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CELL BIOLOGY

ACTN3 genotype influences skeletal muscle mass
regulation and response to dexamethasone
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Homozygosity for the common ACTN3 null polymorphism (ACTN3 577X) results in a-actinin-3 deficiency in ~20%
of humans worldwide and is linked to reduced sprint and power performance in both elite athletes and the general
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population. a-Actinin-3 deficiency is also associated with reduced muscle mass, increased risk of sarcopenia, and
altered muscle wasting response induced by denervation and immobilization. Here, we show that a-actinin-3
plays a key role in the regulation of protein synthesis and breakdown signaling in skeletal muscle and influences
muscle mass from early postnatal development. We also show that a-actinin-3 deficiency reduces the atrophic and
anti-inflammatory response to the glucocorticoid dexamethasone in muscle and protects against dexamethasone-
induced muscle wasting in female but not male mice. The effects of a-actinin-3 deficiency on muscle mass regula-
tion and response to muscle wasting provide an additional mechanistic explanation for the positive selection of

the ACTN3 577X allele in recent human history.

INTRODUCTION
Homozygosity for a common null polymorphism in ACTN3 (R577X)
results in complete absence of o-actinin-3 in more than 1.5 billion
people worldwide (1). a-Actinin-3 deficiency (ACTN3 577XX) does
not cause muscle disease due to expression of the highly homologous
o-actinin-2 in skeletal muscle but is associated with significantly re-
duced sprint and muscle power performance in elite athletes and in
the general population (2-4). The absence of o-actinin-3 is also as-
sociated with reduced skeletal muscle mass that persists through to
old age, with an increased risk of sarcopenia, frailty, and loss of
function in the elderly (5-8). In a case-control analysis of two large
independent cohorts of Caucasian postmenopausal women (each
n > 1200), the carriage of the ACTN3 577X allele was associated
with 33% increased risk of falling (9). A recent study in an elderly
Chinese population (ages 70 to 79, n = 1031) also showed signifi-
cantly reduced strength and increased frailty score associated with
ACTN3 577XX genotype (10). ACTN3 genotype has been shown to
modify the clinical severity of various chronic disorders; it contrib-
utes to interpatient variability in disease onset and progression in
muscle diseases such as McArdle’s disease (11), myositis (12), Pompe
disease (13), and Duchenne muscular dystrophy (DMD) (14). More-
over, ACTN3 genotype is correlated with survival in patients with
congestive heart failure; patients carrying the X allele have 1.72
times higher mortality than patients with ACTN3 577RR genotype
(P=0.01) (I5).

Phenotypic analysis of an Actn3 knockout (KO) mouse model
(16, 17) provides some mechanistic explanations for the effect of
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o-actinin-3 deficiency on skeletal muscle traits and performance.
Compared to wild-type (WT) littermates, Actn3 KO muscles show
significant reductions in type 2, fast-twitch glycolytic muscle fiber
size, decreased anaerobic activity, and increased oxidative phos-
phorylation (16, 18). This “slowing” of the metabolic properties of
fast glycolytic muscle fibers is driven by reduced glycogen phos-
phorylase activity (19) and is reversed by “rescue” or replacement of
o-actinin-3 postnatally in skeletal muscle (20). a-Actinin-3 deficient
fast-twitch fibers also show an increase in calcineurin activity (18)
and alterations in contractile characteristics, with increased rate of
decay of twitch transients and changes in calcium signaling caused by
increased calcium leak from the sarcoplasmic reticulum and reuptake
via the up-regulated expression of sarcoplasmic/endoplasmic reticulum
calcium ATPase 1 (SERCAL), calsequestrin, and sarcalumenin (21).
It is not yet fully understood how a-actinin-3 deficiency influ-
ences muscle mass at baseline and in response to atrophic stimuli.
We have previously shown that a-actinin-3 deficiency is associated
with reduced muscle wasting and alterations in fiber type switching
(compared to WT) in response to hindlimb immobilization and de-
nervation; this was mediated by elevated baseline calcineurin activity
(22). Although calcineurin-dependent pathways are implicated in mus-
cle growth and adaptation to functional overload (23, 24), the o-actinins
also directly interact with soluble signaling factors, phosphatidylinosi-
tol 3-kinase p85 (PI3Kp85) (25), phosphatidylinositol 4,5-bisphosphate
(26), and phosphatidylinositol 3,4,5-trisphosphate (27). All of these
factors drive the downstream pathways that regulate a number of
cellular functions, including the PI3K/Akt/mTOR (mechanistic target of
rapamycin) signaling cascade that regulates protein synthesis and the
insulin-like growth factor 1 (IGF1)-mediated hypertrophic response (28).
In cardiomyocyte Z-discs, o-actinin-2 has also been shown to interact
with atrogin-1 (Fbx032), an E3 ubiquitin ligase that is up-regulated during
muscle atrophy (29). In combination, these data suggest that o-actinin-3
deficiency alters muscle mass regulation by modifying key signaling mol-
ecules associated with protein synthesis and degradation.
Glucocorticoids are commonly prescribed to treat a variety of
conditions associated with chronic inflammation such as DMD but
are also known to cause adverse effects such as muscle wasting and
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osteoporosis (30). In skeletal muscle, glucocorticoids specifically
cause atrophy of fast-twitch muscle fibers and elicit muscle wasting
by increasing the rate of protein catabolism by the ubiquitin-proteasome
and autophagy lysosome system and by suppressing the protein
synthesis at the level of translation (31, 32). There is increasing bio-
chemical evidence that members of the a-actinin family play a role
in regulating glucocorticoid receptor (GR) activity, raising the pos-
sibility that 0-actinin-3 deficiency may alter the skeletal muscle response
to glucocorticoid treatment (32, 33). a-Actinin-4 (a nonmuscle
o-actinin) interacts with GR in the presence of the glucocorticoid
dexamethasone via the nuclear receptor-interacting motif LXXLL,
which is conserved across all a-actinin family proteins (34-36) and
potentiates GR activity in a dose-dependent manner (34-36). Simi-
larly, both a-actinin-4 and a-actinin-2 [which is 80% identical to
o-actinin-3 (37)] directly interact with and promote the activity of
other nuclear receptors such as the estrogen receptor, androgen re-
ceptor, and thyroid receptor via the LXXLL motif (34, 36). 0-Actinin-2
also binds the GR interacting protein (GRIP1) and increases its
transactivation activities, as well as synergistically enhancing its nu-
clear receptor coactivator functions (34). These results suggest that
deficiency of a-actinin-3, which increases a-actinin-2 expression
(38), may likewise alter GR activity and response to glucocorticoids
in skeletal muscle.

