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Skeletal muscle atrophy is caused by various conditions, including
aging, disuse related to a sedentary lifestyle and lack of physical
activity, and cachexia. Our insufficient understanding of the molec-
ular mechanism underlying muscle atrophy limits the targets for the
development of effective pharmacologic treatments and preven-
tions. Here, we identified Krippel-like factor 5 (KLF5), a zinc-finger
transcription factor, as a key mediator of the early muscle atrophy
program. KLF5 was up-regulated in atrophying myotubes as an early
response to dexamethasone or simulated microgravity in vitro. Skel-
etal muscle-selective deletion of KIf5 significantly attenuated muscle
atrophy induced by mechanical unloading in mice. Transcriptome-
and genome-wide chromatin accessibility analyses revealed that
KLF5 regulates atrophy-related programs, including metabolic
changes and E3-ubiquitin ligase-mediated proteolysis, in coordina-
tion with Foxo1. The synthetic retinoic acid receptor agonist Am80,
a KLF5 inhibitor, suppressed both dexamethasone- and microgravity-
induced muscle atrophy in vitro and oral Am80 ameliorated disuse—
and dexamethasone-induced atrophy in mice. Moreover, in three
independent sets of transcriptomic data from human skeletal muscle,
KLF5 expression significantly increased with age and the presence of
sarcopenia and correlated positively with the expression of the
atrophy-related ubiquitin ligase genes FBX032 and TRIM63. These
findings demonstrate that KLF5 is a key transcriptional regulator me-
diating muscle atrophy and that pharmacological intervention with
Ama80 is a potentially preventive treatment.
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keletal muscle atrophy is a clinical manifestation of the muscle

loss due to wasting and catabolism caused by disuse related to
a sedentary lifestyle and lack of physical activity as well as to
conditions such as cachexia. In particular, sarcopenia, which is
characterized by progressive and generalized aging-related loss of
skeletal muscle mass and strength, is a growing health and medical
burden in aging societies (1). While downstream effectors in the
muscle atrophy program, such as the ubiquitin E3 ligases, have
been identified, the transcriptional/epigenetic program that gov-
erns muscle atrophy remains insufficiently understood. Conse-
quently, the current pharmacologic targets for treating muscle
atrophy are very limited (2). Development of improved ap-
proaches to treatment will require elucidation of the regulatory
mechanisms governing muscle atrophy.

Skeletal muscle is a highly adaptive tissue. It can adapt to
physical load through hypertrophy and cope with stress and injury
incurred through daily activities. For instance, skeletal muscles are
frequently bruised as a result of the mechanical stresses associated
with daily living, and even slight skeletal muscle injury can lead to
muscle cell death. To maintain muscle mass, skeletal muscle has
robust reparative and regenerative mechanisms, including myo-
blast proliferation and differentiation. Muscle mass is also being
constantly regulated by the balance between protein synthesis and
degradation. Under conditions leading to prolonged catabolism,
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such as denervation, cancer, diabetes, fasting, and disuse, the
imbalance between protein synthesis and degradation results in
muscle atrophy. Ubiquitin-dependent proteolysis is the major
pathway leading to muscle fiber breakdown. While this pathway is
weakly active in the normal physiological state (3), the cardiac and
skeletal muscle—specific E3 ubiquitin ligases, TRIM63 (MuRF1)
and FBXO32 (Atrogin-1), are induced and break down damaged
myofibrillar proteins in various pathological states (4-6). Mice
lacking either Trim63 or Fbxo32 showed resistance to muscle at-
rophy, confirming the particular importance of those genes in the
pathogenesis of muscle atrophy (5, 7). Previous studies have
identified several transcription factors that regulate 77im63 and
Fbxo32, including the Forkhead box protein (Foxo) family of
transcription factors, NF-xB, and ZEB-1 (8-10). It is likely,
however, that these genes are also regulated by other transcription
factors that respond to a variety of mechanical and metabolic
stimuli and pathological conditions.

The Kriippel-like factor family of transcription factors (KLFs)
are a family of C,H,-type zinc-finger transcription factors. KLFs
have diverse biological functions during stress responses, em-
bryonic development, and cell proliferation and differentiation
(11). Among those functions, KLF2, KLF3, KLF4, KLF5, KLF7,
and KLF15 have been shown to play various roles in skeletal
muscle biology (12-14). For example, we previously showed that
KLF5 has a dual role in skeletal muscle: it controls lipid
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metabolism in mature skeletal muscle (15) but also regulates
muscle differentiation in myoblasts (16). For the latter, KLFS5 is
induced in differentiating myoblasts and controls muscle-specific
genes in cooperation with MyoD and MEF2. However, the role
of KLFS5 in the context of muscle atrophy remains unknown.

Several studies published by our group and others have shown
that KLF5 function is suppressed by retinoic acid receptor
(RAR) agonists, including all-trans retinoic acid and a synthetic
RAR agonist, Am80 (17-19). In vascular smooth muscle cells,
for instance, KLF5 directly interacts with unliganded RAR to
transactivate target genes, while Am80 inhibits KLF5 by dis-
rupting the interaction between KLF5 and RAR. In addition,
Am80 decreases the level of KIf5 expression in some contexts. In
the present study, we asked whether KLFS5 is involved in muscle
atrophy and found that it positively regulates the atrophy pro-
gram. Moreover, we show that the KLF5 inhibitor Am80 pro-
tects mice from unloading-induced muscle atrophy.

Results

KLF5 Is Induced during Muscle Atrophy In Vitro. To begin addressing
the possible role of KLF5 in muscle atrophy, we used C2C12 cells,
a widely used cultured muscle cell model. The synthetic gluco-
corticoid dexamethasone (Dex), which induces muscle atrophy
in vivo (20), also causes atrophy in differentiated C2C12 myotubes
in vitro (21, 22). As expected, when we treated C2C12 myotubes
with or without 10 pM Dex for 48 h (Fig. 14), there was a 24%
decrease in the average myotube diameter and a reduction in the
protein expression of myosin heavy chain (SI Appendix, Fig. S1 A
and B). Expression levels of the muscle atrophy-related ubiquitin
ligase genes Fbxo32 and Trim63 were up-regulated at the mes-
senger RNA (mRNA) and protein levels (SI Appendix, Fig. S1 C
and D) (23, 24). Together, these findings confirm that Dex induces
atrophy of C2C12 myotubes. In addition, KIf5 mRNA and KLF5
protein were both up-regulated beginning as early as 4 h after Dex
treatment. Moreover, whereas KIf5 mRNA levels started decrease
after 12 h, KLF5 protein expression was maintained for 24 h
following Dex treatment (Fig. 1 B and C). These findings suggest
KLF5’s involvement in Dex-induced muscle atrophy in vitro.

