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Fig. 6 - Impaired muscle regeneration of POMGnT1 ™/~ mice. upper panel: representative Oil red O-stained or Sirius red-stained
cross-sections of TA muscles of POMGnT1~~(—/-) and POMGnT1*/~ (+/—) mice after three rounds of degeneration/regeneration
evoked by cardiotoxin injection. One week after the last CTX injection, TA muscles were dissected, sectioned by a cryostat,
fixed, and stained. lower table: Summary of fatty infiltration and fibrosis in regenerated muscles. CTX was injected into TA
muscles three times with 2 weeks interval (2w) or 1 week interval (1w). The age at the first injection was shown. (-), well
regenerated with minimal changes. (—-+), sporadic fatty regeneration or slight fibrosis between fibers. (+), mild fatty
infiltration or mild fibrosis. (++), dense fatty infiltration or extensive fibrosis. F, female; M, male.

regulation of cell survival and proliferation. The levels of
phosphorylation of these two kinases in POMGnT17/~
myoblasts were similar with those in wild-type myoblasts
(Supplementary Fig. 1C). Consistent with these observations,
TUNEL assay indicated that apoptosis is rare both in
POMGnT1~/~ and wild-type muscles (data not shown).

3. Discussion

In this study, we showed that in spite of mild muscle
degeneration, the POMGnT1 -/~ satellite cells have much lower
proliferative activity than wild-type satellite cells. The defect
was not recovered by restoration of normal glycosylation of a-
DG in mutant satellite cells. Together with the reduced sizes
and the reduced numbers of myofibers of neonatal and adult
POMGnT1 ™/~ mice, these observations suggest that deficiency
of POMGnT1 enzymatic activity impairs the functions of sa-
tellite cells.

3.1.  Two mouse models of muscle-eye-brain (MEB) disease

Our POMGnT1~/~ mice are the second mouse model of
MEB disease. The first one was generated by gene trapping
with a retroviral vector inserted into the second exon of
the mouse POMGnT1 locus (Liu et al,, 2006). As described in
the literature, the phenotype is similar to ours with some

differences. Our model shows much milder muscle pheno-
types than the previously reported model, but also shows
much a lower survival rate in the postnatal stage than the
first model does. This would be due to more severe develop-
mental abnormalities of the central nervous system of our
mouse model, including disruption of the glia limitans,
abnormal migration of neurons, and reactive gliosis in the
cerebral cortex (manuscript in preparation), although these
are also observed in the first model (Yang et al, 2007; Hu
et al., 2007).

Mutation of the POMGnT1 gene is the cause of muscle-eye-
brain disease (MEB) (Yoshida et al., 2001), which is character-
ized by severe congenital muscular dystrophy (Voit and Tome,
2004). Although glycosylation of «-DG was completely per-
turbed in our model, the POMGnT1~/~ muscle showed only
marginal pathological changes. Furthermore, POMGnT1™/~
muscle showed normally formed muscle basal lamina on
EM. These observations are in sharp contrast to the condition
in humans. One possibility is that in the mouse, molecules
other than «-DG are involved in the linkage of the sarco-
lemma with the extracellular matrix proteins, stabilizing the
plasma membrane. As a candidate molecule, we examined
Bl-integrin expression in POMGnT1~/~ muscle, but found that
the level was not up-regulated. Therefore, the mechanism
that explains this discrepancy remains to be clarified in a fu-
ture study.
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Fig. 7 - Activation and proliferation of satellite cells from WT and POMGnT1 ™~ mice. (A) Isolated myofibers were plated on

Matrigel-coated 24 well-plates at one myofiber per well. Three days later, activated satellite cells (SC, arrows) around the
parental fiber (mf) were counted and plotted. Small horizontal bars indicate the average number of activated/proliferating
satellite cells originating from a myofiber from three independent experiments. Student’s t-test. “p < 0.01 (wild-type vs.
POMGnT1~/~ mice). (B) Satellite cells from WT and POMGnT1 ™~ mice 7 days after plating onto Matrigel-coated 24-well-plates
at 2.5 x 10° cells/well. Scale bar, 100 pm.
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Fig. 8 - Restoration of POMGnT1 expression in POMGnT1 ™~ myoblasts does not improve proliferation of cells. (A) Wild-type
(WT) and POMGnT1~/~ myoblasts were transduced with a retrovirus expressing both POMGnT1 and GFP (POMGnT1) or only
GFP (GFP, control), and the FACS-purified transduced cells were stained with anti-glycosylated «-DG monoclonal antibody
(V1A4-1; red) and DAPI (Nucleus, blue). Note that the glycosylation of a-DG in POMGnT1 ™~ myoblasts was completely
recovered by a retrovirus vector expressing POMGnT1. (B) MTT assay of wild-type (WT) and POMGnT1™/~ myoblasts after
infection with retrovirus vectors. Impaired proliferation of POMGnT1 ™~ myoblasts was not recovered by retrovirus-mediated
expression of POMGnT1. Representative data of three independent experiments are shown.
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3.2.  Null mutation in POMGnT1 reduces proliferative However, retrovirus vector-mediated gene transfer of the
activity of muscle satellite cells POMGnT1 gene, which successfully restored O-mannosyl gly-
cosylation of «-DG, did not restore the proliferation activity

POMGnT1™/~ myoblasts proliferate poorly in vitro. This of the POMGnT1™~ myoblasts. DMD myoblasts proliferate
observation suggested that the proliferation of myoblasts is poorly and quickly reach senescence. The impaired prolifera-
stimulated by growth signals via laminin-«-DG interaction. tion activity has been ascribed to repeated activation of
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satellite cells due to repetitive cycles of muscle degeneration
and regeneration (Blau et al., 1983). in contrast, POMGnT1 ™/~
muscle lacks signs of active regeneration. Therefore, the re-
duced proliferation activity of POMGnT1~/~ mouse myoblasts
is not likely due to excessive cell division of satellite cells.
Rather, it is likely that a-DG-laminin interaction in the niche,
i.e. beneath the basal lamina of skeletal muscle myofibers, is
important for maintenance of proliferative activity of satellite
cells. However, the possibility that POMGnT1-deficiency
causes aberrant glycosylation of molecules other than «-DG
should be also tested.

Our results also suggested that the lack of «-DG-laminin
interaction resulted in reduced numbers of muscle fibers
(hypoplasia). Importantly, we found that myofibers of older
POMGnT1™~ mice tend to be hypertrophied (Supplementary
Fig. 2). POMGnT1™~ muscle might compensate the muscle
power by hypertrophy of the myofibers. This is consistent
with our observation that POMGnT1™~ muscle increases its
mass in an overload model (unpublished data). Importantly,
recent studies suggest that this process is satellite cell-inde-
pendent (Sandri M., 2008).

Recently, Liu et al. showed that over-expression of integrin
«7f1 in C2C12 myoblasts promoted proliferation of the cells
(Liu et al., 2008). Importantly, however, we did not observe
up-regulation of integrin «7p1 expression in POMGnT1™~ sa-
tellite cells. These observations suggest that dystroglycans
and integrins have distinct roles in the regulation of muscle
satellite cells.

In summary, we generated POMGnT1-null mice. The mice
showed low serum creatine kinase levels and minimal signs
of muscle degeneration and regeneration. Nonetheless, POM-
GnT1™~ muscle showed the reduction in the size and the
number of myofibers. Furthermore, repeated injection of car-
diotoxin showed impaired muscle regeneration in POMGnT1™
- mice. POMGnT1™~/~ myoblasts proliferated poorly in vitro.
Over-expression of protein restored glycosylation of «-DG,
but did not improve the proliferation of POMGnT1™'~ myo-
blasts at all. Collectively, our results suggest that POMGnT1
enzymatic activity is important for maintenance of the prolif-
erative activity of satellite cells in vivo.