In this study, we aim to examine the effect of a-actinin-3 defi-
ciency on pathways associated with protein synthesis and degradation
in mature skeletal muscle and during development and then determine
whether this influences the muscle wasting response to treatment
with dexamethasone. We demonstrate that the effect of a-actinin-3
deficiency on muscle mass and downstream mTOR signaling occurs
early during postnatal development and before full muscle matura-
tion. We further show that a-actinin-3 deficiency reduces the atro-
phic response induced by dexamethasone and that a-actinin-3
expression directly influences the expression of key genes and path-
ways associated with muscle adaptation and inflammatory response
following dexamethasone treatment. Last, we demonstrate that
o-actinin-3 deficiency protects against muscle wasting induced by
dexamethasone in female but not male mice and that this is mediat-
ed by increased protein synthesis and reduced expression of muscle
atrophy-related genes.

RESULTS

a-Actinin-3 deficiency alters muscle mass and signaling
pathways involved in protein synthesis and breakdown

from early postnatal development

Signaling pathways responsible for muscle growth during develop-
ment, regeneration, and overload-induced hypertrophy converge on
mTOR and its downstream effectors that control protein synthesis
(39). Since the first 3 weeks of postnatal mouse development is
known to be a period of intense growth characterized by an increase
in myofiber number (hyperplasia) and myofiber size (hypertrophy)
(40), we examined the activation of mTOR via PI3K/Akt as well as
the Smad3, which mediates myostatin/activin A signaling and cross-
talks with mTOR signaling via Akt (39) at postnatal day 0 (P0), P7,
P14, and P28. We also examined the expression of RCAN1-4 as a
marker of calcineurin activity at these developmental time points,
since we have previously observed an increased calcineurin activity
in mature a-actinin-3-deficient skeletal muscle (18). Western blot
analysis showed no differences in the activation of these pathways
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between genotypes at PO, although Actn3 KO muscles showed sig-
nificant reductions in phosphorylated mTOR (p-mTOR) and mTOR
compared to WT (fig. S1). At P7, Actn3 KO muscles again showed
reductions in p-mTOR and mTOR as well as reduced 4ebpl and
p-4ebp1 and PI3Kp85; expression of Akt, p-Akt, Smad2/3, p-Smad3,
S6RP, and p-S6RP was not different between genotypes. RCAN1-4
expression was increased in Actn3 KO muscles compared to WT
(Fig. 1A and fig. S2A). In contrast, at P14, mTOR activity and total
4ebpl, but not p-4ebpl, were increased in Actn3 KO muscles com-
pared to WT; similarly, PI3Kp85 and RCAN1-4 expression were also
increased in Actn3 KO muscles (Fig. 1B and fig. S2B). Increased acti-
vation of Smad3, which is associated with suppression of protein
synthesis, was also observed in Actn3 KO muscles relative to WT at
P14. Similar trends were observed at P28 (fig. S3) and also in adult,
mature skeletal muscles in both male and female mice (Fig. 1C
and fig. S4).

We have previously shown that a-actinin-3 deficiency is associated
with reduced muscle mass in adult mice (16). To determine how
changes in protein synthesis with a-actinin-3 deficiency during de-
velopment correlate temporally with Actn3 genotype effects on muscle
mass, we examined the quadriceps mass of WT and Actn3 KO mice
during development. Muscle mass comparisons between genotypes
were performed with muscle mass normalized to body weight to
account for differences in litter sizes. Genotype difference in muscle
mass relative to body weight was not detected at P14 but was signif-
icant by P28 in both male and female cohorts (Fig. 1D), suggesting
that temporal changes in protein synthesis precede the effects of
o-actinin-3 deficiency on skeletal muscle mass.

To further examine the impact of these signaling changes associ-
ated with a-actinin-3 deficiency on muscle mass regulation in adult
skeletal muscle, we compared the rates of protein synthesis between
WT and Actn3 KO muscles in vivo using the nonisotopic surface
sensing of translation (SUnSET) technique (41). Analyses of puro-
mycin incorporation over 30 min demonstrated increased protein
synthesis in Actn3 KO muscles at baseline in males (Fig. 1E), al-
though this did not reach significance in females (fig. S4). We also
examined other markers of autophagy and ubiquitin-proteasome
system and found no genotype difference in expression of autopha-
gy markers LC3A and LC3B (Fig. 1F); however, Actn3 KO muscles
show a marked down-regulation of Fbx032 (P = 0.0022) and Trim63
(P = 0.0649) compared to WT, which encode for the E3 ubiquitin
ligases atrogin-1 and muscle-specific RING finger protein 1 (MuRF1),
respectively (Fig. 1G). Overall, these results suggest that the o-actinin-3
deficiency influences muscle mass and protein synthesis and degradation
early during postnatal muscle development, and perturbations of these
pathways are maintained in mature adult skeletal muscles in mice.

Actn3 KO muscles show reduced dexamethasone-induced
muscle atrophy signaling

To determine whether the baseline alterations in protein synthesis
and breakdown signaling could alter response to muscle wasting in
o-actinin-3-deficient muscles, we administered male WT and Actn3
KO animals with a single pulse of dexamethasone (20 mg/kg) by
intraperitoneal injection to activate muscle atrophy signaling and
examined it at 3 and 24 hours after injection. Since o-actinins reportedly
influence the activity of GR, we first assessed the transcriptional re-
sponse of upstream GR target genes by reverse transcription quan-
titative polymerase chain reaction (RT-qPCR) in WT and Actn3 KO
muscles after GR activation. In both WT and Actn3 KO muscles,
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Fig. 1. a-Actinin-3 deficiency alters protein synthesis and breakdown signaling in skeletal muscle from early postnatal development. (A) At P7, Actn3 KO quadriceps
muscles showed significantly reduced activation of mTOR and 4ebp1 but increased expression of RCAN1-4 compared to WT. (B) At P14, Actn3 KO muscles showed in-
creased PI13Kp85, RCAN1-4, and activation of mTOR and Smad3 compared to WT but reduced p-4ebp1/4ebp1 ratio due to increased total 4ebp1 in Actn3 KO muscles.
(C) Increased activation of mTOR and 4ebp1 is maintained in adult Actn3 KO muscles relative to WT. (D) At P28, Actn3 KO muscles showed significant reductions in quadriceps
mass relative to body weight compared to WT. (E) Puromycin incorporation (indicator of rate of protein synthesis) is increased significantly higher in male Actn3 KO mus-
cles compared to WT. (F) Protein expression of autophagy markers LC3A and LC3B is similar between WT and Actn3 KO muscles; however, (G) transcript expression of E3
ubiquitin ligase genes Fbxo32 and Trimé63 is reduced in Actn3 KO. *P < 0.05, **P < 0.01, and ***P < 0.001, Mann Whitney U test. N=4 to 9 for all experiments.