Skeletal Muscle-Specific Kif5 Deficiency Suppresses Unloading-Induced
Atrophy In Vive. The up-regulation of KLFS in Dex-induced C2C12
myotube atrophy prompted us to investigate the role of KLF5
in skeletal muscle atrophy in vivo. To that end, we generated
Ckm-Cre;KIf5"¥1°* conditional knockout (cKO) mice by crossing
mice carrying floxed KIf5 alleles with mice expressing Cre recombinase
under the control of the muscle creatine kinase (Ckm) promoter.
We then assessed the effects of KIf5 deletion in the gastrocnemius
muscle, which is composed largely of fast-twitch fibers, and the
soleus muscle, which is composed primarily of slow-twitch fibers.
KiIf5 mRNA expression was reduced by ~80% in cKO gastrocne-
mius muscle (Fig. 1D). Under physiological conditions, cKO mice
displayed no obvious phenotypic alterations in the gross appear-
ance. The average gastrocnemius muscle weight in ¢cKO mice
tended to be slightly lower than in control mice (e.g., control:
134.48 mg + 4.83 mg versus cKO: 131.52 mg + 3.79 mg, n = 15 and
13, respectively), though the differences did not reach statistical
significance in multiple groups of littermates. The physical activity
of the mice and the histology of their gastrocnemius muscles were
comparable between the genotypes (SI Appendix, Fig. S2 A-C),
and there were no changes in the fiber type distribution (S Ap-
pendix, Fig. S2D). Moreover, expression of the muscle contractile
gene Myl2 in gastrocnemius muscle was unaffected by Kif5 dele-
tion under basal conditions (Fig. 17). It thus appears that although
KIf5 is important for early myocyte differentiation, delayed KiIf5
deletion driven by Ckm-Cre (25) appears not to perturb muscle
development.

We utilized the tail suspension (TS) model to induce hind-limb
atrophy through mechanical unloading and disuse (Fig. 1E). We
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initially analyzed mRNA expression in gastrocnemius muscles
during 14 d of TS. As expected, levels of Kif5, Fbxo32, and Trim63
expression were increased on day 3 but had started to decrease
on day 7. KIf5 and Trim63 levels had returned to baseline by day 7,
and Fbxo32 did so by day 14 (Fig. 1F). Levels of Myl2 expression
were prominently decreased on day 3 (Fig. 1F). These data suggest
that expression of genes associated with atrophy is actively altered
during the first week in this model. Accordingly, although 1 to
4 wk of TS is often used to induce muscle atrophy (26), we chose a
duration of 3 or 7 d based on the gene expression profiles.

Unloading for 3 or 7 d caused reductions in gastrocnemius
muscle mass in control mice but not cKO mice (Fig. 1G and SI
Appendix, Fig. S2E). The average short diameter was significantly
shortened in control mice following unloading for 3 or 7 d but not
in the cKO mice (Fig. 1H). While the ubiquitin ligases Fbxo32 and
Trim63 were induced in both control and cKO gastrocnemius,
their expression levels in the muscle were significantly lower of
cKO than control mice on days 3 and 7 (Fig. 1 I and J). In addi-
tion, expression of Myl2 was significantly decreased in control mice
following unloading for 3 or 7 d, whereas the level of Myl2 ex-
pression was maintained in cKO mice, even on day 7 (Fig. 11). The
weight of the soleus muscle was also significantly decreased in
control mice but not in cKO mice (S Appendix, Fig. S2 F and G).
KIf5 mRNA levels were also increased in soleus muscle from
control mice after TS (SI Appendix, Fig. S2H). Collectively, these
results demonstrate that muscle-specific KIf5 deletion attenuates
muscle atrophy induced by mechanical unloading.

KLF5 Is Required for Dex-Responsive Gene Expression in Muscle Atrophy.
To investigate the mechanisms responsible for KLF5-induced
muscle atrophy, we made use of cultured satellite cell (SC)-de-
rived myotubes from cKO mice. Primary SCs were obtained from
cKO and control mice, differentiated into myotubes for 2 d in dif-
ferentiation medium, and then treated with 10 pM Dex for 24 h
(Fig. 24). KIf5 expression was not decreased in undifferentiated SCs
derived from cKO mice. Ckm-Cre efficiently reduced KIf5 expres-
sion beginning on day 2, presumably due to the delayed induction of
Ckm expression (S Appendix, Fig. S3). Although KLF5 is necessary
for the early stage of SC differentiation into myocytes, deletion of
Kifs from myotubes by Ckm-Cre did not affect SC differentiation, as
shown by the similar expression pattern of myogenic specification
genes and myogenic markers (SI Appendix, Fig. S3). These results
are consistent with the normal muscle development and function
observed in cKO mice (SI Appendix, Fig. S2 A-D).

We found that Dex induced significant shortening of SC-derived
myotubes but not a reduction in diameters (Fig. 2B). Dex clearly
reduced levels of mRNAs encoding contractile proteins and con-
comitantly up-regulated expression of Fbxo32 and Trim63 mRNA,
indicating Dex induced an atrophy-associated phenotype in SC-
derived myotubes (Fig. 2C). It is therefore suggested that the
shortening of myotube length is a morphological indicator of at-
rophy in this experimental model. Comparison of the responses to
Dex of control and cKO myotubes showed that Dex-induced at-
rophy indicated by changes in morphology and mRNA expression
were significantly suppressed in cKO myotubes (Fig. 2 B and C).
This suggests KLF5 plays a key role in Dex-induced atrophy of SC-
derived myotubes.