4, Experimental procedures

4.1.  Generation of POMGnT1 ™/~ mice

The targeting strategy in ES cells is depicted in Fig. 1. Geno-
mic DNA (8.6 kb) covering almost the entire POMGnT1 gene
was isolated from 129/Sv] mice by using two specific primers:
m1F2 primer, 5'-gat tcc tga agt cat gga ctg gc-3’ and m1BS5, 5'-
tct aaa ggt ctc tgt gtg agt ctg tca g-3'. The PCR product was
then cloned into a TOPO TA cloning vector (Invitrogen, Carls-
bad, CA) and sequenced (AB053221). To construct the target-
ing vector, a 630-bp Rsrii-Hind III fragment, containing
exonl18 was replaced with a neo expression cassette (Strata-
gene) (Fig. 1). Electroporation and screening of ES cells
(129Svev origin) were performed by Ingenious Targeting Labo-
ratory, Inc. (Stony Brook, NY). Homologous recombination in
ES cells was confirmed by Southern blotting. Two indepen-
dent positive ES clones were injected into C57BL/6 blastocysts,

which gave rise to offspring carrying the mutated allele.
Genotyping of the mice was done by PCR. One primer set is
designed to amplify exon 18: F2, 5'-cag cag ttt cct tcc tic taa
cce-3' and B4, 5'-att tgg tct ggt ccc ttg get c-37 (278 bp). Neo
primers were used to amplify the neo resistance gene, and
thereby detect the mutant allele: neo-F, 5'-agg cta ttc ggc tat
gac tgg g-3/, and neo-R, 5'-tac ttt ctc ggc agg age aag gtg-3’
(288 bp). Dystrophin-deficient mdx mice of C57BL/6 genetic
background were provided by T. Sasaoka at the National Insti-
tute for Basic Biology, Japan. The Experimental Animal Care
and Use Committee of the National Institute of Neuroscience
approved all experimental protocols.

4.2. POMGnT1 enzymatic activity

Brains were obtained from 8-week-old mice and homoge-
nized with nine volumes (weight/volume) of 10 mM Tris-
HCl, pH 7.4, 1 mM EDTA, and 250 mM sucrose. After centrifu-
gation at 900g for 10 min, the supernatant was subjected to
ultracentrifugation at 100,000g for 1 h. The precipitates were
used as the microsomal membrane fraction. The protein con-
centration was determined by BCA assay (Pierce, Rockford, IL).
The enzymatic activity assay measured the amount of
[PH]GIcNAC transferred to a mannosyl peptide (Akasaka-Man-
ya et al., 2004). Briefly, a reaction mixture containing 140 mM
Mes buffer (pH 7.0), 1 mM UDP-[*H]GlcNAc {80,000 dpm/nmol,
PerkinElmer, Inc., Wellesley, MA), 2 mM mannosyl peptide
(Ac-Ala-Ala-Pro-Thr-(Man)-Pro-Val-Ala-Ala-Pro-NH,), 10mM
MnCl,, 2% Triton X-100, 5 mM AMP, 200 mM GlcNAc, 10% glyc-
erol, and 100 ug of microsomal membrane fraction was incu-
bated at 37 °C for 1 h. After boiling for 3 min, the mixture was
analyzed by reverse phase HPLC using a Wakopak 5C18-200
column (4.6 x 250 mm, Wako Pure Chemical Industries, Osa-
ka, Japan). The gradient solvents were aqueous 0.1% trifluoro-
acetic acid (solvent A) and acetonitrile containing 0.1%
triflucroacetic acid (solvent B). The mobile phase consisted
of 100% A for 10 min and then a linear gradient to 75%
A:25% B over 25 min. Peptide separation was monitored at
214 nm, and the radioactivity of each fraction {1 ml) was mea-
sured using a liquid scintillation counter.

4.3. Antibodies

All antibodies used in Western blotting, immunohisto-
chemistry, and FACS are listed in Supplementary Table 1.

4.4.  Histology and immunohistochemical analysis

Muscle cryosections (6-10 pm) were stained with hematox-
ylin and eosin (H&E), or treated with 0.1% Triton X-100,
blocked with 5% goat serum/1% BSA in PBS, then incubated
with primary antibodies (Supplementary Table 1) at 4 °C over-
night. After washing with PBS, specimens were incubated
with a secondary antibody labeled with Alexa Fluor 488 or
Alexa Fluor 568 {1:200-400 dilution; Molecular Probes) at RT
for 1h, counterstained with TOTO-3 (1:5000; Molecular
Probes), and then mounted in Vectashield (Vector). The
images were recorded using a confocal laser scanning micro-
scope system TCSSP™ (Leica). For fiber size measurement,
cross-sections of muscle were stained with anti-laminin «2
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antibody and recorded and quantified by a digital microscope,
BIOREVO (http://www.biorevo.jp; KEYENCE, Osaka, Japan).

4.5.  Western blotting

Western blotting was performed as previously described
(Hosaka et al., 2002). In brief, 20 pg of muscle proteins were
separated on 7.5% SDS-PAGE gels and transferred to a
PVDF membrane (Millipore, Bedford, MA). After incubation
with primary antibodies (Supplementary Table 1), the
membranes were incubated in HRP-labeled secondary anti-
bodies (1:5000 dilution) (Amersham Biosciences, UK). The
signals were detected by using an ECL plus Western Blot-
ting Detection System (GE Healthcare, Buckinghamshire,
UK).

4.6.  Laminin blot overlay assay

An overlay assay was performed as described by Moore
et al. (2002). In brief, WGA-enriched homogenates were pre-
pared from wild-type and POMGnT1~/~ brains, separated on
SDS-PAGE gels, blotted onto a PDVF membrane, and incu-
bated with mouse EHS laminin (Trevigen, Gaithersburg, MD,
USA). Bound laminin was probed with anti-laminin antibody
(Sigma, St. Louis, MO) and ECL system (GE Healthcare, Buck-
inghamshire, UK).

4.7.  Single fiber preparation and culture

Single fibers were prepared from extensor digitorum lon-
gus (EDL) and soleus muscles of wild-type and POMGnT1~/~
mice as described by Rosenblatt et al. (1995). Each fiber was
plated onto Matrigel (BD Biosciences, Bedford, MA)-coated
24-well plates and cultured in growth medium for 3 days.
Then, the number of cells around the parental fiber was
counted.

4.8.  Isolation of satellite cells, proliferation assay, and
fusion index

Satellite cells were prepared from wild-type and POMGnT1 ™/~
mice by FACS as previously described (Fukada et al.,, 2007).
Sorted cells were plated on Matrigel-coated 24-well-plates at a
density of 1 x 10* cells/well in a growth medium, DMEM (High
glucose; Wako, Osaka), supplemented with 20% fetal bovine ser-
um (Equitech-bio, Inc., Kerville, TX), human recombinant bFGF
(2.5 ng/ml) (Invitrogen), recombinant mouse HGF (25 ng/ml)
(R&D Systems, Minneapolis, MN), and heparin (5 pg/ml) (Sigma).
For the MTT assay, 100 pl of 0.5% MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) (Dojindo, Kumamoto, Ja-
pan) was added to the culture at each time point, and after4h
incubation, the cells were collected in 1 ml of acid isopropanol
solution. ODsgp Was measured and plotted. After reaching 70%
confluency, the cells were induced to differentiate into
myotubes by low-serum medium (5% horse serum/DMEM),
and 18 h later, the cells were fixed, stained with anti-sarcomeric
s-actinin antibody and DAPI (nuclei). Fusion index was calcu-
lated as (the numbers of nuclei in the myotubes/total
nuclei) x 100%.