treatment with dexamethasone (WT-Dex and KO-Dex) markedly
increased the expression of upstream GR target genes Ddit4, KIf15,
and Fkbp5, as well as Foxol and Foxo3 after 3 hours (Fig. 2A). There
was no genotype difference in gene expression for the majority of
these genes except for Fkbp5, where Actn3 KO muscles showed lower
expression relative to WT muscles regardless of treatment. Despite
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similar upstream response to GR activation, dexamethasone failed
to trigger increases in expression for the E3 ubiquitin ligase gene
Fbx032 in Actn3 KO-Dex muscles 24 hours after injection, while WT-
Dex muscles showed ~4-fold increase in Fbx032 transcript expres-
sion relative to WT mice that were given saline (WT-Sal) (Fig. 2B).
Similarly, WT-Dex muscles show ~2.5-fold increase in Trim63 transcripts
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Fig. 2. Acute response to dexamethasone in WT and Actn3 KO mice. (A) Actn3 KO mice show normal transcriptional response to GR activation at 3 and 24 hours after
a single bolus injection of dexamethasone but fail to activate downstream E3 ubiquitin ligase genes (B) Fbxo32 or (C) maintain Trim63 up-regulation at 24 hours after
dexamethasone treatment. a.u., arbitrary units. (D) Relative to WT-Sal controls, WT-Dex mice show significant down-regulation of p-S6RP, total S6RP, and p-4ebp1 and no
changes to the total 4ebp1 at 24 hours after dexamethasone treatment, consistent with the dexamethasone-induced suppression of protein synthesis signaling. (E) In
contrast, Actn3 KO-Dex mice are resistant to these changes and show similar levels relative to KO-Sal controls over the same time period. All transcriptional and protein
analyses were performed in the quadriceps muscle. *P < 0.05 and **P < 0.01, Mann Whitney U test. N=4 to 7 for all experiments.

3 and 24 hours after dexamethasone injection relative to WT-Sal; while
KO-Dex muscles also show 3.6-fold increase in Trim63 relative to
KO mice given saline (KO-Sal) after 3 hours; the increase in Trim63
transcript expression is not sustained after 24 hours (Fig. 2C). Two-
way analysis of variance (ANOVA) showed significant genotype
effect on dexamethasone-induced response of Fbxo32 (P = 0.029) and
Trim63 (P = 0.007). These data suggest that o-actinin-3-deficient
muscles are less responsive to dexamethasone-induced signaling for
protein degradation. We further examined the expression of major
downstream effectors of mTOR that promote protein synthesis. At
24 hours after dexamethasone injection, WT-Dex muscles showed
significant down-regulation of p-S6RP, S6RP, and p-4ebpl compared
to WT-Sal (Fig. 2D), consistent with suppression of protein syn-
thesis signaling. In contrast, KO-Dex muscles showed no significant
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changes in the expression of these markers relative to KO-Sal
(Fig. 2E). In combination, these data indicate that o-actinin-3 deficiency
results in reduced signaling for muscle atrophy in response to
dexamethasone.

Global gene expression changes in WT and Actn3 KO

muscles after single bolus dexamethasone injection

We further performed unbiased transcriptomic profiling to deter-
mine the acute global gene expression changes in response to dexa-
methasone injection at 3 and 24 hours that are influenced by Actn3
genotype in vivo. Multidimensional scaling analysis of the filtered
and processed count data confirmed the experimental grouping of
gene expression by genotype, treatment, and time after dexamethasone
treatment (fig. S5). Differential expression testing for the effects of
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treatment, time after injection, genotype, and genotype interactions
with either of the former factors detected a total of 8653 differentially
expressed genes with g < 0.05 across at least one test. Of these, 1416
genes were considered robustly regulated, with both g < 0.05 and a
fold change greater than 2 for at least one test. Testing confirmed
effective transcript-level knockout (KO) of Actn3 expression in Actn3
KO relative to WT (g = 4.44 x 107; fig. S6).

The differences in expression of the 1416 robustly regulated genes
are presented on a heatmap using genewise centring and scaling and
showed that dexamethasone exhibits its largest influence upon tran-
scription at 3 hours after injection in both WT and Actn3 KO (Fig. 3A).
Volcano plots showed that both dexamethasone treatment (Fig. 3B)
and Actn3 genotype (Fig. 3C) individually influence the transcrip-
tional response. Although correlation plots of dexamethasone re-
sponse at 3 and 24 hours suggest that WT and Actn3 KO mice have
a broadly similar response to dexamethasone treatment (Fig. 3D),
specific differential expression testing for interaction effects of Actn3
genotype on dexamethasone response detected five genes of interest,
all of which are related to signal transduction pathways associated
with muscle growth or wasting or immune phenotypes: Tmem100
(g = 0.00623), Cbx8 (q = 0.049), Mras (q = 0.049), 2310022B05Rik
(g = 0.0550), and Mstn (q = 0.1238). Plotting of the normalized ex-
pression of Tmem100, Mras, and Mstn (which encodes for myostatin)
highlight the Actn3-mediated difference in expression of these genes
in response to dexamethasone (Fig. 3E).

Gene set enrichment analysis following differential expression
testing further characterized the overall response to dexamethasone
with respect to Actn3 genotype (Fig. 3F). Analysis showed that enrich-
ment of gene ontology terms linked to immune response (“regula-
tion of cellular extravasation,” “regulation of monocyte chemotaxis,”
and “cellular defence response”) were associated with the dexametha-
sone effect, while gene ontology terms such as “muscle adaptation”
and “muscle atrophy” were associated with the Actn3 genotype effect.
There was also evidence for a differential response to dexamethasone
with Actn3 genotype over time, with gene ontology terms “positive
regulation of lymphocyte migration” and “adrenergic receptor sig-
naling pathway” highlighted as ranked by strength of evidence. Bar-
code plots for “positive regulation of lymphocyte migration” for
WT and Actn3 KO (Fig. 3G) indicate suppression of genes related
to this pathway in the WT but not in Actn3 KO, suggesting that, in
the absence of a-actinin-3, skeletal muscles exhibit a diminished
immunosuppressive response to dexamethasone.

