases Muscle Fatigability and Reduces Force
Recovery after Fatigue

Given the baseline effects of wa-actinin-3 deficiency in
mice leading to enhanced recovery from fatigue,'® we re-
corded force recovery (super maximally stimulated) in
WT-MCS, KO-MCS, and KO-ACTN3 muscles to deter-
mine whether overexpression of o-actinin-3 altered
fatigue susceptibility. KO-ACTN3 muscles demonstrated
alterations in fatigue resistance and force recovery rela-
tive to KO controls (Figure 6). KO-ACTN3 EDL muscles
showed a trend for reduced force recovery compared to

*p < 0.05, *p < 0.01, **p < 0.001 Mann Whitney U test.

KO-MCS EDL muscle, but this did not reach statistical
significance, with force recovery remaining higher rela-
tive to WT-MCS (p < 0.05) (Figures 6A and 6C). KO-
ACTN3 TA muscles showed a fatigue profile that was
more similar to WIT-MCS TA muscles, with significantly
higher fatigue and slower force recovery relative to
KO-MCS TA muscles 1 min after fatigue (p < 0.0001)
(Figures 6B and 6D). These results indicate that although
post-natal restoration of a-actinin-3 in Actn3 KO TA
muscles is unable to rescue force, there is a strong detri-
mental effect on the ability to recover from muscle
fatigue.
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Figure 4. Postnatal Replacement of a-Actinin-3 in Actn3 KO Muscles Does Not Enhance Force, Muscle Mass, or Fast Fiber Size

(A) Intramuscular delivery of ACTN3 resulted in robust expression of a-actinin-3 in all fiber types. KO-ACTN3 TA muscle is immuno-
labeled for myosin heavy chain 2B (red) and 2A (green) to denote fiber types. A longitudinally cut KO-ACTN3 muscle section stained
for a-actinin-3 antibody (green), nuclei (blue) demonstrates localization to the Z-disk.

(B) KO-ACTN3 muscles show a-actinin-3 protein expression and reciprocal downregulation of a-actinin-2. Myosin and actin are loading
controls.

(C) EDL force was increased in KO-ACTN3 (192 + 5 mN) versus KO-MCS (177 + 5 mN) but was lower than WT-MCS (210 = 17 mN).

(D) EDL mass was not different between groups.

(E) KO-ACTN3 TA force is unchanged (1,044 + 72 mN) compared to KO-MCS (1,099 = 78 mN) and 18% lower than WT-MCS.

(F) TA mass.

(G-I) Mean 2B fiber size of KO-MCS and KO-ACTN3 TA muscles was not different, but 2X fiber size was reduced in KO-ACTN3 compared

to KO-MCS, likely due to increased numbers of smaller 2X fibers.
(J) Total fiber number.

(K) KO-ACTN3 TA muscles have increased 2B and decreased 2X fiber proportions relative to KO-MCS.
N = 7-13 for all groups. Mean = 95%CI. *p < 0.05, **p < 0.01, ****p < 0.0001 Mann Whitney U.

Post-natal Replacement of a-Actinin-3 in Actn3 KO
Muscle Results in a Shift to an Anaerobic Metabolic
Profile

To determine the cause for the changes in muscle fatigue
with post-natal expression of «-actinin-3 in KO muscle,
we investigated the effect of skeletal muscle metabolism
in KO-ACTN3 TA muscles. Succinate dehydrogenase activ-

ity (SDH; complex II) was assessed semiquantitatively by
histochemical reaction staining on muscle cross-sections
(Figures 7A and 7B). Cross-sectional areas positive for
rAAV-ACTN3 were analyzed (n = 6 per group). These pri-
marily consisted of 2B/2X fibers (the TA is 60% 2B/2X,
Figure 4K) and demonstrated that KO-ACTN3 muscles
stained less intensely for SDH than the KO-MCS control
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Postnatal a-Actinin-3 Replacement in Actn3 KO Muscles Did Not Alter Calcineurin Activity or Expression of Other Z-disk

(A) Calcineurin activity (as shown by RCAN1-4 expression) was unaltered in KO-ACTN3 muscles, despite reciprocal downregulation of
a-actinin-2. Similarly, calcium handling proteins SERCA1 and sarcalumenin were unchanged in KO-ACTN3 muscles relative to KO-MCS.
(B) Expression of the Z-disk proteins. Myotilin, ZASP, calsarcin-2, and the remodeling protein, Desmin, was not altered in KO-ACTN3

muscles.