4.9.  Production of retrovirus vectors

pMXs-IG (Kitamura et al., 2003) was kindly provided by
T.Kitamura at Tokyo University. Human POMGnT1 cDNA,
which has an Xpress epitope and a His-tag at the N-terminal
(Akasaka-Manya et al., 2004), was cloned into the multi-clon-
ing site upstream of IRES-GFP of the vector. Vector particles
were produced by transfection of the vector plasmid into
PLAT-E packaging cells (Kitamura et al., 2003). Proliferating
satellite cells (myoblasts) were incubated with the viral vec-
tors overnight and 4 days later, successfully transduced GFP-
positive cells were collected by FACS, and the proliferation
rate was evaluated by MTT assay.

4.10. Electron microscopy

Mice were perfused transcardially with a solution of 2%
paraformaldehyde and 2.5% glutaraldehyde in PBS under
deep pentobarbital anesthesia. The anterior tibial muscles
were excised, embedded in 3% agarose, and sections (70 ym
in thickness) were prepared on a Vibratome. Sections were
fixed in OsOy, ehydrated, and embedded in Cartepoxy resin.
Ultrathin sections were prepared, stained with lead citrate
and uranyl acetate, and observed under a Hitachi H-7000
transmission electron microscope.

4.11. Measurement of serum creatine kinase (CK)

Blood samples were obtained from the tail vein or directly
from the heart at sacrifice. Serum CK level was measured by
colorimetric assay using an FDC3500 clinical biochemistry
autoanalyzer (FujiFilm Medical Co., Tokyo, Japan).

4.12. Cardiotoxin (CTX) injection

To induce muscle regeneration, CTX (10 pmol/L in saline;
Sigma, St. Louis, MO) was injected into the tibialis anterior
(TA) muscles three times at indicated intervals. The muscle
cross-sections were stained with Oil red O (Muto Pure Chem-
icals Co., Ltd., Tokyo, Japan) to detect lipid droplets, or with
Sirius red F3B (Sigma Chemical Co., St. Louis, MO) in saturated
picric acid to stain collagen fibers.
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SUMMARY

Maintenance of skeletal muscle mass relies on the
dynamic balance between anabolic and catabolic
processes and is important for motility, systemic
energy homeostasis, and viability. We identified direct
target genes of the glucocorticoid receptor (GR) in
skeletal muscle, i.e., REDD1 and KLF15. As well as
REDD1, KLF15 inhibits mTOR activity, but via a
distinct mechanism involving BCAT2 gene activation.
Moreover, KLF15 upregulates the expression of the
E3 ubiquitin ligases atrogin-1 and MuRF1 genes and
negatively modulates myofiber size. Thus, GR is
a liaison involving a variety of downstream molecular
cascades toward muscle atrophy. Notably, mTOR
activation inhibits GR transcription function and effi-
ciently counteracts the catabolic processes provoked
by glucocorticoids. This mutually exclusive crosstalk
between GR and mTOR, ahighly coordinated interac-
tion between the catabolic hormone signal and the
anabolic machinery, may be a rational mechanism
for fine-tuning of muscle volume and a potential ther-
apeutic target for muscle wasting.

INTRODUCTION

Muscle comprises ~40% of body mass and contributes not only
to the structure and movement of the body but also to nutrient
storage and supply (Matthews, 1999). In adult mammals, skeletal
muscle hypertrophy/atrophy is characterized by an increase/
decrease in the size (as opposed to the number) of individual
myofibers, respectively. The control of muscle mass is believed

to be determined by a dynamic balance between anabolic and
catabolic processes (Hoffman and Nader, 2004). Mammalian
target of rapamycin (mTOR) is a crucial component of the
anabolic machinery for protein synthesis. mTOR consists of
two complexes: mTORC1, which includes Raptor, signals to
S6K and 4E-BP1, controls protein synthesis, and is rapamycin
sensitive; and mTORC2, which includes Rictor, signals to Akt,
and is rapamycin insensitive. MTORC1 integrates four major
signals: growth factors, energy status, oxygen, and amino acids,
especially branched-chain amino acids (BCAAs). Prototypically,
insulin/IGF-1 activates mTOR via the PI3K-Akt pathway (Sen-
gupta et al., 2010). It is currently considered that mTORCA1,
and not mTORC2, is essential for the maintenance of muscle
mass and function (Bentzinger et al., 2008; Risson et al., 2009).
Protein degradation in skeletal muscle cells is essentially medi-
ated by the activity of two conserved pathways: the ubiquitin-
proteasomal pathway and the autophagic/lysosomal pathway
(Sandri, 2008). The ubiquitin-proteasomal pathway is respon-
sible for the turnover of the majority of soluble and myofibrillar
muscle proteins. The activity of this pathway is markedly
increased in atrophying muscle due to the transcriptional activa-
tion of a set of E3 ligase-encoding genes, e.g., atrogin-1 and
MuRF1 (Glass, 2003; Sandri et al., 2004). Autophagy also plays
an important role in the degradation of skeletal muscle, and is
indicated to be a consequence of an ordered transcriptional
program involving a battery of genes, e.g., LC3 and Bnip3
(Mizushima et al., 2008). These positive and negative pathways
are balanced in a highly coordinated manner for the determina-
tion of myofiber size and total muscle volume; however, distor-
tion of this balance with arelative increase in degradation results
in the generalized decrease of myofiber size and muscle atrophy
(Hoffman and Nader, 2004). Pioneering studies demonstrated
that muscle atrophy is a result of active processes that are tran-
scriptionally controlled through the expression of a particular
gene set; the forkhead box O (FoxO) transcription factors are
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common components of a number of atrophy models and act as
critical liaison molecules for protein degradation and autophagy
via the transcriptional regulation of, for example, atrogin-1,
MuRF1, LC3, and Bnip3 (Mammucari et al., 2007; Sandri et al.,
2004; Stitt et al., 2004; Zhao et al., 2007). In clear contrast, it is
evident that each disease has proper signaling pathways to
FoxOs and that other components of the cellular machinery often
participate in the progression of atrophy (Moresi et al., 2010;
Suzuki et al., 2007). Therefore, for the development of therapies
against muscle atrophy, it should be addressed how the tran-
scriptional program triggered by a particular atrophy pathway
is orchestrated and how the balance of muscle protein synthesis
and degradation is distorted in each disease.

Adrenal glucocorticoids produce their actions via a signal
pathway involving the ubiquitously expressed glucocorticoid
receptor (GR), a prototypic member of the nuclear receptor
superfamily, which acts as a ligand-dependent transcription
factor. Upon binding glucocorticoids, GR translocates into the
nucleus and binds to the glucocorticoid response element
(GRE) in the promoters of target genes. The binding of liganded
receptors to target DNA is followed by the recruitment of medi-
ators and coactivators to the proximity of GRE, resulting in the
recruitment of RNA polymerase Il (RNAPII) to nearby transcrip-
tion start sites and the activation of transcription (Evans, 2005;
Meijsing et al., 2009). In skeletal muscle, glucocorticoids elicit
a variety of biological actions in the metabolism of glucose,
lipids, and proteins and contribute to metabolic homeostasis
(Munck et al., 1984). On the other hand, the prolonged overse-
cretion or exogenous administration of glucocorticoid gives
rise to undesirable effects including muscle atrophy (Munck
et al., 1984). Although many studies addressed the mechanism
of glucocorticoid-induced muscle atrophy, how the glucocorti-
coid-GR system generates the functional coupling between
metabolic regulation and volume adjustment in skeletal muscle
remains unsolved. Of note, many pathological conditions char-
acterized by muscle atrophy, e.g., sepsis, cachexia, starvation,
metabolic acidosis, and severe insulinopenia, are associated
with an increase in circulating glucocorticoid levels. Adrenalec-
tomy or treatment with the GR antagonist RU486 attenuates
muscle atrophy in sepsis, cachexia, starvation, and severe
insulinopenia (Menconi et al., 2007; Schakman et al., 2008).
Moreover, endogenous glucocorticoids were shown to be
essential for muscle atrophy in acute diabetic rodents (Hu
et al., 2009). Together, understanding the glucocorticoid-medi-
ated regulation of metabolism-volume coupling in muscle is
increasingly important for the management of not only muscle
atrophy but also these wasting/metabolic disorders.