To investigate the mechanism by which KIf5 deletion suppresses
Dex-induced atrophy, we performed whole-transcriptomic analysis
using RNA sequencing (RNA-seq). Interestingly, a majority of the
genes differentially expressed in response to Dex were affected by
KIf5 deletion (Fig. 2 D and E). The genes down-regulated by Dex
were divided into three major clusters based on K-means clustering.
The genes in the clusters 1 and 2 were less down-regulated in cKO
cells than control cells. Gene ontology analysis showed that the
genes in clusters 1 and 2 were related to muscle actin filament—
based process and vascular development, and their down-regulation
is consistent with suppression of cKO cell atrophy (Fig. 2D).
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Fig. 1. KLF5 is important for muscle atrophy. (A) Scheme of the Dex-induced C2C12 myotube atrophy model. GM: growth medium, DM: differentiation
medium. (B) KIf5 mRNA expression in myotubes after Dex treatment. Data represent means + SD, n = 3; one-way ANOVA and Dunnett’s test for multiple
comparisons versus 0 h. *P < 0.05, TP < 0.01. ns, not significant. (C) KLF5 protein expression in myotubes exposed to Dex for the indicated times. Images are a
representative of three samples showing similar results. (D) KIf5 mRNA expression in gastrocnemius muscle before TS. Data represent means + SD, n = 7
independent experiments; unpaired two-tailed Student’s t test. 'P < 0.01. (E) Scheme of the TS muscle atrophy model. Control KI£57°/fox (Ctrl) and cKO mice
were suspended by their tails for 3, 7, or 14 d (TS) and compared with the mice freely moving on the ground (Grounded). (F) KIf5, Fbxo32, Trimé63, and Myl2
mRNA expression after TS. Data are means + SD n = 4 to 20 in each group, one-way ANOVA and Dunnett’s test for multiple comparisons. *P < 0.05, 'P < 0.01
versus day 0. ns, not significant. (G) Box plots show the median, the 25th and 75th percentiles, and the range of values. Values were normalized to that on day
0 for the same genotype. n = 5 to 9 mice in each group; one-way ANOVA followed by Tukey’s post hoc test for multiple comparisons. #P < 0.05 versus day 0 for
the same genotype. *P < 0.05 between genotypes on the same day. ns, not significant. (H) Average short diameter of muscle fibers in gastrocnemius muscle
after 0, 3, or 7 d of TS. One thousand myofibers per group were randomly counted. Data are means + SD n = 5 to 9 mice in each group; one-way ANOVA
followed by Tukey’s post hoc test for multiple comparisons. *P < 0.05 versus control on the same day, *P < 0.05 versus day 0 for the same genotype. (/) Fbxo32,
Trim63, and Myl2 mRNA expression. Data are means + SD n =9 to 11 in each group; one-way ANOVA and Tukey’s test for multiple comparisons. *P < 0.05
versus control on the same day, #P < 0.05 versus day 0 for the same genotype. (J) Western blots of FBX032 and p-tubulin in Ctrl and cKO gastrocnemius
muscles from mice suspended for 3 d. Images are representative of three samples showing similar results. Relative band intensities corresponding to FBX0O32
are shown in the bar graph. n = 3. One-way ANOVA and Tukey'’s test for multiple comparisons. *P < 0.05, ns, not significant.
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Likewise, KIf5 deficiency suppressed induction of the majority
of Dex—up-regulated genes (clusters 1 and 2 in Fig. 2E). The
up-regulated genes belonging to clusters 1 and 2 included genes
related to metabolism, such as energy metabolism and catab-
olism. This wide-spread induction of metabolism-related genes
by Dex is consistent with earlier reports (22). It thus appears
that KIf5 deletion from myotubes suppresses Dex-induced
changes in various genes, including metabolism-related genes
and in turn myotube atrophy.

KLF5 Regulates Dex-Induced Fbxo32 Transcription in Concert with
Foxo1. To further investigate the KLF5-mediated program that
governs muscle atrophy, we analyzed accessible chromatin regions
globally using an assay for transposase-accessible chromatin-
sequencing (ATAC-seq) with myotubes treated with Dex. After
wild-type SC-derived myotubes were treated with Dex for 24 h,
ATAC-seq peaks indicating that the loci opened in response to
Dex were most highly enriched in motifs of two muscle lineage—
determining transcription factors, MyoD and MEF2A, followed by
Fos, which is known to be involved in the development of atrophy
(Fig. 34) (27, 28). In addition, binding motifs for KLF5 and Foxol
ranked 8th and 16th, respectively (Fig. 34). The accessible regions
opened in response to Dex (identified using ATAC-seq) were
enriched for genes associated with aspects of muscle structure and
metabolism, such as actomyosin structure organization, contractile
fibers, and abnormal gluconeogenesis (SI Appendix, Table S1).
This highlights the effects of Dex on muscle structural and
metabolism-related genes.

KLFS often works together with other transcription factors. We
previously reported that KLF5, MyoD, and Mef2 cooperate to
drive transcription during myogenic differentiation (16). The Foxo
family of transcription factors have been shown to promote
diabetes-related muscle atrophy by inducing Fbxo32 and Trim63
(6, 22, 29). Based on those earlier findings, we hypothesized that
KLF5 and Foxol may cooperate to mediate muscle atrophy. Be-
cause Fbxo32 expression was decreased in KIf5 knockout muscle
and myotubes, we investigated Fbxo32 as a potential target of
KLF5 and Foxol. Our previous chromatin immunoprecipitation
sequencing (ChIP-seq) (GSE 80812) showed that in unstimulated
C2C12 myotubes KLF5 binds to multiple sites in the Fbxo32 gene
locus along with MyoD (Fig. 3B). We then looked at the changes
in KLF5 and Foxol binding to an enhancer of Fbxo32 following
8 h of treatment with Dex. ChIP-qPCR clearly showed augmented
association of KLF5 and Foxo1l with the enhancer within intron 4
of Fbxo32 (GeneHancer identifier: GH08J123534), which has
relatively conserved sequences across Euarchontoglires, including
mice and humans, and contains putative binding motifs for KLF5
and Foxol (Fig. 3C and SI Appendix, Fig. S44). Luciferase re-
porter analyses showed that while KLF5 and Foxol each trans-
activated the Fbxo32 promoter alone, together they transactivated
the promoter to a greater degree (SI Appendix, Fig. S4B). More-
over, coimmunoprecipitation experiments showed that KLF5 and
Foxol directly interact with each other (Fig. 3D). The results in-
dicate that in Dex-treated myotubes, KLF5 induces Fbxo32 ex-
pression in concert with Foxol.

Although the level of Fbxo32 expression was significantly lower
in cKO than control cells 24 h after Dex administration (Fig. 2C),
KLFS5 protein was detectable at that time, but its expression level
was declining (Fig. 1C), which suggests the early induction of
KLFS5 may still affect Fbxo32 transcription after 24 h (Fig. 3C). To
address this possibility, we looked at the acetylation of histone H3
lysine 27 (H3K27ac), a dynamic histone modification that corre-
lates with enhancer activity (30), around the Fbxo32 promoter/
enhancers. Eight hours after Dex in control cells, levels of
H3K27ac at the Fbxo32 promoter/enhancers were clearly elevated,
indicating their activation (SI Appendix, Fig. S4C). By 24 h,
H3K27ac levels had decreased but remained modestly increased
at the intron 4 enhancer and proximal promoter. In cKO cells, the
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Dex-responsive induction of H3K27ac was much suppressed, and
H3K27ac levels had returned to baseline by 24 h (SI Appendix, Fig.
S4C). These findings demonstrate that KLFS is essential for the
activation of the Fbxo32 enhancers and promoter in response to
Dex. In addition, the early KLF5-mediated epigenetic modifica-
tion at the enhancers and/or the remaining KLF5 protein appear
to be important for the persistently activated states of the pro-
moter and enhancer.

The KLF5 Inhibitor Am80 Attenuates Dex-Induced Muscle Atrophy.
Am80, a synthetic RAR agonist, was shown to inhibit KLF5 ac-
tivity and expression (17-19). Given that KLF5 is required for the
muscle atrophy program, we hypothesized that inhibiting KLF5
using Am80 may prevent muscle atrophy. To test that idea, C2C12
myotubes were incubated for 24 h with Dex in the presence or
absence of Am80 (Fig. 3E). Am80 suppressed the Dex-induced
reduction in the myotube diameter (Fig. 3F). Am80 also attenu-
ated Dex-induced expression of Fbxo32 at both the mRNA and
protein levels (Fig. 3 G and H) as well as the reduction in the
expression of contractile protein genes exemplified by Myh2
(Fig. 3G). Mechanistically, we found that the recruitment of KLF5
and Foxol and acetylation of H3K27 at the Fbxo32 intron 4 en-
hancer were significantly reduced by Am80 treatment (Fig. 3C).
Acetylation of H3K27 at the Fbxo32 proximal promoter and 3’
enhancer were also decreased by Am80 (SI Appendix, Fig. S4D).
Fbxo32 promoter activity was also decreased by Am80 in reporter
assays (SI Appendix, Fig. S4B). These observations demonstrate
that Am80 suppresses Dex-induced Fbxo32 activation at least in
part by inhibiting the cooperative KLF5 and Foxol binding to and
activation of the Fbxo32 enhancer.