Acute dexamethasone treatment increases expression

of muscle atrophy-related genes in Actn3 KO muscles
following ACTN3 replacement

To confirm the role of a-actinin-3 in the altered response to dexa-
methasone in skeletal muscle, we assessed the dexamethasone-
induced changes in Mstn, Tmem100, Fbx032, and Trim63 expression
in Actn3 KO muscles following replacement of the ACTN3 gene
(rescue). ACTN3 replacement was achieved via recombinant adeno-
associated viral vector mediated delivery, driven by the cytomegalo-
virus promoter (rAAV-CMV-ACTNS3); this was injected into the
tibialis anterior (TA) muscle of Actn3 KO mice of one leg and an
empty control vector into the TA of the contralateral leg. When stable
ACTNS3 expression has been achieved after 4 weeks, mice were further
treated with dexamethasone by intraperitoneal injection (20 mg/kg),
and TA muscles were harvested after 24 hours (Fig. 4A). Compari-
son of control () and corresponding ACTN3 expressing muscles (+)
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within each Actn3 KO mouse by RT-qPCR showed that a-actinin-
3-expressing muscles significantly increased the transcriptional
expression of Mstn and Tmem100 24 hours after dexamethasone
injection (Fig. 4, B and C), confirming that these genes mediate the
altered dexamethasone response associated with o-actinin-3 deficiency.
Similarly, expression of Fbx032 and Trim63 were also up-regulated
following a-actinin-3 replacement in Actn3 KO mouse muscles
(Fig. 4, D and E), while protein synthesis marker p-4ebpl and p-Akt
were down-regulated (fig. S7).

a-Actinin-3 deficiency protects against
dexamethasone-induced muscle wasting in female mice

To determine whether the differential acute response to dexameth-
asone alters the induction of muscle wasting in o-actinin-3-deficient
muscles, we administered WT and Actn3 KO animals with dexa-
methasone (20 mg/kg per day) by intraperitoneal injection daily for
2 weeks to induce muscle atrophy. Since glucocorticoids can have
sexually dimorphic actions (42), both male and female mice were
examined. In males, WT and Actn3 KO mice showed a similar atrophic
response to dexamethasone in the quadriceps muscles; WT-Dex
mice showed 11.1% atrophy relative to saline-treated mice, while
KO-Dex showed 14.1% atrophy (Fig. 5A). In contrast, a differential
genotype response in muscle atrophy was observed in female mice,
with female WT-Dex showing significant muscle atrophy relative to
WT-Salin (-18.6%, P = 0.0079), while female KO-Dex showed only
minimal loss of quadriceps mass relative to KO-Sal (-5.8%, P = 0.1775).
These results were replicated in separate male and female cohorts
(fig. S8). Two-way ANOVA confirmed the presence of a significant
genotype effect on response to dexamethasone for quadriceps mass
in females (P = 0.0045).

Assessment of force generation in the TA muscles of female mice
also showed significant reductions in WT-Dex relative to WT-Sal
(-20.5%, P = 0.0159), while KO-Dex showed only minimal decrease in
maximal force (—-7.1%, P = 0.4286) (Fig. 5B). Fiber size analyses of
the quadriceps from female mice showed that muscle atrophy in re-
sponse to dexamethasone was restricted to fast 2B fibers in both WT
and Actn3 KO muscles, with the decrease in fast 2B fiber size pro-
portional to the loss in quadriceps mass (WT: —18.9%, P = 0.0317; KO:
—6.6%, P = 0.5368) (Fig. 5C). There was no change in the total fiber
number (fig. S9), but WT-Dex muscles showed a small increase in
2X fiber proportion (1.65%, P = 0.0079) relative to WT-Sal (Fig. 5D).

Markers of protein synthesis signaling (4ebp1 and S6RP) and myo-
statin activation (Smad3) were further analyzed (Fig. 5E). Com-
pared to WT-Sal, WT-Dex muscles show a small but significant
reduction in S6RP phosphorylation, suggesting a reduced protein
synthesis signaling. In contrast, KO-Dex muscles show marked and
significant increases in 4ebp1 phosphorylation, as well as a trend for
decreased Smad3 phosphorylation.

Since myostatin expression returns to basal levels after 10 days of
dexamethasone administration (43), a separate cohort of female mice
were injected with dexamethasone daily for 7 days and assessed for
transcriptional changes in atrophic signaling (Fig. 5F). Compared to
WT-Sal, WT-Dex muscles showed significant increases in Fbxo032 and
Mstn expression but not Trim63, while KO-Dex muscles showed a
reduced activation of these genes compared to WT-Dex and a trend
for reduced Trim63 compared to KO-Sal. Significant genotype ef-
fect on dexamethasone-induced response was demonstrated for Mstn
(P = 0.004), consistent with decreased dexamethasone-induced
muscle wasting associated with a-actinin-3 deficiency.
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Fig. 3. Transcriptomic analysis of quadriceps muscles from male WT and Actn3 KO mice injected with saline or dexamethasone after 3 or 24 hours. (A) Heatmap
of robustly regulated genes highlights the magnitude of response to dexamethasone treatment after 3 hours. Volcano plots of the effects of dexamethasone treatment
(B) and Actn3 KO (C) demonstrate the efficacy of both interventions and the scale of transcriptional responses. Vertical dashed lines represent a log; fold change (FC) of —1
or 1, and horizontal dashed lines represent a value of g = 0.05. (D) Correlation plots show that both Actn3 KO and WT mice exhibit broadly similar transcriptional respons-
es to dexamethasone at 3 and 24 hours after injection. Genes with observed g < 0.15 for an interaction test between the treatment, time after injection, and genotype
factors are highlighted in orange. (E) The log,-normalized expression of a selection of these genes highlights the difference in dexamethasone response between WT and
Actn3 KO (means + SEM). Symbols represent individual mice. (F) Gene set enrichment analysis describes a broadly immunosuppressive characterization of the dexamethasone
response and known skeletal muscle phenotypes of Actn3 KO; gene sets showed the down-regulation in the dexamethasone-treated and Actn3 KO animals, respectively.
(G) Barcode plots suggest greater down-regulation within GO_POSITIVE_REGULATION_OF_LYMPHOCYTE_ MIGRATION, the top ranked gene set for the interaction effect,
in WT but not Actn3 KO. Enrichment is a relative measure compared to a uniform distribution of t statistics within the gene set, represented by the dashed horizontal line.
(For each genotype, n =3 for saline and n =5 for dexamethasone-treated groups)
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Fig. 4. Acute dexamethasone treatment increases expression of muscle atrophy-related genes in Actn3 KO muscles following ACTN3 replacement. Male Actn3
KO mice were injected with rAAV-CMV-ACTN3 into the TA muscle on one leg (+) and empty vector (-) into contralateral leg. After 4 weeks of vector expression, mice were
given a single dose of dexamethasone at 20 mg/kg. TA muscles were harvested for RT-qPCR analyses after 24 hours. (A) Replacement of ACTN3 in Actn3 KO muscles increased
expression of (B) Mstn, (C) Tmem100, (D) Fbxo32 (in five of the six mice), and (E) Trim63 24 hours after dexamethasone administration. *P < 0.05, Wilcoxon test. n=6.