Typically, glucocorticoid-induced muscle atrophy is charac-
terized by fast-twitch type Il glycolytic muscle fiber loss with
reduced or no impact on type | fibers. The mechanism of such
fiber specificity is yet unknown. Previous reports suggested
that the glucocorticoid-GR system has antianabolic and
catabolic effects and promotes degradation via the induction
of a set of genes including atrogin-1, MuRF1, and myostatin
(Menconi et al., 2007; Schakman et al., 2008). Although the
involvement of FoxO transcription factors is reported in the
gene regulation of atrogin-1 and MuRF1 under the presence of
excess glucocorticoids (Sandri et al., 2004; Stitt et al., 2004),
the biochemical role of GR in the transcriptional regulation of

muscle tissue has not yet been determined. Therefore, we inves-
tigated how GR-mediated gene expression coordinately modu-
lates antianabolic and catabolic actions to understand the func-
tional coupling of metabolism and volume regulation in muscle.

Inthe present study, we identified REDD1 and KLF15 genes as
direct targets of GR. REDD1 is known to be induced by various
stressors, including glucocorticoid, and to inhibit mTOR activity
via the sequestration of 14-3-3 and the increase of TSC1/2
activity (Wang et al., 2006; DeYoung et al., 2008). We clearly
identified the functional GRE via the promoter analysis of
REDD?1 gene. On the other hand, KLF15 is a recently discovered
transcription factor that is involved in several metabolic
processes in skeletal muscle; e.g., KLF15 transcriptionally upre-
gulates the gene expression of branched-chain aminotrans-
ferase 2 (BCAT2), a mitochondrial enzyme catalyzing the first
reaction in the catabolism of BCAA to accelerate BCAA degrada-
tion and alanine production in skeletal muscle (Gray et al., 2007).
Moreover, phenotypic analysis of cardiac-specific KLF15
knockout mice revealed marked left ventricular hypertrophy,
indicating the negative regulatory role of KLF15 on muscle
mass (Fisch et al., 2007). We here demonstrated that KLF15
participates in muscle catabolism via the transcriptional regula-
tion of atrogin-1 and MuRF1. Moreover, KLF15 affects mTOR
through BCAA degradation and negatively modulates myofiber
size. mTOR activation inhibits GR-mediated transcription by
suppressing GR recruitment onto target genes, strongly sug-
gesting a mutually exclusive crosstalk between mTOR and GR.
Pharmacological activation of mTOR with BCAA attenuated
GR-mediated gene expression, leading to the substantial resto-
ration of muscle in glucocorticoid-treated rats. We, therefore,
indicate the ctitical importance of the interaction of GR and
mTOR in the regulation of metabolism-volume coupling in skel-
etal muscle.

RESULTS

REDD1 and KLF15 Are Target Genes of GR in Skeletal
Muscle
GR levels were relatively high in type Il-rich gastrocnemius and
tibialis anterior muscles compared to type I-rich soleus muscle
in rats (Figure 1A). Figure 1B illustrates the comparison of the
effects of a 3 hr treatment with dexamethasone (DEX) on
mRNA expression of various genes between the gastrocnemius
and soleus muscles. Hormonal induction of mMRNA expression of
REDD1, atrogin-1, MuRF1, KLF15, FoxO1, FoxO3, and myosta-
tin, as well as the well-known GR target gene FKBP5 (Yoshikawa
etal., 2009), was observed in both muscles, but to a lesser extent
in the soleus muscle. Among the genes induced by DEX at 3 hr
(Figure 1B), the promoter regions of MuRF1 (Waddell et al.,
2008) and myostatin (Ma et al., 2001), but not atrogin-1 (Sandri
et al., 2004), contain functional GREs. In addition, REDD1 and
KLF15 were also considered as candidates of GR target genes
(see the Supplemental Information available online).
Concerning KLF15, we showed, in gastrocnemius muscle and
L6 myotubes but not in liver, that KLF15 mRNA and protein
expression was induced in a GR-dependent manner (Figure 2A).
The promoter region spanning from —4676 to +116 of KLF15
gene was not responsive to DEX; however, the activity of the
region spanning —2108 to +1331 was induced by DEX, and
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Figure 1. GR Protein Expression and Glucocorticoid-Dependent
mRNA Expression of Atrophy-Related Genes in Rat Skeletal Muscles
(A) GR protein levels in rat gastrocnemius (Gas), soleus (Sol), and tibialis ante-
rior (Tib). Left, representative immunoblots. Right, quantified protein levels of
GR relative to GAPDH (n = 9).

(B) Induction of mRNA levels of atrophy-related genes by dexamethasone
(DEX). Expression levels of the indicated mRNA in the muscles from rats 3 hr
after intraperitoneal injection with DEX were assessed in quantitative RT-
PCR (gRT-PCR). Results are shown as fold induction to vehicle-treated rats
(n=6).

(A and B) Error bars show SD. *p < 0.05, *p < 0.05 versus vehicle-treated rats.

this induction was inhibited by a GR antagonist RU486. The
deletion and mutational analyses of KLF15 promoter indicated
that both upper GRE1 and lower GRE2 sites were functional
(Figures 2B and 2C). The transient transfection assays using
the reporter constructs conveying these minimal GRE sites
clearly showed that each GRE is independently functional (Fig-
ure 2D). A chromatin immunoprecipitation (ChlP) assay revealed
that both GRE-like sequences were targeted by GR and that
RNAPIlI was incorporated onto the coding region of KLF15
gene in the presence of DEX in L6 cells (Figure 2E). We also
confirmed the DEX-dependent recruitment of endogenous GR
onto the KLF15 promoter in a skeletal muscle-specific manner
in vivo (Figure 2F). Similarly, we identified the functional GRE
on the REDD1 promoter region and confirmed REDD1 as a GR
target gene as well (Figure S1).

KLF15 Transactivates atrogin-1 and MuRF1 Genes

Next, we studied the alteration in the gene expression profile after
the direct injection of a KLF15-expressing adenovirus into the rat
tibialis anterior muscle. The exogenous expression of KLF15
increased KLF15 protein levels by approximately 5-fold (Fig-
ure 3A) and significantly induced mRNA expression of its target
gene BCAT2 as anticipated (Figure 3B). Moreover, mRNA
expression of atrogin-1, MuRF1, FoxO1, and FoxO3 was stimu-
lated by KLF15 (Figure 3B). We then focused on atrogin-1 and
MuRF1 and asked whether the DEX-mediated induction of their
mRNA expression was dependent on KLF15. For that purpose,
we tested the effect of knocking down the expression of GR or
KLF15 on mRNA expression of KLF15, atrogin-1, and MuRF1
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as well as another GR target gene REDD1 as a control. In L6
myoblasts, GR knockdown diminished the DEX-dependent
mRNA induction of all of these GR target genes. However,
KLF15 knockdown affected that of atrogin-1 and MuRF1 but
not REDD1 (Figure 3C). These results strongly indicate the critical
involvement of the GR-KLF15 cascade in the DEX-mediated up-
regulation of atrogin-1 and MuRF1 gene expression. To address
the role of KLF15 in the transcriptional regulation of atrogin-1and
MuRF1, we constructed luciferase reporter plasmids driven by
the promoter of rat atrogin-1 or MuRF1, and tested the effect of
the exogenous expression of KLF15in L6 myoblasts. The expres-
sion of the reporter genes was upregulated in a KLF15-depen-
dent manner (Figure 3D). Since the promoter regions of atrogin-
1 and MuRF1 contain a number of putative KLF15 recognition
sites, we performed ChlIP analyses; both promoters had multiple
KLF15 binding sites and some of them were located in the prox-
imity of FoxO binding sites and GRE (Figure 3E), and at least one
of these KLF15 sites of each promoter recruited KLF15 in a DEX-
dependent manner in vivo as well (Figure 3F). Note that atrogin-1
and MuRF1 were originally identified as FoxO target genes (San-
drietal., 2004; Waddell et al., 2008) and that KLF 15 induced FoxO
mRNA expression (Figure 3B). Indeed, the combination of KLF15
and FoxO significantly enhanced the promoter activity of atrogin-
1 and MuRF1 when compared to their individual effects (Fig-
ure 3G). Moreover, the direct injection of the adenovirus express-
ing constitutively active FoxO1 or KLF15 significantly increased
atrogin-1 and MuRF1 mRNA expression, and the expression of
both resulted in synergistic or additive effects in tibialis anterior
(Figure 3H). Therefore, it is likely that KLF15 and FoxO transcrip-
tion factors cooperatively upregulate the expression of atrogin-1
and MuRF1 genes.