Am80 Protects Muscle From Disuse Atrophy. The observation that
Am80 effectively suppressed the progression of Dex-induced at-
rophy in vitro led us to further test its potential against disuse
atrophy. We first tested this idea in vitro using a three-dimensional
(3D) clinostat apparatus, which can create a simulated micro-
gravity (0.001 G) environment to induce myotube atrophy
(Fig. 4A4). After 48 h of simulated microgravity, C2C12 myotubes
had become shortened in length but not diameter (Fig. 4B). This
phenotypic change was accompanied by elevated mRNA expres-
sion of E3 ubiquitin ligases and Kif5, as well as decreased Myl2
expression (Fig. 4C), indicating that clinorotation induces atrophy.

Having confirmed that the simulated microgravity induces atro-
phy in C2C12 myotubes, we examined the effect of Am80. Addition
of Am80 to the culture medium suppressed the shortening of
myotubes (Fig. 4B), and there was a corresponding cancelation of
the decrease in Myl2 mRNA otherwise seen (Fig. 4C). Importantly,
Am80 significantly inhibited the induction of KIf5, Fbxo32, and
Trim63 mRNA (Fig. 4C), and Western blotting indicated that
Am80 also suppressed the induction of FBXO32 protein (Fig. 4D).
These results demonstrate that Am80 inhibits the atrophy program
otherwise activated in myotubes in response to simulated
microgravity.

To test whether Am80 would inhibit unloading-mediated mus-
cle atrophy in vivo, wild-type C57BL/6 male mice were orally
administered Am80 (3.0 mg/kgBW/day) or vehicle (dimethyl
sulfoxide [DMSO)]) daily. Administration was started 1 d before
and continued throughout the TS (Fig. 4E). No significant changes
in body weight were observed during the test period (SI Appendix,
Fig. S54). After 3 d of unloading, gastrocnemius muscle weight
was significantly reduced in the vehicle-treated mice but not the
Am80-treated mice (Fig. 4F). Am80 attenuated the induction of
Fbxo32 and Trim63 mRNA as well as the reduction in Myl2
mRNA (Fig. 4G). Moreover, Western blotting confirmed that
Am80 decreased expression of FBXO32 protein in the atrophied
muscle (Fig. 4H).

We next investigated whether Am80 would ameliorate the
longer-term, unloading-mediated muscle atrophy. Administration
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Fig. 3. KLF5 controls Fbxo32 transcription in concert with Foxo1 and is inhibited by Am80. (A) De novo motifs identified in the chromatin regions opened by
Dex in SC-derived myotubes. (B) A University of California, Santa Cruz genome browser shot illustrating normalized tag counts for KLF5, MyoD, and H3K27Ac
at the Fbxo32 gene locus in C2C12 myotubes. Note that the H3K27Ac tag count around Fbxo32 enhancers was increased after 8 h of Dex treatment. (C) ChIP-
gPCR analysis of the association of KLF5, Foxo1, and H3K27Ac with the Fbxo32 intron 4 enhancer after 8 h of Dex treatment. *P < 0.05. (D) Coimmuno-
precipitation of Foxo1 with KLF5. Cell lysates from HEK293T cells transfected with mouse KLF5 expression vector, Flag-tagged mouse Foxo1 expression vecto,r
or empty Flag vector were pulled down with anti-Flag antibody. (E) Experimental scheme for evaluating the effects of Dex on C2C12 myotubes with or
without Am80 treatment. (F) Left: phase contrast images of C2C12 myotubes after 48 h of Dex exposure. Right: average diameter of myotubes. One hundred
randomly selected myotubes were measured in each group; one-way ANOVA and Tukey’s test for multiple comparisons. 'P < 0.01. ns, not significant (Scale
bar; 100 um). (G) Expression of Fbxo32 and Myh2 mRNA in C2C12 cells after 12 h in Dex-containing medium with or without Am80. Data are means + SD, n =3
wells; one-way ANOVA and Tukey'’s test for multiple comparisons. *P < 0.05. ns, not significant. (H) FBXO32 protein expression at after 24 h of the indicated
treatment. Images are representative of three samples. Relative band intensities corresponding to FBXO32 are shown in the bar graph (n = 3). *P < 0.05. ns,
not significant.
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Fig. 4. Am80 rescued KLF5-mediated unloading atrophy in vitro and in vivo. (4) Scheme for induction of atrophy by simulating microgravity (0.001 G) using
clinorotation (Clino). (B) Phase contrast images of C2C12 myotubes after 48 h of microgravity with or without Am80. Bottom: distribution of myotube lengths.
Data are means + SD. Mean numbers of myotubes within the indicated length ranges per 100 myotubes/experimental condition are shown; one-way ANOVA
and Tukey’s test for multiple comparisons. *P < 0.05 ground versus clino, 5P < 0.05 clino versus Am80 (Scale bars, 100 um). (C) Expression of KIf5, Fbxo32,
Trim63, and Myl2 mRNA in C2C12 myotubes cultured with or without clinorotation (n = 3). *P < 0.05, TP < 0.01, ns, not significant. (D) FBXO32 protein in
C2C12 myotubes cultured under clinorotation with or without Am80. Relative band intensities corresponding to FBXO32 are shown in the bar graph (n = 3).
(E) Experimental schedule for oral Am80 administration and TS. (F) Gastrocnemius (GC) weight per body weight (BW) after TS with Am80 administration. Box
plots show the median, 25th and 75th percentiles, and range of values. n =11 to 21 in each condition; one-way ANOVA and Tukey’s test for multiple
comparisons. *P < 0.05 versus day 0, *P < 0.05 between treatments on the same day, ns, not significant. (G) Fbxo32, Trimé3, and Myl/2 mRNA expression in
gastrocnemius muscle after 3 d of TS with or without Am80. Data are means + SD n = 4 to 8; one-way ANOVA and Tukey's test for multiple comparisons. *P <
0.05, 'P < 0.01, ns, not significant. (H) FBXO32 protein expression after 3 d of TS. Images are representative of three samples. Relative band intensities
corresponding to FBXO32 are shown in the bar graph. Student’s two-tailed t test. *P < 0.05. (/) Gastrocnemius (GC) weight per body weight (BW) after TS with
Am80 administration for 14 d. Box plots show the means, 25th and 75th percentiles, and range of values. n = 5 per group, unpaired two-tailed Student’s t test.
*P < 0.05. (J) Average short diameter of muscle fibers in the gastrocnemius muscle following 14 d of TS. One thousand myofibers per group were randomly
counted. Data are means + SD n = 3 mice per group; one-way ANOVA and Tukey’s test for multiple comparisons. *P < 0.05, TP < 0.01.
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of Am80 throughout the 14-d unloading period modestly but
significantly suppressed the reductions in gastrocnemius mass
(Fig. 4I). Shortening of the average fiber diameter on day 14 was
also suppressed by administration of Am80, whereas there was
no significant difference after 3 or 7 d (Fig. 47 and SI Appendix,
Fig. S5B).