Mean =+ 95%CI, N = 7-13 for all groups. Boxplots represent the median, whiskers; min-max. *p < 0.05, **p < 0.01, ***p < 0.001, Mann

Whitney U.

but remained significantly different compared to WT-MCS,
suggesting partial shift of the muscle oxidative meta-
bolism. We further assessed all five mitochondrial
complexes in the TA by western blot (Figures 7C and S8)
(n = 5 per group). At baseline, complexes II and IV were
increased in KO-MCS muscles compared to WT-MCS; these
correspond to SDH and the cytochrome-c oxidase subunit
I, respectively. We have previously shown that NADH,
SDH, and CIV activity is upregulated in KO muscles.**
Interestingly, replacement of a-actinin-3 in KO TA muscles
resulted in significant decreases in all complexes (I, II, III,
IV, and V) relative to KO-MCS, to be equal or below WT-
MCS control levels. These results suggest that o-actinin-3
influences mitochondrial activity via specific effects on
complexes on the electron transport chain.

Discussion

a-Actinin-3 Overexpression (WT-ACTN3) Damages
Skeletal Muscle: The Case against Gene Doping

Results from our meta-analysis confirmed that complete
absence of a-actinin-3 (ACTN3 577XX) is detrimental for
elite sprint performance compared to 577RR homozygotes.
Heterozygotes were intermediate (RR > RX > XX) but there
was substantial variation across studies. Larger sample

sizes, expression levels, and genome-wide testing in elite-
international cohorts may help understand these popula-
tion-specific complexities noted here in our general model
meta-analysis. The consistent positive effect associated
with ACTN3 577RR homozygotes in human sprint/power
performance supported the hypothesis that rAAV gene de-
livery of ACTN3 would enhance muscle performance. Here
we have tested multiple doses of rAAV-ACTN3 in our wild-
type (WT) mouse line, in two different muscles over
6 weeks, and demonstrated that overexpression of a-acti-
nin-3 in mature skeletal muscle had no immediate effect
on force. Furthermore, at high dose levels, ACTN3 overex-
pression was detrimental to muscle cytoarchitecture and
function, with muscles showing reduced force generation.
Force generation and recovery after fatigue was incremen-
tally altered in WT mice with rAAV-ACTN3 injected into
the EDL muscles but this was not replicated in TA muscles.

The presence of fibrosis and centralized nuclei in the WT
muscles injected with rAAV-ACTN3 indicates that supra-
physiological ACTN3 overexpression for 6 weeks triggered
recurrent muscle damage and remodelling. The responses
in the EDL may be an artifact related to reduced work
performed by damaged/regenerating muscles.*® This is un-
likely to be due to the presentation of foreign antigens as a
result of species differences in mouse and human a-acti-
nin-3, as they share 97% identity. Furthermore, expression
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Postnatal Replacement of a-Actinin-3 in Actn3 KO Muscles Increases Muscle Fatigability and Reduces Force Recovery after

(A and B) Force is reduced with repeated muscle stimulation to fatigue, and force recovery is assessed at 1, 2, 3, 5, and 10 min post-stim-
ulation in EDL (A) and TA (B) muscles (mean = SEM). Arrows indicate time points of cohort comparisons in the corresponding column

graphs.

(C) KO-ACTN3 EDL demonstrated reduced force recovery at 10 min compared to the KO-MCS.
(D) KO-ACTN3 TA fatigued more rapidly than KO-MCS and were slower to recover after 1 min, similar to the WT-MCS.
Mean + 95% CI *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, Mann Whitney U, N = 6-13 for all groups.

of ACTN3 in Actn3 knock-out (KO) muscles, which were
devoid of a-actinin-3 from birth, and low doses (S5E8-
1E10) of rAAV-ACTN3 in WT mice did not result in any
consistent muscle damage. One explanation for the pres-
ence of recurring muscle damage may be associated with
the level of a-actinin overexpression and the length of vec-
tor expression. We note that no consistent muscle damage
was observed in WT muscles injected with <1E10 vector
genomes (vg) of TAAV-ACTN3 for 6 weeks, or in muscles
injected with 1E11 vg of rAAV-ACTN3 for 1 and 2 weeks
(Figures S5 and S7). This suggests that muscle fibers can
incorporate additional sarcomeric a-actinin up to a certain
threshold, consistent with normal 2- to 3-fold variation in
Z-line layers between fiber types.*®*” Excessive a-actinin-3
expression, however, whether this is dispersed across the
whole muscle or localized to a certain region due to varia-
tion in delivery, has a “toxic” effect on skeletal muscles.
This sensitive balance has previously been shown with
other contractile proteins.’®**° For example, moderate
overexpression of titin (the Z-band region) localized nor-
mally at the Z-line in contracting myofibrils and normal
function was observed. However, high levels caused myofi-
bril disassembly as the fragments accumulated.*' High
expression of desmin has also been found to form a retic-
ular intermediate filament meshwork and non-filamen-
tous aggregates.*”