GR-KLF 15 Axis Modulates BCAA Metaholism and mTOR
Activity

Next, we studied the effects of glucocorticoids, GR, and KLF15 on
BCAT2 and BCAA catabolismin skeletal muscle cells. In gastroc-
nemius muscle, mRNA expression of KLF15 preceded that of
BCAT2 after treatment with DEX (Figure 4A). Overexpression of
KLF15increased the BCAT2 promoter-luciferase reporter activity
(Figure 4B). Moreover, DEX-induced BCAT2 promoter activation
was inhibited by either RU486 or siKLF15 (Figure 4C), indicating
that KLF15 is mandatory for GR-mediated BCAT2 gene activa-
tion. BCAT2 enzyme activity was stimulated by DEX, and this
effect was abolished in the presence of RU486 (Figure 4D). In ti-
bialis anterior muscle and L6 myotubes, the adenovirus-mediated
exogenous expression of KLF15 significantly induced BCAT2
enzyme activity even in the absence of DEX (Figure 4E).

The measurement of intracellular amino acid levels clearly
revealed the accelerated catabolism of BCAA by KLF15 in
myotubes; the exogenous expression of KLF15 decreased the
levels of Val, Leu, and lle, with a reciprocal increase in Ala and
Gilu without significant alterations in, for example, Gly, Trp, Gin,
Tyr, and Phe, in L6 myotubes (Figure 4F). Amino acids, especially
BCAA, are believed to activate mTOR and to increase in associ-
ation with Rheb-mTOR (Sancak et al., 2010). We showed that
overexpression of KLF15 in C2C12 myotubes suppressed
mTOR activity as demonstrated by the decrease in the phosphor-
ylated form of S6K1. Moreover, mTOR activity was comple-
mented by the addition of excess BCAA (Figure 4G). Of note,
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Figure 2. Identification of KLF15 as a Direct GR Target Gene
(A) GR-dependent mRNA (left) and protein (right) expression of KLF15 in L6 myotubes treated with DEX and RU486 for 6 hr and in DEX-treated rat gastrocnemius

(see legend for Figure 1B).

(B) Identification of GREs in rat KLF15 promoter. Left, schematic of rat KLF15 promoter-luciferase reporter constructs. Positions of the primers for chromatin
immunoprecipitation (ChlP) in (E) and (F) are shown. Right, GR-dependent activation of rat KLF15 promoter-reporter genes. COS-7 cells were transfected
with the reporter constructs and 100 ng of GR expression plasmid and treated with DEX and RU486 for 18 hr.

(C) GR-dependent activation of rat KLF15 promoter-reporter genes in L6 myoblasts treated with DEX and RU486 for 18 hr.

(D) GR-dependent activation of reporter genes containing KLF15 promoter GREs. L6 myoblasts were transfected with the luciferase reporter constructs contain-
ing the GREs from rat KLF15 with GR expression plasmid and treated with DEX and RU486 for 18 hr.

(E) DEX-dependent recruitment of GR and RNAPII onto rat KLF15 gene. L6 myotubes treated with 1 uM DEX for 2 hr were subjected to ChiIP.

(F) Skeletal muscle-specific recruitment of GR onto rat KLF15 gene by DEX. DEX-treated rat gastrocnemius (Gas) and liver (see legend for Figure 1B) were
subjected to ChiP.

(A-F) Error bars show SD (n = 5). *p < 0.05.
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Figure 3. Transcriptional Reguliation of Atrogenes by KLF15 and FoxOs

(A and B) KLF15-dependent mRNA expression of atrophy-related genes. Recombinant adenovirus Ad-KLF15 was infected to rat tibialis anterior for 7 days.
(A) Immunoblot detection of ectopic KLF15. (B) gRT-PCR.

(C) Effects of knockdown of KLF15 or GR on DEX-dependent mRNA expression of atrophy-related genes. L6 myoblasts were transfected with control siRNA,
siRNA against KLF15, or siRNA against GR and treated with DEX for 18 hr.

(D) KLF15-dependent activation of rat atrogin-1 (left) and MuRF1 (right) promoter-reporter genes in L6 myoblasts.

(E) Mapping of the binding sites for KLF15, FoxOs, and GR in rat atrogin-1 and MuRF1 promoters. Top, putative binding sites identified inin silico promoter anal-
ysis (see the Experimental Procedures and the Supplemental Information). Bars indicate the positions of the primers for ChIP. Bottom, recruitment of KLF15 onto
rat atrogin-1 and MuRF1 promoters. L6 myotubes were infected with Ad-KLF15 for 5 days and subjected to ChIP using anti-KLF15 antibody.

(F) DEX-dependent recruitment of KLF15 onto rat atrogin-1 and MuRF1 promoters in rat gastrocnemius (see Figure 1B).

(G and H) Effects of FoxOs and KLF15 on rat atrogin-1 and MuRF1 promoter-reporter gene expression in L6 myoblasts (G) and on atrogin-1 and MuRF1 mRNA
expression inrat tibialis anterior (H). (G) Luciferase assay of L6 myoblasts transfected with the reporter constructs with or without FoxO1 and/or KLF15 expression
plasmids. (H) gRT-PCR analysis of rat tibialis anterior expressing ectopic KLF15 and/or constitutive active FoxO1 (3AFoxO1) for 3 days.

(B-H) Error bars show SD (n = 5). *p < 0.05, ¥p < 0.05 versus vehicle-treated cells, p < 0.05 versus mock-transfected cells, $p < 0.05 versus ChlP with normal IgG,
p < 0.05 versus mock-infected rats.
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the diameter of C2C12 myotubes was shortened by KLF15 and
rescued by BCAA (Figure 4G). Moreover, exogenous KLF15
reduced mTOR activity with fiber type-independent atrophy in
the tibialis anterior muscle (Figure 4H). Taken together, these
data indicate that KLF15 is a liaison molecule for GR in the induc-
tion of atrogenes and the acceleration of BCAA catabolism and
mTOR repression to decrease myofiber size.

mTOR Affects GR-Mediated Transcriptional Regulation
Since little is known ‘about how glucocorticoid-mediated cata-
bolic signal transduction is shut off, we next examined the effects
of mTOR blockade using rapamycin on GR-mediated gene
expression in L6 myotubes. Surprisingly, rapamycin significantly
enhanced the DEX-induced mRNA expression of a number of
GR target genes, including REDD1, atrogin-1, MuRF1, KLF15,
FoxOs, and FKBP5 (Figure 5A). These results strongly suggest
that mTOR blockade selectively enhances mRNA expression
of GR target genes, i.e., mTOR activation appears to have
a negative impact on GR-mediated gene expression. To further
address this negative modulation of GR function by mTOR, we
performed transient transfection assays using GR-responsive
KLF15 promoter-Luc and GRE-Luc reporter genes in L6
myoblasts. A constitutively active mutant of Rheb, RhebS16H,
which autonomously activates mTOR, repressed DEX-mediated
reporter gene activation, and rapamycin inhibited these negative
effects of RhebS16H (Figure 5B). Moreover, a major endogenous
mTOR activator IGF-1 slightly enhanced S6K1 phosphorylation
and did not affect DEX-induced GRE-Luc expression when
cultured in amino acid-tich media. In clear contrast, in amino
acid-deprived media, DEX-dependent induction of GRE-Luc
was approximately doubled, and IGF-1 strongly phosphorylated
S6K1 and suppressed DEX-induced GRE-Luc expression (Fig-
ure 5C). These results indicated that, regardless of the upstream
pathways for mTOR activation, endogenous GR activity is nega-
tively controlled by mTOR in L6 myoblasts.