We further examined whether Am80 would prevent Dex-
induced atrophy, an often used in vivo muscle atrophy model
(31). Dex injection for 5 consecutive d significantly decreased
gastrocnemius muscle weight by 9.26% (SI Appendix, Fig. S64),
and the average short diameter was also significantly decreased
after 5 d of Dex (SI Appendix, Fig. S6B). In this model, KIf5,
Fbxo32, and Trim63 mRNA levels were significantly increased
on day 3 and reached a peak on day 5 after starting Dex (SI Ap-
pendix, Fig. S6C). In the Am80-treated group, Dex-induced
shortening of myofiber diameters was significantly attenuated (S
Appendix, Fig. S6B) and was accompanied by diminished Fbxo32
and Trim63 induction on day 5 (SI Appendix, Fig. S6D). These
findings demonstrate that oral Am80 protects mice from muscle
atrophy caused by unloading or Dex.

Human Muscle Atrophy Is Associated with KLF5 Expression. Finally,
we asked whether KLF5 was involved in human sarcopenia. To
address that question, we analyzed three publicly available
datasets from RNA-seq analyses from human muscle samples
(GSE113165, GSE129643, and GSE111017). Mahmassani et al.
analyzed the effects of 5 d of bedrest on the transcriptome of the
vastus lateralis muscle (32). In that dataset (GSE113165), we
noted that levels of KLF5 expression tended to be increased by
bedrest (P = 0.0502) (SI Appendix, Fig. S14) and were higher in
muscles of aged subjects than young subjects (SI Appendix, Fig.
S7B). Moreover, levels of KLF5 expression correlated with those
of FBXO32 and TRIM63 expression (SI Appendix, Fig. S7C).
Consistent with those findings, KLF5 expression correlated with
age in a separate RNA-seq dataset (GSE129643) from muscle
samples from healthy individuals of various ages (SI Appendix,
Fig. S7C) (33). In that gene set and an additional gene set that
analyzed the transcriptomes in muscle samples from healthy el-
derly subjects with or without sarcopenia (GSE111017) (34),
KLF5 expression levels correlated with those of FBXO32 and
TRIM63 (SI Appendix, Fig. S7 D and E). These results indicate
that KLF5 expression associates with FBX032 and TRIM63 ex-
pression in human muscle. KLF5 expression thus appears to be
positively correlated with age-related muscle atrophy in humans.
Levels of KIf5 and Fbxo32 expression were also higher in gas-
trocnemius muscles from aged (2 y old) mice than from young
(8 wk old) mice (SI Appendix, Fig. S8). Trim63 expression tended
to be similarly increased, but the difference did not reach statistical
significance. These mouse results corroborate the age-associated
up-regulation of KIf5 in muscles.

Discussion

Muscle atrophy is caused by a combination of multiple factors,
including malnutrition and mechanical unloading or disuse. The
results of this study demonstrated the essential role of KLF5 in
the control of muscle atrophy. First, KLF5 is indispensable for
induction of E3 ubiquitin ligases and muscle atrophy caused by
Dex and microgravity, which mimic unloading in vitro. Second,
muscle-specific deletion of KIf5 rescued hind-limb muscles from
atrophy caused by unloading. Third, administration of a KLF5
inhibitor, Am80, attenuated muscle atrophy in vitro and in vivo.

KLF5 has multiple functions in skeletal muscle. It is an im-
portant regulator of skeletal muscle regeneration that acts by
regulating muscle-specific genes in cooperation with MyoD and
MEF2 (16). In addition, KLF5 controls fatty acid metabolism in
adult skeletal muscle in cooperation with PPAR-8 (15). In those
settings, KLF5 interacts with various transcription factors and
coregulators. In the present study, we found that KLF5 physically
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interacts with Foxol, with which it acts cooperatively to control
Fbxo32 transcription (Fig. 3 B-D). Our results highlight the
notion that its combinatorial interactions with other transcrip-
tion factors enable KLF5 to control different sets of genes in a
context-dependent manner in skeletal muscle. It is noteworthy
that by using a Pax7-CreER system, which enabled deletion of
KIf5 in undifferentiated myoblasts, we were able to show that
KLFS5 is necessary for early differentiation of myotubes. In the
present study, we used Ckm-driven Cre. Ckm expression was low
at the myoblast stage and was induced beginning 1 d after SC
differentiation had started (SI Appendix, Fig. S3). Consequently,
Kif5 expression was efficiently repressed beginning 2 d after the
onset of differentiation in SCs, and myotube differentiation was
not affected (SI Appendix, Fig. S3). Given that no obvious ab-
normalities were observed in the muscle mass, histology, fiber
type, or function in skeletal muscle in cKO mice (SI Appendix,
Fig. S2 A-D), it is likely that Kif5 was deleted from cKO mice
only after the early muscle differentiation processes that depend
on KLFS5 had been completed.

The present study also shows that Am80 efficiently suppresses
Dex- and microgravity-induced muscle atrophy in vitro and disuse-
induced muscle atrophy in mice in vivo. It was previously reported
that retinoids enhance myoblast differentiation and muscle repair
after injury and modulate lipid metabolism in myocytes, which
suggests they may exert beneficial effects mitigating muscle atro-
phy (35-41). This study shows that a retinoid could successfully
prevent muscle atrophy. Am80 was previously shown to inhibit
KLFS5 through at least two mechanisms: disruption of the KLF5/
RAR/RXR complex and inhibition of KIf5 expression (42, 43).
Am80 suppressed binding of KLF5 to the Fbxo32 enhancer and
inhibited its activation by Dex (Fig. 3B). Importantly, Am80 si-
multaneously decreased Foxol binding to the Fbxo32 enhancer,
suggesting Am80 impairs formation of a transactivation complex
on the enhancer. Although our motif analysis of Dex-opened
chromatin regions did not identify an RAR motif, unliganded
RAR can act as a coactivator of KLF5 at the site without a clear
RAR binding motif (17-19). It is therefore possible that RAR is
involved in regulating Fbxo32 and other atrophy-related genes,
though characterization of the regulatory role of RAR and the
global epigenetic effects of RAR agonists, such as Am80, during
muscle atrophy awaits further study.