DISCUSSION

a-Actinin-3 regulates protein synthesis and breakdown

in skeletal muscle from early development

Maintenance of muscle mass requires a balance of protein synthesis
and degradation (44). In this study, we demonstrate that the loss of
a-actinin-3 alters some of the major pathways involved from early
postnatal development through to maturity and thereby regulates
skeletal muscle mass during growth and adaptation (Fig. 6). The first
3 weeks of postnatal mouse development is a pivotal period of in-
tense muscle growth (40). Our results show initial decreases in p-mTOR
and total mTOR at PO and P7 and the downstream protein synthesis
effector 4ebp1 at P7 in a-actinin-3-deficient muscles. Increased cal-
cineurin activity due to a-actinin-3 deficiency (and a-actinin-2 up-
regulation) (18) is also detectable from P7. However, from P14,
mTOR activation is increased in Actn3 KO muscles, as is the phos-
phorylation of the transcription factor Smad3, which mediates
myostatin-induced atrophic signaling (39). The emergence of this
switch in mTOR and Smad3 signaling coincides with the rapid in-
crease in myosin heavy chain 2B expression in mouse skeletal muscle
between P7 and P14 (45) and increased myofibrillar protein expres-
sion with a-actinin-3 deficiency at P14 (38), suggesting that struc-
tural changes associated with a-actinin-3 deficiency may be driven in
part by changes in these pathways at this critical juncture in muscle
development. The changes seen at P14 persist through to P28 and
into maturity, leading to the significant reduction in muscle mass in
both male and female a-actinin-3-deficient mice that is detect-
able from P28.

Seto et al., Sci. Adv. 2021; 7 : eabg0088 2 July 2021

Transcript expression of the E3 ubiquitin ligase genes, atrogin-1
and MuRF1, which promote protein degradation, is also reduced
with a-actinin-3 deficiency, consistent with the observed increase in
calcineurin activity from P7. In striated muscle, atrogin-1 is known
to repress calcineurin activity by targeting calcineurin for ubiquitin-
mediated proteolysis, and suppression of atrogin-1 has been shown
to increase calcineurin activity in cardiomyocytes (29). o-Actinin-2
also directly associates with atrogin-1 at the Z-disk; although a-
actinin-2 and calcineurin bind to atrogin-1 on topologically adjacent
interaction domains, only calcineurin is targeted for ubiquitination
(29), suggesting that a-actinin-2 serves as a dock for recruiting atrogin-1
into the protein complex. In combination, our data suggest that sar-
comeric a-actinins play a critical role in regulating muscle protein
synthesis and degradation and the homeostatic maintenance of healthy
muscle mass from early development through a combination of
their effects on downstream mTOR and Smad3 signaling, reduced
atrogin-1 and MuRF1, and regulation of calcineurin activity.

a-Actinin-3 deficiency attenuates the dexamethasone-induced
atrophic response independently of GR activation and
protects against muscle wasting

Evaluation of the GR target genes Ddit4, KIf15, and Fkbp5 following
acute dexamethasone (32) and downstream transcription factors
Foxol and Foxo3, which act cooperatively with KIf15 to up-regulate
atrogin-1 and MuRF-1 (32, 46), indicates that initial GR activation
is comparable between genotypes. However, the transactivation re-
sponse for atrogin-1 and MuRF-1 was different between WT and
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Fig. 5. Female Actn3 KO mice show resistance to muscle wasting induced by prolonged treatment with dexamethasone. (A) Male WT and Actn3 KO mice show
similar levels of muscle atrophy in the quadriceps following 2 weeks of daily dexamethasone administration. In contrast, female Actn3 KO mice showed minimal muscle
wasting compared to WT following dexamethasone treatment. (B) Female WT-Dex TA muscles showed significant decrease in maximal force relative to WT-Sal; specific
force is similar regardless of genotype and treatment. (C) Female WT-Dex muscles showed reduced fast 2B fiber size compared to WT-Sal and a small increase in 2x fiber
proportion (D); there was no change in fiber size or proportions in KO-Dex relative to KO-Sal. (E) KO-Dex muscles show increased activation of protein synthesis markers
S6RP and 4ebp1 and a trend for decreased Smad3 activity relative to KO-Sal. (F) Transcriptional changes in Fbx032, Trim63, and Mstn were assessed by ddPCR in WT and
Actn3 KO mice following 7 days of daily dexamethasone injection. WT-Dex muscles showed increased activation of Fbxo32 and Mstn relative to WT-Sal; KO-Dex muscles
showed reduced expression of these genes compared to WT-Dex. Scale bar, 50 um. *P < 0.05 and **P < 0.01 (Mann-Whitney U test). Western blot quantitation values are
normalized to the total protein and expressed relative to WT-Sal.

Actn3 KO muscles at 24 hours, with a-actinin-3-deficient muscles  activation. We verified this to be the case by the postnatal replacement
showing markedly lower expression of both genes. These results of ACTN3 in Actn3 KO mice, which led to increased expression of
suggest that, in the absence of a-actinin-3, muscles are unable to  atrogin-1 and MuRF1 24 hours after dexamethasone treatment. In
sustain the dexamethasone-induced transcriptional activation of these  addition, there was no suppression of downstream mTOR protein
E3 ubiquitin ligase genes and that this occurs independently of GR  synthesis effectors in muscles from dexamethasone-treated Actn3
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reduced muscle wasting response due to the inherent baseline effects on protein synthesis and breakdown pathways.