In WT quadriceps muscles at baseline (with a large pro-
portion of fast fibers 2B fibers), sarcomeric o-actinin
expression in skeletal muscle is maintained at a ratio of
1:1 for a-actinin-3 and a-actinin-2.3? Therefore, the muscle
damage observed in WT-ACTN3 may be associated with

loss of the optimal ratio of relative expression of the two
sarcomeric o-actinins. Overexpression of «-actinin-3 in
WT muscles was not accompanied by an equivalent level
of a-actinin-2 downregulation, regardless of rAAV dose
(Figure 2). It is possible that high, non-toxic, levels of a-ac-
tinin-3 may be achieved only if there is parallel a-actinin-2
knockdown that we did not investigate. We note that
maintenance of «-actinin-2 may reflect an essential role
in normal muscle function. Knockdown of a-actinin-2 in
zebrafish results in sarcomeric disorganization in skeletal
muscles and is not compensated by increased endogenous
o-actinin-3.** This contrasts with a-actinin-3 deficiency,
which does demonstrate partial compensation by endoge-
nous upregulation of ACTN2 in muscles of mice'®*! and
humans (controlled for fiber type)** and results in normal,
highly organized, and functional sarcomeres. Moreover, in
zebrafish, replacement with actn3a, actn3b, or human
ACTNS3 fails to ameliorate the developmental defects asso-
ciated with a-actinin-2 deficiency,** highlighting the func-
tional differences between «-actinin-2 and «-actinin-3.

a-Actinin-3 Rescue (KO-ACTN3) Does Not Restore

Muscle Mass and Strength to Wild-Type Levels and Is
Unlikely to Confer a Therapeutic Benefit in Muscle
Wasting Diseases

Contrary to expectations, postnatal replacement of a-acti-
nin-3 in Actn3 KO muscles failed to restore force produc-
tion, muscle mass, and fast fiber size to WT levels, despite
6 weeks of gene expression and reintroduction of
a-actinin-3 to ~64% of WT levels (Figure 4). At a dose of
1E9 vg, a-actinin-2 was also reciprocally downregulated
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(A) Succinate dehydrogenase activity staining in WT-MCS, KO-MCS, and KO-ACTN3 TA muscle.
(B) Intensity of positive blue staining is reduced in KO-ACTN3 relative to KO-MCS (indicative of lower SDH activity) but remains

different compared to the WT-MCS, N = 6 all groups.

(C) KO-ACTN3 TA muscle demonstrated decreases in mitochondrial complexes [, II, III, IV, and V to WT levels in response to a-actinin-3

expression. N = 5 for all groups.

Boxplots represent the median, whiskers; min-max. *p < 0.05, **p < 0.01, ***p < 0.001.

in KO-ACTN3 muscles by approximately equal propor-
tions relative to KO controls. This mimics the normal
developmental regulation of total a-actinin levels in the
WT muscles (where a-actinin-3 is detectable from 2 weeks
of age and is associated with downregulation of a-acti-
nin-2'*) and the dose-dependent upregulation of a-acti-
nin-2 in the Actn3 KO and HET mice.'®?! However, the
reincorporation of a-actinin-3 in Actn3 KO muscle Z-disks
was not accompanied by a change in Z-disk structural pro-
tein composition. Despite a ~56% reduction of a-acti-
nin-2, myotilin, calsarcin-2, and ZASP levels were un-
changed in KO-ACTN3 muscles, whereas we would have
predicted a decrease in levels (Figure 5). Contrary to expec-
tations, RCAN1-4 expression was also unchanged. We have
previously shown that upregulation of a-actinin-2 results
in increased activity of calcineurin activity through its
release from the inhibitory effects of calsarcin-2,' so a
reduction in RCAN1-4 was expected. It is possible that
the reduction in «-actinin-2 in KO-ACTN3 muscles was
insufficient to significantly influence calcineurin activity,
since these muscles still express 44% higher levels of
a-actinin-2 compared to WT. This is supported by the
presence of only minor (6%-10%) fiber type shift
toward fast 2B (Figure 4K). The lack of change in
RCAN1-4 and Z-disk structural protein expression in
KO-ACTN3 muscles is also consistent with a lack of muscle
damage and regeneration.