Retinoic acid agonists may exert beneficial effects preventing
sarcopenia through multiple mechanisms in addition to inhibiting
the KLF5-dependent muscle atrophy program. RAR agonists pro-
mote muscle regeneration after injury, at least in part by suppressing
differentiation and promoting apoptosis of fibro/adipogenic pro-
genitor cells that lead muscle fibrosis and regeneration (40, 41).
Retinoids may also affect SC quiescence and differentiation. Stim-
ulation of retinoic acid signaling inhibits differentiation of mouse
SCs and human myoblasts, keeping them in an immature state (36).
A major portion of quiescent SCs in aged mice express a cellular
senescence marker, p16™ 4 (CDKN2A), and exhibit impaired
regeneration capacity due in part to their failure to enter the cell
cycle upon activation (44, 45). Because greater numbers of cell
cycles may induce DNA damage that drives cellular senescence (46,
47), retinoid-mediated maintaining SC quiescence may be beneficial
to maintaining a functional SC pool. In that regard, chronic in-
flammation has been shown to promote cellular senescence and
stem cell dysfunction (46), and retinoids have anti-inflammatory
and immunomodulatory properties (48). It will be important to
analyze the effects of retinoids on SC dysfunction in aging muscle.
In addition, sarcopenia often occurs in conjunction with various
age-associated pathologies, including osteopenia/osteoporosis and
cardiovascular diseases. Activation of RAR signaling has been
shown to be beneficial in various age-associated diseases (49),
making retinoids attractive drug candidates for patients exhibiting
multimorbidity.
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Several KLF members have been shown to have various func-
tions in skeletal muscle (13). For instance, a recent study revealed
that KLF15 mediates hyperglycemia-induced skeletal muscle at-
rophy (50). KLF15 is a substrate of E3 ubiquitin ligase WWPL.
Because WWP1 function is down-regulated by hyperglycemia,
KLF15 accumulates within myocytes, resulting in atrophy. KLF15
is also induced by Dex in vitro and in vivo, and overexpression of
KIfI5 up-regulates atrophy-related genes (51). In that study, KLF15
was shown to transactivate Fbxo32. However, conflicting data have
also been reported (52) (i.e., moderate overexpression of KiIf15 in
skeletal muscle did not induce muscle atrophy, and KIf15 deletion
did not affect chronic Dex-induced muscle atrophy). The role of
KLF15 in Dex-induced muscle atrophy thus remains unclear.
KLF5 is induced in response to Dex and unloading, whereas
KLF15 is activated by hyperglycemia and possibly by Dex. This
suggests the two may respond to different signals to regulate genes
involved in muscle atrophy, including shared target genes, such as
Fbxo32. And while both KLF5 and KLF15 control metabolic
genes, they appear to play different roles in metabolic regulation.
For instance, KLF15 is activated by fasting and promotes amino
acid catabolism (53, 54). Because metabolic changes are integral to
muscle atrophy, it will be important to elucidate the interactions
among KLF members in muscle metabolism.

Previous studies showed that Foxo family members, including
Foxo1l and Foxo3, regulate both the ubiquitin—proteasome system
and the autophagy pathway during atrophy (6, 10, 55). Although
Foxo1l and Foxo3 both belong to the Foxo transcriptional protein
family and share overlapping structure and function, they harbor
several important differences. Only systemic deletion of Foxol is
embryonically lethal in mice (56), which implies the functions of
Foxo1 are indispensable and cannot be compensated for by other
Foxos. In the present study, we found that KLF5 directly interacts
with Foxol but not Foxo3. However, this does not necessarily
exclude the possibility that the KLF5-mediated atrophy program is
affected by Foxo3. In fact, the transcriptional regulatory region of
Foxol contains a consensus Forkhead response element that is
activated by Foxo3 (57).

Several human studies have demonstrated that KLF5 expres-
sion is higher in muscles of aged subjects than young subjects (33,
58). Similarly, the level of KIf5 expression was higher in muscles of
aged (2 y old) mice than young (8 wk old) mice (SI Appendix, Fig.
S8). Using three publicly available datasets, we also found that
KLF5 expression increases with age, the level of KLF5 expression
is positively associated with those of FBXO32 and TRIM63, and
KLF5 expression tends to be increased after the bedrest (ST Ap-
pendix, Fig. S7). These results, along with our finding that KLF5 is
important for regulation of atrophy-related genes (e.g., Fbxo32
and Trim63) in models of physical inactivity (TS) and metabolic
alteration (Dex), suggest that KLF5 may also be involved in the
pathogenesis of disuse-induced muscle atrophy in humans. How-
ever, human disuse muscle atrophy is often caused by longer and/
or repetitive physical inactivity. Moreover, sarcopenia is likely to
involve multiple factors that include both physical and metabolic
alterations. Accordingly, more studies are clearly needed to elu-
cidate the precise roles of KLF5 in human muscle atrophy and
sarcopenia.

In summary, our present study indicates that KLF5 is an im-
portant regulator of muscle atrophy caused by unloading and
DEX administration in mice. Although a variety of candidate
drugs, including myostatin/ActR2 signaling inhibitors, exercise
mimetics, anabolic hormones, and natural compounds, are under
investigation, no therapeutic strategy or medication for sarcopenia
has yet been established. Our findings demonstrate that a KLF5
inhibitor, Am80, protects mouse muscle from atrophy. As Am8&0 is
already approved for clinical use in the treatment of promyelocytic
leukemia (59), its safety and stability are established. We therefore
suggest that pharmacological intervention with Am80 is a poten-
tially effective means of preventing muscle atrophy.
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Materials and Methods

Antibodies. For Western blotting, rat anti-KLF5 (16), mouse anti-Atrogin-1
(MAFbx (F-9): sc-166806, Santa Cruz), mouse anti-MuRF1 (MuRF1(C-11): sc-
398608, Santa Cruz), and mouse anti-beta-tubulin (Wako) antibodies were
used. For ChIP-PCR, anti-Foxo1 (Abcam, ab39670) and anti-H3K27Ac (Abcam,
ab4729) were used.

Mice. C57BL/6J (WT) mice were purchased from Sankyo Labo Service. K/f57x/flox
(Ctrl) mice (Jackson Laboratory, 029787) were bred with Ckm-Cre mice (25) to
generate Ckm-Cre;KIf57fox (cKO) mice. Seven- to nine-week-old male Ctrl
and cKO mice were randomized into groups for oral administration of Am80
or DMSO.

All mice were housed in a temperature- and humidity-controlled room
with a 12-h light/dark cycle. All animal experiments were approved by the
Institutional Animal Care and Use Committee and Genetically Modified
Organisms Safety Committee of Tokyo Medical and Dental University
(Approval No. 0170317A and 2015-007C, respectively) and conducted in
accordance with the guidelines concerning the management and handling
of experimental animals.

Am80 Administration. Am80 was synthesized as described previously (60) and
was initially prepared in a 10 mmol/l stock solution in DMSO and then fur-
ther diluted with saline. Oral administration of Am80 (3.0 mg/kg/day) or
vehicle alone to mice was commenced 1 d prior to TS and then continued for
3 d during TS.