KO mice, consistent with an attenuated atrophic response. Muscles
from female Actn3 KO mice, given prolonged dexamethasone treat-
ment likewise, showed reduced atrophic signaling (Smad3, Fbxo032,
Trim63, and Mstn) and enhanced protein synthesis and were pro-
tected from muscle wasting.

Protection against muscle wasting with a-actinin-3 deficiency
is also mediated by the suppression of myostatin signaling

Myostatin is known to mediate dexamethasone-induced muscle atrophy
(43), which involves synergistic activation of Akt-FoxO signaling,
inhibition of IGF1-PI3K-Akt signaling, and increased expression of
atrogin-1 mediated by enhanced Smad2/3 signaling (47). Deletion
of myostatin prevents muscle atrophy in glucocorticoid-treated mice
and blunts induction of proteolytic genes atrogin-1 and MuRF1 (48).
In this study, we showed that a-actinin-3 expression is required for
the maintenance of myostatin induction. Acute dexamethasone
treatment induced increases in Mstn in WT muscles that were sus-
tained at 24 hours, while Mstn levels returned to basal levels in
Actn3 KO muscles after 24 hours. Similar results were observed fol-
lowing 7 days of daily treatment. This direct association between
the a-actinin-3 expression and the maintenance of Mstn induction
was confirmed by increased Mstn levels after 24 hours following
rescue in of Actn3 KO muscle with ACTN3. Unbiased transcriptom-
ic profiling of WT and Actn3 KO muscles following dexamethasone
injection showed similar results for Trmem100, a gene encoding an
intracellular transmembrane protein that is up-regulated during

Seto et al., Sci. Adv. 2021; 7 : eabg0088 2 July 2021

activin-A-induced muscle wasting (which acts via the myostatin sig-
naling pathway) (49).

Sexual dimorphic effect of a-actinin-3 deficiency on the
response to dexamethasone-induced muscle wasting

The protection against dexamethasone-induced muscle wasting with
o-actinin-3 deficiency specifically in female, but not male, mice is
intriguing, given that similar changes in baseline protein synthesis
and breakdown signaling were observed in both male and female
Actn3 KO mice relative to WT. Dexamethasone has been shown to
differentially affect gene expression in the livers of male and female
rats (42), and this may be due to cross-talk between GR and other
members of the steroid nuclear receptor subfamily, since both es-
trogen and androgen signaling modulates GR activity in various cell
types and tissues (50, 51). a-Actinin-2, which is up-regulated in
o-actinin-3 deficiency, has been shown to influence androgen and
estrogen receptor activities in vitro (34). The effects of ACTN3
R577X on muscle performance in humans also vary with gender;
the impact of o-actinin-3 deficiency is more pronounced in elite
female athletes compared to males (2). The effect of a-actinin-3 de-
ficiency on sex hormone signaling in skeletal muscle, and how this
intersects with atrophic response, requires further study. Gender
differences in muscle wasting response have previously been re-
ported in other models. A transgenic mouse model that specifically
overexpressed myostatin in skeletal muscle resulted in moderate
muscle atrophy (20%) only in males but not females (52).
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ACTN3 genotype influences the anti-inflammatory

and muscle wasting response to glucocorticoid

In addition to reduced atrophic signaling, gene set testing demon-
strated a diminished immunosuppressive response to dexamethasone
with a-actinin-3 deficiency. Two of the five genes of interest that
showed significant differential response to dexamethasone between
Actn3 genotypes—2310022B05Rik and Cbx8 (chromobox homolog
8)—are associated with immune phenotypes. In particular, Cbx8 is
a known GR-responsive gene. In human lung adenocarcinoma cells,
activation of GR with dexamethasone results in down-regulation
(transrepression) of Cbx8 through direct binding of GR to its negative
glucocorticoid response element (53). Given that GR transrepres-
sion activity is generally associated with anti-inflammatory activity
and clinical efficacy of glucocorticoids (54, 55), these results suggest
that ACTN3 R577X acts as a pharmacogenetic variant influencing
both the anti-inflammatory and muscle wasting response to gluco-
corticoids in skeletal muscles.

Implications for ACTN3 577 X-positive selection

The ACTN3 577X allele is thought to have arisen before the appear-
ance of modern humans in Europe and Asia between 40,000 and
60,000 years ago and positively selected due to its enhancing effect
on muscle metabolic efficiency (17). Phylogenetic analyses indicated
that the ACTN3 577X allele rapidly increased in frequency in various
populations in adaptation to increased species richness and tem-
perature related to latitudinal changes (56). Recent studies in the
Actn3 KO mouse further suggested that a-actinin-3 deficiency
enhances muscle fatigue resistance and thermogenic mechanisms
through greater calcium pumping and release as a result of in-
creased SERCA expression, and this could be advantageous for
populations that migrate to and reside in cold environments during
recent evolution (21).

The present finding that a-actinin-3 deficiency results in reduced
muscle expression of atrogin-1 and MuRF1 at baseline and decreased
activation following dexamethasone treatment suggests that protec-
tion of muscle mass may also contribute to the positive selection of
the ACTN3 577X allele. Since up-regulation of these atrogenes is
common in various muscle disuse models such as denervation, im-
mobilization, sepsis, and fasting/starvation (57), reduced activation
of these genes in response to various environmental challenges could
be advantageous during modern human migration. An altered
muscle adaptive response to denervation and immobilization with
o-actinin-3 deficiency, in part mediated by enhanced calcineurin
activity, has previously been shown in Actn3 KO mice (22). Similarly,
reduced activation of myostatin, which is functionally conserved
through evolution (58), is also consistent with increased preserva-
tion of muscle mass with a-actinin-3 deficiency that could be benefi-
cial for modern humans. Together, these data provide an additional
mechanistic explanation for the drive toward the increased preva-
lence of the ACTN3 577X allele in recent human history.