We then asked the underlying mechanisms for mTOR-medi-
ated GR suppression. To test whether mTOR-mediated GR
repression is via global protein synthesis downstream of
mTOR, we examined luciferase mRNA expression in transient
transfection assay using GRE-Luc reporter plasmid in the pres-
ence or absence of the protein synthesis inhibitor cycloheximide.
Cycloheximide did not influence on either GR-mediated GRE
activation or BCAA-mediated GR suppression (Figure 5D).
Therefore, BCAA inhibits the transcriptional effects of GR via
mTOR activation but not via de novo protein synthesis. Immuno-
blotting using L6 myotubes revealed that GR protein levels were
unaltered in the presence of DEX, BCAA, or rapamycin. Treat-
ment with DEX clearly promoted the nuclear translocation of
GR, and such a process was not affected by BCAA or rapamycin
(Figure 5E). Concerning the promoter regions spanning the puta-
tive GREs in KLF15 and REDD1, DEX-induced GR recruitment
was significantly enhanced by rapamycin, suggesting that
mTOR negatively influences the access of GR to these pro-
moters. Such an enhancement of GR promoter binding by rapa-
mycin was paralleled by RNAPII recruitment onto the coding
regions of KLF15 and REDD1 (Figure 5F). Thus, cellular mTOR
activity negatively modulates GR transcriptional function, most
possibly by altering the intranuclear behavior of GR. We finally
examined the effect of constitutive mTOR activation by studying

the impact of adeno-associated virus-driven RhebS16H expres-
sion on S6K1 activity and the gene expression profile of the tibia-
lis anterior muscle from DEX-treated rats. RhebS16H-injected
muscle had elevated levels of S6K1 phosphorylation and signif-
icant decreases in the induction response to DEX of a number of
glucocorticoid-inducible genes, including REDD1, atrogin-1,
MuRF1, FoxOs, KLF15, and FKBP5, when compared to mock-
injected muscle (Figures 5G and 5H).

mTOR Activation Attenuates Glucocorticeid-Induced
Muscle Atrophy

It should be noted that numerous studies examined the effects of
BCAA on mTOR activity in glucocorticoid-induced atrophy
models with conflicting results, the reason for which might be vari-
ations inthe protocols used inthose in vivo studies (Menconi et al.,
2007; Schakman et al., 2008). We showed that the bolus admin-
istration of a BCAA cocktail via a gastric tube just before the peri-
toneal injection of DEX (Supplemental Information) resulted in
sufficient and reproducible mTOR activation in the gastrocnemius
muscle; the phosphorylated form of S6K1 was increased at
30 min after BCAA administration and returned to the baseline
level after 90-180 min, even in the presence of DEX (Figure 6A).
We then tested the effects of DEX, BCAA, and rapamycin on the
protein levels and phosphorylation status of mTOR and its down-
stream effectors S6K1 and 4E-BP1 as well as Akt, the upstream
activator of mTOR, in the rat glucocorticoid-induced atrophy
model (5 day intraperitoneal DEX administration, see the Supple-
mental Information). In GR-rich gastrocnemius muscle, treatment
with DEX suppressed the phosphorylation of S6K1 and 4E-BP1,
without a significant alteration in p-Akt, indicating that DEX in-
hibited mTOR function in an Akt-independent fashion in this
model. In clear contrast, in either the soleus muscle or liver,
DEX treatment did not affect mTOR activity. When BCAA was
supplemented, the levels of p-S6K1 and p-4E-BP1 were effi-
ciently restored. Of note, rapamycin canceled these effects of
BCAA (Figure 6B). In this model, BCAA administration sup-
pressed the glucocorticoid-induced expression of REDD1, atro-
gin-1, MuRF1, KLF15, FoxOs, and FKBP5 mRNA (Figure 6C),
and there was a decrease in GR recruitment onto the promoters
of KLF15, REDD1, MuRF1, and FKBP5 (Figure 6D). BCAA admin-
istration also repressed the expression of BCAT2, GLUT4, Bnip3,
and LC3 mRNA, and treatment with rapamycin inhibited the
effects of BCAA (Figure 6C). In contrast, in the soleus muscle,
treatment with DEX alone or DEX plus BCAA only marginally influ-
enced mTOR activity and the gene expression profile, if at all
(Figures 6B and 6C).

In this glucocorticoid-induced muscle atrophy rat model, there
was a decrease in the body weight of the DEX, DEX plus BCAA,
and DEX plus BCAA plus rapamycin groups (Figure 7A). The
DEX plus BCAA group revealed a significant restoration of muscle
strength as determined by a grip test and the weight of the
gastrocnemius muscle when compared with DEX group (Figures
7B and 7C). Histological examination of the gastrocnemius
muscle demonstrated typical type Il fiber-dominant atrophy in
the DEX group; however, the DEX plus BCAA group showed
less impairment in the gastrocnemius muscle that was repre-
sented by the prevention of type Il fiber loss. Semiquantitative
analysis using cross-sectional area (CSA) analysis of myofibers
strongly supported this notion; the leftward shift in myofiber size
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Figure 4. KLF15-Mediated Modulation of BCAA Metabolism and Myofiber Size

(A) Time course of MRNA expression of KLF15 and BCAT2 in rat gastrocnemius after intraperitoneal DEX-injection (n = 5).

(B) KLF15-dependent activation of rat BCAT2 promoter-reporter gene expression in L6 myoblasts (n = 5).

(C) Diminished GR-dependent activation of rat BCAT2 promoter-reporter gene by knockdown of KLF15 in L6 myoblasts (n = 5).

(D) GR-dependent activation of BCAT activity in rat gastrocnemius. Rats were treated with RU486 and/or DEX for the indicated time periods left) or 6 hr (right) and
subjected to BCAT activity measurement as described in the Supplemental Information (n = 5).

(E) KLF15-dependent activation of BCAT activity (n = 5).
(F) Effects of ectopic KLF15 on intracellular amino acid concentrations. L6 myotubes were infected with Ad-KLF15 for 2 days, cultured in amino acid-deprived

DMEM for 24 hr, and subjected to quantification of intracellular amino acids as described in the Supplemental Information (n = 3).
(G) Effects of KLF15 and BCAA on mTOR activity and myotube diameter. C2C12 myotubes were infected with GFP-expressing adenovirus and Ad-KLF15 for
2 days and further cultured in amino acid-deprived DMEM supplemented with or without 10 mM BCAA cocktail for 24 hr. Left, representative immunoblots
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was observed in the DEX group, but not in the DEX plus BCAA
group. In contrast, there was no significant difference in the size
of slow type | fibers among the three treatment groups. Moreover,
the therapeutic effects of BCAA were inhibited by rapamycin
(Figures 7B-7E). Therefore, we conclude that the administration
of BCAA elicits mTOR activation and intervenes in GR-dependent
catabolic transcriptional regulation to ameliorate DEX-induced
muscle atrophy.