The absence of any meaningful effect on muscle
mass and force with postnatal a-actinin-3 replacement in
Actn3 KO muscles indicates that this model is not recapit-
ulating muscle phenotypes of Actn3 WT and heterozygous
mice, which express a-actinin-3 from birth. These results
also suggest that the pivotal effects of a-actinin-3 on mus-
cle traits begin during skeletal muscle development. a-Ac-
tinin-3 is detectable in mouse skeletal muscle at E14.5,' a
time point that coincides with the end of primary myogen-
esis, during which myotubes lengthen as new nuclei fuse
with primary myotubes.*> Therefore, a-actinin-3 may,
in fact, play a role in regulating fiber size and muscle
growth during embryonic muscle development. Calci-
neurin signaling is also known to govern the formation,
growth, and maturation of the musculature through spe-
cific, temporal expression of NFATc2*° and NFATc3.*” In
the absence of a-actinin-3, calcineurin activity is elevated
in mature muscles.'® This raises the possibility that
ACTN3 genotype influences fiber size and muscle mass
via calcineurin signaling during muscle development.

Despite the absence of an effect on muscle mass and
strength, replacement of «-actinin-3 in Actn3 KO muscles
did significantly alter skeletal muscle response to fatigue.
KO-ACTN3 muscles showed a fatigue profile that was
more similar to WT muscles, producing 20% lower
maximum relative force compared to KO-MCS after 2 min
of repeated electrical stimulation (Figure 6D). The shift
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toward increased fatigability was expected, since a-actinin-
3 deficiency is associated with enhanced force recovery after
fatigue, increased endurance capacity, and response to exer-
cise training.'®'® Analysis of mitochondrial enzyme activ-
ity showed that increased fatigability of KO-ACTN3 muscles
was associated with marked decreases in expression of mito-
chondrial complexes I-V, which include NADH dehydroge-
nase, SDH, and the ubiquinol-cytochrome c¢ reductase
complex (Figures 7 and S8). Intriguingly, the expression of
some of these complexes in KO-ACTN3 muscles are on
par with levels found in WT muscles, suggesting that the
primary role of a-actinin-3 in skeletal muscle is the regula-
tion of muscle metabolism, specifically, mitochondrial
enzyme activity. Moreover, the lack of change in other
measured phenotypes in KO-ACTN3 muscles suggest that
the effect of a-actinin-3 on oxidative metabolism in skeletal
muscle occurs prior to, or independent of, its effects on
Z-disk protein composition, fast fiber size, and calcium/
calcineurin signaling.'®'®

Our present study thus confirms that a primary function
of a-actinin-3 in skeletal muscle is to regulate muscle meta-
bolism, and this precedes or occurs independently of its
other functions in skeletal muscle. This supports the shift
in muscle metabolism as a key driver for the positive selec-
tion of the ACTN3 577X allele during recent human evolu-
tion and the functional specialization of ACTN2 and
ACTN3 genes following divergence.***® We suggest, how-
ever, that these metabolic effects may be specific to muscle.
The prevalence of metabolic disease is highly influenced by
genetic factors®” and while a number of studies have inves-
tigated ACTN3 Arg577X as a modifier of these complex
traits,'”°%>! no ACTN3-specific loci effect has been identi-
fied genome-wide. Further expression studies focused on
the skeletal adaptation effects, such as denervation or exer-
cise training seen in both human and mouse studies,'®>%~>*
may provide greater insight into the effect of ACTN3. Spe-
cifically, our results demonstrate that the metabolicimpacts
of ACTN3 may not be limited to the calcineurin pathway
and other mechanisms may also be at play. In the context
of gene-doping risks and gene therapy, our findings demon-
strate the sensitive balance of sarcomeric a-actinin expres-
sion at the Z-line. Both in vivo rescue and overexpression
of ACTN3 reveals insight into its metabolic role in skeletal
muscle, but this is innately linked to the level of expression
which can be easily disrupted causing detrimental func-
tional effects, reminiscent of disease.
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