TS. The TS device was from Takatsuka Life Science. To induce hind limb muscle
atrophy, Ctrl and cKO mice were held by their tails in a fixed position with
adhesive tape to ensure that their hind legs could not touch the ground. They
could move freely within their cage using their forelimbs and accessed their
food just as control mice did. After suspension for 3, 7, or 14 d, the gas-
trocnemius and soleus muscles were harvested.

Cell Culture. C2C12 mouse skeletal muscle cells (American Type Culture Col-
lection; ATCC No. CRL-1772, passage numbers 6 to 8) were cultured at 37 °C
under 5% CO; in Dulbecco’s modified Eagle medium (DMEM; NACALAI TES-
QUE, INC.) supplemented with 10% fetal bovine serum (FBS; GE Healthcare
Life Science) and 1% penicillin-streptomycin (NACALAI TESQUE, INC.). Cells
were passaged every 3 d. To induce differentiation, when cells reached about
90% confluence, the growth medium was replaced with differentiation me-
dium composed of DMEM supplemented with 2% horse serum (GE Healthcare
Life Science) and 1% penicillin-streptomycin. After differentiation for 3 d,
C2C12 myotubes were treated with 10 pM DEX and/or 100 nM Am80 for the
indicated times.

Plasmid Vectors and Transfection. pFlag-CMV2-mouse Foxo1 expression plasmid
was a generous gift from Dr. Nakae (International University of Health and
Welfare, Narita, Japan), and pGL3-Fbx032 promoter luciferase plasmid was a
generous gift from Dr. Lecker (Beth Israel Deaconess Medical Center, Boston,
MA). The plasmids were transfected into C2C12 cells using Lipofectamine 2000
reagent (Thermo). At 24 h after transfection, total cell lysates were collected
and subjected to immunoprecipitation.

SC Isolation, Culture Conditions. Mouse primary SCs were isolated from hin-
dlimb muscles from male Ckm-Cre;KIf57°Xfo% and control (KIf57°/f°%) mice.
After excess fat, connective tissue, and tendons were removed, hindlimb
muscles were minced and digested in 0.2% collagenase type Il (Worthington
Biochemical Corp.) for 1 h at 37 °C. Mononuclear cells were stained with PE-
Cy7-conjugated anti-CD31, -CD45, and -Ly6A/E as well as fluorescein iso-
thiocyanate (FITC)-conjugated anti-CD106 antibodies for 30 min on ice and
resuspended in phosphate buffered saline (PBS) containing 2% FBS. SCs
were isolated using a fluorescence-activated cell sorting (FACS) Aria Il flow
cytometer (BD Biosciences). Debris and dead cells were excluded by forward
scatter, side scatter, and 7-AAD gating. Data were collected using FACS Diva
software and FlowJo (BD Biosciences). SCs were cultured in GlutaMax DMEM
(Life Technologies) supplemented with 20% FBS, 10 ng/mL basic fibroblast
growth factor (Cell Signaling Technology, Beverly, MA), 0.2 pg/cm? iMatrix-
511 silk (Takara bio), and 1% penicillin-streptomycin at 37 °C under 5% CO,.
Myogenic differentiation was induced in GlutaMax DMEM supplemented
with 5% horse serum and 1% penicillin-streptomycin on Matrigel-coated
plate at 37 °C under 5% CO,.

3D-Clinorotation Culture. Microgravity conditions were produced using a
3D-Clinorotation apparatus (Gravite, Space Bio-Laboratories Co., Ltd.) as
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descried previously (61). This device produces an environment similar to
that of outer space (0.001 G) by rotating a sample around two axes, in-
tegrating a gravity vector with a temporal axis. This is accomplished by
rotation of a chamber at the center of the device, which results in uniform
dispersion of the gravity vector within a spherical volume, with a constant
angular velocity. Within 8 min, these conditions produced a simulated
environment of 1073 G, measured with a gravity acceleration sensor,
which was defined as simulated microgravity. Differentiated C2C12
myotubes were cultured in a cell culture flask (T-75, Corning) with or
without 100 nM Am80 for 48 h in the simulated microgravity at 37 °C. As a
control, C2C12 myotubes in the same cell culture flask were cultured
under the ground conditions at 37 °C.

RT-PCR Analysis. Total RNA from cultured cells or mouse tissue was isolated
using ISOGEN (NIPPON GENE) according to the manufacturer instructions.
Complementary DNA (cDNA) was synthesized using ReverTra Ace gPCR RT
Master Mix with genomic DNA (gDNA) Remover (TOYOBO CO., LTD.). All
gPCR protocols were performed with StepOne Plus (Applied Biosystems)
using a KAPA SYBR FAST ABI Prism gPCR Kit (KAPA BIOSYSTEMS). Primers are
listed in SI Appendix, Table S2.

RNA-Seq. Total RNA was isolated and purified using RNeasy columns and
RNase-free DNase digestion according to the manufacturer’s instructions
(QIAGEN). Poly-A mRNA was extracted from total RNA using Oligo-dT beads
in a NEBNext Poly(A) RNA Magnetic Isolation Module (New England Biolabs),
after which RNA-seq libraries are prepared using an RNA-Seq library prep-
aration kit for lllumina (New England Biolabs) according to the manufac-
turer’s protocols. Libraries were single-end sequenced on a Hiseq1500
sequencer (lllumina). Reads were aligned with the mm9 mouse genome
using STAR (62). Aligned read files were analyzed using HOMER (63). Dif-
ferentially expressed genes were analyzed using DESeq2 (64). Gene set
analysis was performed using Metascape (65). K-means clustering was per-
formed using Cluster 3.0.

For analysis of publicly available human RNA-seq datasets, FASTQ files were
downloaded from the Gene Expression Omnibus (GEO). Reads were aligned
with the hg38 human genome using STAR (62). Aligned read files were then
analyzed using HOMER (63), after which transcripts per kilobase million values
were calculated. GSE111017 contained data from three cohorts. Because initial
analyses showed that expression levels of KLF5 and other marker genes in one
cohort (Jamaica Sarcopenia Study) diverged from the other two cohorts
(Hertfordshire Sarcopenia Study and Singapore Sarcopenia Study), we used
the data from the latter two cohorts for further analyses.