DISCUSSION

In skeletal muscle, we suggested that GR activates a secondary
transcription network driven by KLF15; that the promoter regions
of atrogin-1 and MuRF1 contain KLF15 binding sites as well as
those of FoxOs; and that KLF15 induces the expression of these
atrogenes. Although the molecular mechanism remains elusive,
the functional cooperativity of GR, FoxOs, and KLF15 in the
expression of the atrogenes may represent the molecular basis
for the involvement of GR in muscle atrophy associated with
a number of pathological conditions including diabetes and
sepsis. From the metabolic viewpoint, these GR-driven tran-
scriptional cascades appear to be relevant for providing rapid
and integrated cues toward muscle breakdown and nutrient
supply from muscle to other organs, i.e., to the liver, under
stressful conditions associated with excess levels of
glucocorticoids.

BCAT2 catalyzes the initial step for BCAA degradation, and
BCAT2 activity is a critical determinant of cellular BCAA content
in skeletal muscle; mice with systemic inactivation of BCAT2
gene are reported to have approximately ten times or higher
concentrations of plasma BCAA (She et al., 2007). We demon-
strated that BCAA content was decreased with a reciprocal
increase in alanine levels in L6 myotubes after the exogenous
expression of KLF15 (Figure 4F). Although it is generally known
that BCAA is supplied via protein breakdown during skeletal
muscle atrophy (Wagenmakers, 1998; Yu et al., 2010), it was
reported that net increase in muscle BCAA concentrations after
glucocorticoid treatment (~150% increase compared to
control) were strikingly lower than those of diabetic rats
(~400% increase compared to control) (Aftring et al., 1988;
Hundal et al., 1991). This difference in BCAA concentrations is
most likely to be due to increased BCAT2 activity in glucocorti-
coid-treated rats. The glucocorticoid-driven GR-KLF15-BCAT2
axis may negatively modulate the intracellular availability of
BCAA and result in a negative impact on mTOR function in skel-
etal muscle. Indeed, exogenous KLF15 increased mRNA
expression of the atrogenes and BCAT2 and decreased
mTOR activity and BCAA concentrations in cultured myotubes
(Figures 4E-4G). Moreover, the introduction of KLF15
decreased myofiber size in cultured myotubes and caused

atrophy in the tibialis anterior muscle, even in the absence of
glucocorticoids (Figures 4G and 4H). Therefore, we may
conclude that KLF15 is a crucial GR target gene acting as
a catabolic modulator of skeletal muscle.

In addition to the KLF15-BCAT2 axis, it should be noted that
a number of glucocorticoid-induced products can repress
mTOR activity in skeletal muscle cells. Among others, myostatin
(Ma et al., 2001; Gilson et al., 2007) and REDD1 (Figure S1)
(DeYoung et al., 2008) are direct targets of GR. Moreover, atro-
gin-1 was recently reported to inhibit S6K1 activity via elF3f
(Csibi et al., 2010). Therefore, it is likely that the mTOR system
is negatively regulated by a variety of factors in the presence
of excess glucocorticoids in a distinct fashion. Given that the
glucocorticoid-GR axis is a major catabolic regulator for homeo-
static control (Munck et al., 1984), this multimodal repression of
mTOR via the GR axis appears to be rational. In any case, this
type of negative mTOR modulation is not reported in other types
of muscle atrophy, and may be a striking feature in glucocorti-
coid-induced muscle atrophy. Interestingly, muscle-specific
inactivation of mTOR was reported to exacerbate the myopathic
features of type | and type Il fiber-rich muscles in a distinct
fashion; type | fiber-rich muscles showed prominent dystrophic
features with less impact on muscle mass and CSA compared
to type |l fiber-rich muscles, and a decrease in muscle mass
and CSA are characteristic of type |l fiber-rich muscles with
less dystrophic appearance (Bentzinger et al., 2008; Risson
et al., 2009). Therefore, we speculate that type |l fiber-rich glyco-
lytic muscles have an evolutionally preserved role for the storage
of nutrients under the control of the glucocorticoid-GR axis and
that the GR-triggered gene expression program is a purposeful
and efficient compensatory mechanism for nutrient supply
from those muscles.

An important question is how the GR-driven proteolytic
cascades can be shut down when necessary in skeletal muscle.
We clearly demonstrated that mTOR activation negatively
modulated GR-mediated transcription. Given that the effect of
mTOR is rapamycin sensitive, the involvement of mTORC1 is
strongly indicated in this interaction. The role of the mTOR
pathway in the determination of glucocorticoid sensitivity has
not yet been highlighted, except in certain hematologic malig-
nancies (Beesley et al., 2009; Gu et al., 2008; Yan et al.,
2008a). It was postulated that the treatment of cultured cells
with FK506 or rapamycin enhances glucocorticoid-inducible
reporter gene expression, most possibly via their interaction
with heat shock proteins and the promotion of the ligand-
dependent nuclear entry of GR (Ning and Sanchez, 1993). In
contrast, we documented that rapamycin, without any alteration
in the cytoplasmic-nuclear distribution of GR, increased GR
recruitment onto the promoter (Figures 5E and 5F), and these
effects were not reproduced by FK506 (data not shown).

and quantified band densities of S6K1 and p-S6K1(T389) relative to GAPDH (n = 5). Right, representative fluorescent microscopic images of the myotubes and

quantified diameters of the myotubes (500 < n < 510).

(H) Effects of ectopic KLF15 expression on mTOR activity and myofiber cross-sectional area (CSA) in rat tibialis anterior. Left, representative immuncblots and
quantified band densities (n = 5). Right, immunostaining for type IIB myosin heavy chain (MHC IIB, red in left photographs), type | myosin heavy chain (MHC |, red
in right photographs), and type IV collagen (green) of transverse cryosections. GSA distribution of MHGC IIB fibers (left) and MHC | fibers (right) are presented as

frequency histograms (500 < n < 510).

(A-H) Error bars show SD. *p < 0.05, ‘p < 0.05 versus vehicle-treated rats. 'p < 0.05 versus mock-transfected cells.

Cell Metabolism 73, 170-182, February 2, 2011 ©2011 Elsevier Inc. 177

— 228 —



Cell Metabolism
Crosstalk between GR and mTOR in Skeletal Muscle

A - REDDH1 Atrogin-1 MuRF1
Bon b haah
£
c g 64 I_I
> 2
‘i;g ol ]
@2 FoxO4
< ‘5 a- * .
Z B
T 364
E £ I—H_‘
=
=
gl=ll
DEX - + +
Rapa - - +
B
rKLF15 promoter c
-2108/+1331)-LUC 2 cs
. = HSE
2 853
= 852
F S
So égé’
DEX- + - + - + - + € 2
IGF-17 = 4 = = + 4 DEX
Amino —— BCAA
acids: Deprived Normal Cycloheximide - - - -
RhebS16H - - + + - - st PN ccwmmama " Rapamyoin- - - - - -
Rapamycin - - - + + + S s s 4+ SBKY e o
128458678
E DEX - + 4 + F KLF15 REDD1
BCAA - - 4+ + IPAb  Primer IP Ab Primer
Rapamvein - - - 4 BGR  GRE1 (+398/+506)| |WGR  GRE (-4246/-4158)
pamy 0 RNAPI| +633/+692 CRNAPII -33/+31
NE o GR
@ o o GAPDH 8
<5$ 6
— GR =
CF Z3 8
oo o (GAPDH -iox
S2h,
e e e GR 0L o
WeE GAPDH o
) DEX - + + - - + +
T 2 a4 Rapamycin - - + + # = % &
G AAV- H -
ok RhebS16H T
Rat: #1 #2 #3 #4 #1 #2 #3 #4 5810
Rheb @D
S16H kit gy e
-S6K1 s S
pﬁssg)ww“@ - E’ﬁ 6
SBK1 = Zg4
C 3
P-AK o i i s b e EEB 2
(T308) 2 5
AKE = e o o e = 2 rxrz 2333 EI1 DD
12 3 4 5 6 7 8 gg%é’é’c‘,éimﬁ'“
Q35 I g = 6 5 o a @
L s

Figure 5. Negative Regulation of GR-Mediated Transcription by mTOR

(A) QRT-PCR analysis of L6 myotubes treated with DEX and rapamycin (Rapa) for 24 hr.