In conclusion, this study shows that a-actinin-3 plays a role in
the regulation of muscle mass through modulating muscle protein
synthesis and breakdown signaling and that ACTN3 R577X may influ-
ence the glucocorticoid-induced anti-inflammatory and muscle at-
rophy signaling response. a-Actinin-3 deficiency, which occurs
in ~ 1in 5 people worldwide (1), protects against dexamethasone-
induced muscle wasting, but only in females, suggesting that sex
hormone signaling also influences the effect of ACTN3 genotype on the
response to prolonged glucocorticoid use.
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MATERIALS AND METHODS

Animals and ethics

Analyses were performed in muscles from male and female C57BL/6]
mice aged PO, P7, P14, P28, 12 weeks, and 4 to 5 months. Experi-
ments involving 1 or 2 weeks dexamethasone treatment used male
and female mice on the C57BL/10ScSn background (aged 4 and 10
to 12 months). Mice were fed standard chow and water ad libitum
and were maintained in a 12-hour light/12-hour dark cycle at ambi-
ent room temperature (~22°C). All experiments were approved by
the Animal Ethics Committee of the Murdoch Children’s Research
Institute.

Dexamethasone administration

Mice were administered with dexamethasone at 20 mg/kg per day
or saline by intraperitoneal injection either daily for 1 or 2 weeks
(chronic response) or with a single bolus injection (acute response;
mice were then euthanized at 3 or 24 hours after injection). Hind-
limb muscles [TA, extensor digitorum longus (EDL), gastrocnemius,
soleus, and quadriceps] were harvested and snap-frozen in liquid
nitrogen or cryopreserved in optimal cutting temperature reagent.

rAAV

Eight adult male C57BL6 Actn3 KO mice were anesthetized (3.5% iso-
flurane in oxygen) and given temgesic (0.05 mg/kg) for pain manage-
ment. Hamilton syringes (Hamilton) were used to deliver 30 ul of
rAAV6-CMV-ACTN3 (20) or rAAV6-MCS (control empty vector
with multiple cloning site) diluted in Hanks’ balanced salt solution at
a dose of 1e10 vector genomes. Vectors were injected into the anterior
compartment of the lower hindlimb targeting the TA and the EDL.

Muscle physiology

Force analyses were performed on the TA muscles from mice treated
with dexamethasone or saline for 2 weeks using the Aurora Scientific
Dual-Mode Lever System with supplied software (DMC5 4.5, DMA)
and carried out at 37°C as previously described (20).

Immunoblotting

Snap-frozen quadriceps muscles were homogenized in 2% SDS lysis
buffer and assessed for the total protein concentration using Direct
Detect (Thermo Fisher Scientific). Proteins were separated by SDS-
polyacrylamide gel electrophoresis using precast midi-criterion gels
(Bio-Rad) and then transferred to polyvinylidene fluoride mem-
branes (Millipore). These were blocked with 5% bovine serum albumin
in 1x TBST (tris-buffered saline containing 0.1% Tween 20) and probed
overnight at 4°C with primary antibodies against o-actinin-3, o-actinin-2
(ab68204 and ab68167, Abcam), PI3Kp85 [no. 4257, Cell Signaling
Technology (CST)], Aktl (no. C73H10, CST), p-Akt (Ser™®) (no. 4060,
CST), mTOR (no. 2983, CST), p-mTOR (no. 5536, CST), p-4ebpl (no. 2855,
CST), 4ebpl (no. 9452, CST), S6RP (no. 2217, CST), p-S6RP (no.
4856, CST), Smad2/3 (no. 8685, CST), and p-Smad3 (ab52903; Abcam).
Blots were washed, then probed with secondary antibodies at room
temperature for 1 to 2 hours, and then developed with enhanced
chemiluminescent reagents (Amersham Biosciences). Membranes were
washed, developed, and imaged using ImageQuant (GE Healthcare).
Densitometry was performed using the ImageJ image processing
software (National Institutes of Health) and quantified using the area
under the curve. Some analyses were performed or verified using an
automated Western blotting technique (Wes, ProteinSimple). Results
were normalized to loading control derived from GelCode Blue
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(Thermo Fisher Scientific) staining of membranes, or a-skeletal actin
(5C5; Sigma-Aldrich), and presented relative to WT control.

Surface sensing of translation

SUNSET was performed as previously described previously (41).
Male and female mice aged 12 weeks were given either a single bolus
of puromycin dihydrochloride/phosphate-buffered saline (PBS)
solution (0.04 umol/g; Calbiochem) or PBS alone by intraperitoneal
injection. Animals were euthanized at 30 min after injection. The
TA muscles were dissected and immediately snap-frozen (right leg)
and stored at —80°C. To determine the rate of protein synthesis, pu-
romycin incorporation was determined by western blot using a
puromycin specific antibody (12D10; Merck).

Fiber morphometry analysis

Fiber typing was performed as previously described (59). Sections
were imaged on the VSlide Scanner (MetaSystems) and analyzed
using MetaMorph software (Molecular Devices).

RNA extractions and cDNA synthesis

Total RNA was extracted from ~50 mg of mouse quadriceps by phe-
nol chloroform extraction (1 ml of TRIsure solution; Bioline). RNA
was purified using the RNeasy Mini Kit (QIAGEN) as per the com-
pany’s protocol and eluted in 30 pl of Milli-Q water. RNA integrities
[RNA integrity number (RIN) value] and total RNA concentrations
were then measured using TapeStation (Agilent Technologies 2200),
and samples with RINs of 8.5 to 9.2 were used for further RT-qPCR, drop-
let digital polymerase chain reaction (ddPCR), and RNA sequencing
analyses. Quantification of diluted RNA concentrations was per-
formed using Qubit 3.0 fluorometer (Thermo Fisher Scientific). All
RNA samples were further diluted in RNA (25 and 1 ng/ul) and 4 pl of
RNA (25 ng/ul) or 2 ul of RNA (1 ng/ul) samples and reverse tran-
scribed to synthesise cDNA using the High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific) as per manufacturer
guidelines.