ChIP. For ChIP-gPCR, 1 x 107 C2C12 cells were used. Briefly, the cells were
crosslinked in 2 mM disuccinimidyl glutarate (Thermo Fisher) and 1% formal-
dehyde, after which they were collected and resuspended for 5 min in swelling
buffer (10 mM Hepes/KOH pH 7.9, 85 mM KCl, 1 mM ethylenediamine tetra-
acetic acid [EDTA], 0.5% IGEPAL CA-630) containing protease inhibitors. The
cells were then spun down and resuspended in 500 pL lysis buffer (50 mM Tris/
HCL pH 7.4, 1% sodium dodecyl sulfate [SDS], 0.5% Empigen BB, 10 mM EDTA)
containing protease inhibitors, and chromatin was sheared by sonication. The
lysate was diluted with 750 pL dilution buffer (20 mM Tris/HCl, 100 mM Nadcl,
0.5% TritonX-100, 2 mM EDTA), after which 1% was taken as input DNA, and
immunoprecipitation was carried out overnight using Dynabeads protein G
(Thermo Fisher) coated with specific antibody. Thereafter, the beads were
washed two times each with wash buffer | (20 mM Tris/HCl, 150 mM Nadl,
0.1% SDS, 1% Triton X-100, 2 mM EDTA), wash buffer Il (10 mM Tris/HCl,
250 mM LiCl, 1% IGEPAL CA-630, 0.7% Na-deoxycholate, 1 mM EDTA), TE plus
0.2% triton X-100, and TE plus 50 mM NaCl and then eluted with elution
buffer (TE, 2% SDS). DNA was reverse crosslinked and purified using a
QIAquick PCR purification Kit (Qiagen) according to the manufacturer’s
instructions.

ATAC-Seq Library Preparation. Approximately 50,000 cells were washed once
with PBS and once with cold lysis buffer (10 mM Tris HCl, pH 7.4, 10 mM Nacl,
3 mM MgCl2, 0.1% IGEPAL CA-630). The cells were then suspended in 50 pL
1x reaction buffer (25 uL Tagment DNA Buffer, 2.5 pL Tagment DNA enzyme
I, and 22.5 pL water) (Nextera DNA Library Preparation Kit, lllumina) as
previously described (66). Transposase reactions were carried out at 37 °C for
30 min, and the DNA was immediately purified using a PCR purification Kit
(Qiagen). The DNA was amplified for 14 cycles using Nextera primer Ad1 and
a unique Ad2.n barcoding primer with NEBNext High-Fidelity 2XPCR Master
Mix (NEB). The resulting libraries were size selected, single-end sequenced
using a HiSEq1500 sequencer (lllumina) for 51 cycles according to the
manufacturer’s instructions.
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Reads were aligned with the mm9 mouse genome using STAR (62). Peak
detection and de novo motif analysis were carried out using HOMER (63).
Peaks that overlapped blacklisted regions (67) or simple repeat regions were
removed. For identification of ATAC peaks affected by Dex, peaks detected
in the control and Dex-treated samples were merged. To focus on potential
enhancers, ATAC peaks in the vicinity of the transcription start and stop sites
were removed. Counts within 200 base pair (bp) around the merged ATAC
peaks were calculated and analyzed using DESeg2. The ATAC peaks with
counts in the Dex samples that were more than twofold greater than those
in the control samples were used as Dex-opened peaks and subjected to de
novo motif analysis. ATAC-seq peaks, indicating loci opened in response to
Dex, were analyzed using GREAT (68).

Immunoprecipitation. Immunoprecipitation of Flag-tagged proteins was per-
formed using a FLAG Immunoprecipitation Kit (Sigma) according to the man-
ufacturer’s instructions. Briefly, differentiated C2C12 myotubes were lysed for
30 min in buffer containing 50 mM Tris HCI, 150 mM NacCl, 1 mM EDTA, and 1%
Triton X-100. Aliquots of cell lysate containing 600 pg of whole-cell protein
were mixed with washed ANTI-FLAG M2 affinity gel and incubated overnight at
4 °C. After the incubation, the samples were washed three times with 1x wash
buffer (50 mM Tris HCl, 150 mM Nadl), and Flag-tagged protein was precipi-
tated from SDS sample buffer by heating the sample to 98 °C for 5 min.

Western Blotting. Whole-cell protein was isolated using radioimmunoprecipitation
assay (RIPA)-SDS buffer (5 M NaCl, 1 M Hepes, 20% Nonidet P-40, 10% sodium
deoxycholate, 10% SDS, 0.5 M EDTA (pH 8.0)). Equal amounts of protein
(30 pg/lane) were separated with SDS-polyacrylamide gel electrophoresis (PAGE)
(10% Separating gel), transferred to polyvinylidene difluoride (PVDF) membranes,
and blocked with 5% bovine serum albumin (Wako)/T-TBS for 1 h at room
temperature. The membranes were then incubated first overnight at 4 °C with
primary antibody and then for 1 h at room temperature with anti-rat IgG HRP-
linked whole antibody (GE Healthcare) and anti-mouse IgG HRP-linked whole
antibody (GE Healthcare). The signal was detected with ECL Prime Western
Blotting Detection Reagent (GE Healthcare) according to the manufacturer’s in-
structions. Each experiment was replicated at least three times.

Hematoxylin and Eosin (H&E) Staining. Soleus and gastrocnemius muscles were
fixed by immersion in Tissue-Tek Ufix (Sakura finetek) and embedded in
paraffin blocks. Then, 10-um-thick sections were deparaffinized, rehydrated,
stained with hematoxylin for 3 min, washed with running water for 15 min,
stained in eosin for 15 min, quickly washed in a 70, 80, 90, 95, and 100%
EtOH series, and finally washed twice in xylene and then examined by light
microscopy. H&E-stained section of gastrocnemius was analyzed by Cell-
Sence software (Olympus Life Science). Muscle fiber diameters were mea-
sured in photomicrographs of H&E-stained muscle tissue sections. One
thousand myofibers per condition were randomly counted, and the data are
shown as mean size + SD.

Measurement of the Diameter of C2C12 Myotubes and the Length of SC-Derived
Myotubes. Images of myotubes were acquired using a phase contrast micro-
scope (Olympus) and analyzed using Image J (NIH) and CellSence software
(Olympus Life Science). Myotubes were defined as elongated structures con-
taining three or more nuclei within a single membrane structure (69). Most
myotubes were aligned to the uniaxial isometric lines of strain, but some
singular branched dysmorphic myotubes were counted. Myotube diameters
were calculated as the average of 10 measurements for a representative
measure (70, 71). One hundred randomly selected myotubes per experimental
condition were counted. To evaluate SC-derived myotubes, myotube length
was calculated as the average of 10 measurements along the myotube length
(72). One hundred randomly selected myotubes per experimental condition
were counted. For all measurements, 3 to 6 images from at least three
replicates were used.

Statistics and Reproducibility. Statistical analyses were performed using Graph
Pad Prism 8 and 9 software and with Python using numpy and scipy. The images
were prepared using Adobe lllustrator CS5 and Photoshop CS5.1 and with
Python using matplotlib and seaborn. Heatmaps were generated using Java
Treeview (73). Sample sizes were not based on power calculations. Data are
presented as the mean + SD, except where otherwise indicated. For experi-
ments involving two factors, data were analyzed using two-way ANOVA fol-
lowed by Tukey's or Dunnett's post hoc tests, except where otherwise
indicated. Individual pair-wise comparisons were made using Student’s t test,
except where otherwise indicated. Values of P < 0.05 were considered
significant.
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