ddPCR and analyses

ddPCR assay was conducted using 2x QX200 ddPCR EvaGreen
Supermix (Bio-Rad) in a twin.tec 96-well plate (Bio-Rad) to a final
volume of 24 ul for lipid droplet generation. The plate was heat-sealed
at 180°C for 5 s with foil (PX1 Plate Sealer, Bio-Rad) and centrifuged
at 4000 revolutions per minute for 1 min before loading into an
Automated Droplet Generator (Bio-Rad), where each sample was
partitioned into 20,000 uniform sized lipid droplets with the tran-
scripts of interest and cDNA distributed randomly into the droplets.
The sample plate of droplets was placed in a thermal cycler (T100,
Bio-Rad) for subsequent PCR amplification within each droplet.
The thermal cycling conditions were as follows: one activation cycle
of 5 min at 95°C, 40 denaturation cycles of 30 s at 96°C and anneal-
ing cycles of 1 min at 55° to 60°C depending on the target gene of
interest, and a post-cycling step of signal stabilization of 5 min at
4°C followed by 5 min at 90°C. All cycling steps were performed
using a 2°C per second ramp rate. Following PCR amplification, the
sample plate was loaded on the QX200 Droplet Reader (Bio-Rad),
and the assay information was entered into the software QuantaSoft
(Bio-Rad). Droplets were analyzed by the droplet reader in the EvaGreen
fluorescent channel. The fraction of positive droplets in a sample
were counted and fitted to a statistical Poisson algorithm to provide
plot readouts of absolute quantification and concentration of the
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transcript of interest. Samples with lipid droplet counts less than
10,000 were rejected. The one-dimensional amplitude plot of fluo-
rescence amplitude was used to determine the data quality based on
positive and negative droplets separation, droplet scattering, and
channel amplitude signals (minimum of ~5400). A baseline thresh-
old was applied equally across all samples depending on the fluores-
cence amplitude to distinguish positive from negative droplets.
Readings of the target were adjusted for RNA loading and presented
as absolute values of RNA transcript copies/ng of RNA.

RT-qPCR

cDNA was generated using 500 ng of total RNA using the High-
Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific)
as per manufacturer guidelines. RT-qPCR was performed in tripli-
cate with the LightCycler 480 instrument (Roche Diagnostics) and
LightCycler 384-well plates with sealing foil (Roche Diagnostics).
Reaction volume of 10 pl contains 2x SensiFAST SYBR No-ROX
mix (Bioline), 0.4 pl of each 10 uM forward and reverse primers,
and 1 pl of 1:10 diluted cDNA. Amplification of the single PCR
product was confirmed using the melting point dissociation curve,
and the Cp values were calculated using the LightCycler 480 soft-
ware. For each gene, a standard curve was generated using a WT-Sal
sample (sample cDNA neat: 1in 5, 1 in 10, and 1 in 100) and used to
convert the Cp values to relative gene expression for all unknown
samples. Gene expression is further normalized to the geomean of
three housekeepers Aldoa, Rerl, and Rpl7L1 (60). Primers for gPCR
and ddPCR reactions are as follows: Tmem100 (forward: CTTTC-
CCAGAAGTTGAACG and reverse: TGCAAGCTCACAGAAAGQG),
KIfi5 (forward: CCCTTTGCCTGCACCTGG and reverse: TGG-
TACGGCTTCACACCC), Ddit4 (forward: CTGGAGAGCTCGGACTGC
and reverse: CCCATCCAGGTATGAGGAG), Fkbp5 (forward:
GCCATCGTGAAAGAGAAGGG and reverse: CAGCCAGGA-
CACTATCTTCC), Foxol (forward: ACGAGTGGATGGTGAA-
GAGC and reverse: GGACAGATTGTGGCGAATTG), Foxo3 (forward:
ATAAGGGCGACAGCAACAGC and reverse: CGTGCCTTCAT-
TCTGAACG), Fbx032 (forward: ATTCTACACTGGCAGCAGCA
and reverse: TCAGCCTCTGCATGATGTTC), Trim63 (forward:
ACCTGCTGGTGGAAAACATC and reverse: AGGAGCAAG-
TAGGCACCTCA), Mstn (forward: GTTCATGCTGATTGCTGCTG
and reverse: CACGCACATGCATTACACAG), Actn3 (forward:
TTCAACCACTTTGACCGGAA and reverse: CACCATGGT-
CATGATTCGAG), Aldoa (forward: ACATTGCTGAAGCCCAACAT
and reverse: ACAGGAAAGTGACCCCAGTG), Rerl (forward:
GCCTTGGGAATTTACCACCT and reverse: CTTCGAATGAAGG-
GACGAAA), and Rpl7L1 (forward: ACGGTGGAGCCTTATGT-
GAC and reverse: TCCGTCAGAGGGACTGTCTT).

RNA sequencing analysis

RNA extracted from quadriceps tissue from a total of 17 WT and 16 KO
male mice across treatment groups (Sal/Dex; at t = 3 or 24 hours)
underwent RNA sequencing using the Illumina HiSeq 2500 Se-
quencing System per manufacturer’s instructions. Raw read data
were processed using the Illumina BaseSpace RNA Express applica-
tion per standard operating instructions. Reads were aligned using
STAR (spliced transcripts alignment to a reference) ultrafast RNA-
seq aligner (61) and then counted using HTSeq (62). Analysis of the
resultant genewise count data was performed using the R statistical
programming language (version 3.5.0). The dataset was filtered for
genes registering more than 0.5 counts per million in at least two
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samples. This resulted in retaining 13,097 genes for analysis. Count
data were then normalized and processed for further analyses using
the voom function in the Limma software package version 3.36.2
(63). Normalized gene expressions were fit to a linear model, and
differential expression was tested using empirical Bayes methods.
For the purposes of differential expression testing, samples taken
from animals injected with saline at ¢ = 3 and 24 hours after injec-
tion were treated as a single saline-injected grouping. Multidimen-
sional scaling plots and hierarchical cluster analysis both failed to
detect a robust difference between these time points, validating the
decision to pool sample groups for increased statistical power. The
false discovery rate of multiple comparisons was controlled using
Benjamini and Hochberg’s correction (q value). Genes with a g <0.05
and a fold change of >2 for any contrast were considered robustly
regulated and hierarchically clustered using a correlation distance
metric. Expression data were characterized using the fast preranked
implementation of the gene set enrichment analysis method (64).
Gene set tests were conducted using the mouse ortholog conver-
sions of Hallmark and C2-curated gene sets from the molecular sig-
natures database (MSigDB 3.0) (65).

Statistics

Analyses were performed in Graphpad Prism (V7, Graphpad Software
Inc.) and StataSE (StataCorp). As group sizes consisted of <12, two-sided,
unpaired t tests using nonparametric statistics, Mann-Whitney U tests
were applied using an o of 0.05 for all analyses involving indepen-
dent samples and Wilcoxon signed-rank test for dependent samples.
Data were presented as individual points with the calculated group
mean (line) or as bar graphs with + SEM error bars for each group.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/27/eabg0088/DC1
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