(B) Attenuation of GR-dependent reporter gene expression by mTOR. L6 myoblasts were transfected with rKLF15 promoter-LUC or GRE-LUC, with or without the
expression plasmid for a constitutive active Rheb (RhebS16H), and treated with DEX and rapamycin for 18 hr.

(C) Effects of IGF-1 on mTOR activity and GR-dependent reporter gene expression. L6 myoblasts were transfected with GRE-LUC and cultured in amino acid-
deprived DMEM (lanes 1-4) or normal DMEM (lanes 5-8) in the presence or absence of IGF-1 and/or DEX for 9 hr. Top, luciferase activities. Bottom, representative
immunoblots.

(D) Effects of DEX, BCAA, cycloheximide, and rapamycin on GR-dependent reporter gene expression. L6 myoblasts were transfected with GRE-LUC and
cultured in amino acid-deprived DMEM in the presence or absence of 10 mM BCAA cocktail, cycloheximide, rapamycin, and DEX for 6 hr.

(E) Effects of DEX, BCAA, and rapamycin on protein levels and subcellular localization of GR. L6 myotubes were cultured in amino acid-deprived DMEM in the
presence or absence of DEX, 10 mM BCAA cocktail, and rapamycin for 30 min. Representative immunoblots of the nuclear extracts (NE), cytoplasmic fractions
(CF), and whole-cell extracts (WCE) are shown (n = 3).

(F) Effects of rapamycin on DEX-dependent recruitment of GR onto target gene promoters. L6 myotubes were treated with 1 uM DEX and rapamycin for 2 hr
{for KLF15) or 20 min (for REDD1) and processed for ChiP assays.

(G and H) Effects of ectopic expression of RhebS16H on mTOR activity and DEX-mediated mRNA expression. AAV-RhebS16H was infected to rat tibialis anterior
for 7 days. (G) Representative immunoblots (n = 7). (H) qRT-PCR analysis of the muscles from the rats 6 hr after intraperitoneal injection with DEX.

(A-D, F, and H) Error bars show SD (n = 5). *p < 0.05, ¥p < 0.05 versus ChIP with normal IgG, %p < 0.05 versus vehicle-treated rats.
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Therefore, the mTOR-mediated inhibition of GR in skeletal
muscle is likely to be due not to the modulation of its chaperone
activity but to its intervention in the access of GR to target DNA.
It is becoming apparent that mTOR is intimately involved with
the transcriptional apparatus in concert with a variety of tran-
scription factors and cofactors (Cunningham et al., 2007). Since
mTOR is reported to dock in the nucleus in association with, for
example, PML (Bernardi et al., 2006), it would be of particular
interest to identify such a factor that tethers GR and mTOR in
the nucleus.
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crosstalk might be a key for creating an
interdisciplinary research area that
bridges nutrition and medicine.

The biochemical rationale for the usage of BCAA as a thera-
peutic tool in glucocorticoid-induced muscle atrophy is that
BCAA increases the association between Rheb and mTOR
and, at least in part, mimics the effect of Rheb overexpression
(Sancak et al., 2010). In our model, BCAA administration
repressed mMRNA expression of almost all GR-regulated genes
(Figure 6C). ChIP analysis strongly supported the notion that
BCAA administration inhibited GR recruitment onto the
promoters of its target genes (Figure 6D). Moreover, these
effects of BCAA were efficiently counteracted by rapamycin.
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Figure 7. Restoraticn of Muscle Fiber Mass
and Strength by mTOR Activation in DEX-
Induced Skeletal Muscle Atrophy Model

(A-E) Effects of DEX, BCAA, and rapamycin on
body weight (A), grip strength of forearms (B),
muscle weight (C), muscle pathology (D), and
CSA of skeletal muscle fiber (E). Rats were treated
with DEX, BCAA, and rapamycin for 5 days as
described in the Supplemental Information. (A)
Time course of body weight (n = 15). (B) Grip
strength of forearms at 5 hr after DEX injection
onthe day 5 (47 < n < 51). (C) Weight of gastrocne-
mius and soleus at 6 hr after DEX injection on the
day 5 (n = 15). (D) Immunostaining for MHC 1IB
(red in left photographs), MHC 1 (red in middle
and right photographs), and type IV collagen
(green) of transverse cryosections. (E) CSA distri-
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that an increase in type |l fibers in obese
mice may reduce fat mass and improve
metabolic parameters (lzumiya et al.,
2008). Therefore, it is necessary, for the
validation of BCAA therapy, to evaluate
the influence of long-term BCAA adminis-
tration on various metabolic parameters.

In conclusion, we revealed that GR and
mTOR act as catabolic and anabolic liai-
sons for skeletal muscle metabolism,
respectively, and these molecules

Therefore, we are convinced that the therapeutic effects of
BCAA could, at least in part, be ascribed to GR inhibition by
the BCAA-mediated activation of mTOR. BCAA administration
also resulted in the decreased mRNA expression of autoph-
agy-related genes (Figure 6C), indicating that this therapeutic
regimen repressed the vicious circuit connecting the initial
induction of GR-triggered gene expression to degradation and
atrophy. Of course, we cannot rule out other mechanisms for
the effects of BCAA, including the non-GR-mediated repression
of atrophy and/or autophagy, and further studies are clearly
needed to clarify this issue.

There are conflicting results concerning the biological effects
of BCAA, e.g., the overactivation of amino acid-dependent
mTOR-mediated signaling can lead to the inhibition of the
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interact with each other at multiple levels.

This issue would be of particular impor-

tance to understand the molecular mech-
anism underlying the regulation of the volume and metabolism of
muscle and for the development of treatments for glucocorti-
coid-induced and wasting disorder-related skeletal muscle
atrophy.

EXPERIMENTAL PROCEDURES

Rats

All animal experiments were approved by the institutional committee and
conducted according to the institutional ethical guidelines for animal experi-
ments. Rapamycin, RU486, the BCAA cocktail, and DEX administration were
performed as described in the Supplemental Information. Excised tissues
were snap frozen in isopentane cooled by liquid nitrogen, and crushed using
Cryo-Press (Microtec, Funabashi, Japan) prefrozen in liquid nitrogen, or
processed to serial 10 pm transverse cryostat sections.
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Cell Culture

L6 rat myoblasts, C2G12 mouse myoblasts, and COS-7 cells were obtained
from American Type Culture Collection (Manassas, VA) and maintained in
DMEM supplemented with 10% fetal bovine serum (Invitregen, Carlsbad,
CA). Culture conditions for myotube formation, drug treatment, and amino
acids deprivation are described in the Supplemental Information.

In Silico Promoter Analysis

Putative FoxO1- and FoxO3-binding sequences, as well as putative GREs
which are conserved between rat and human genomes, were searched for
in the genomic regions (—5000 to +2000) of KLF15, REDD1, atrogin-1, and
MuRF1 using rVISTA 2.0 as described in the Supplemental Information.
KLF15-binding sequences (see the Supplemental Information) were searched
for in the promoters of rat atrogin-1 (—4141 to +1191) and MuRF1 (-3223
to +1547) genes.

Chromatin Immunoprecipitation Assay

Cells or crushed tissues were treated with 1% formaldehyde in PBS for 10 min
at 37°C, incubated in 125 mM glycine for 5 min, resuspended in buffer S
(50 mM Tris [pH 8.0}, 1% SDS, 10 mM EDTA) supplemented with 1 mM
DTT, 100 nM MG132, and protease and phosphatase inhibitor cocktail (Naca-
lai Tesque, Kyoto, Japan), and incubated at 10°C for 10 min. Samples were
sheared to an average size of 500 bp by sonication. Lysates corresponding
to 2 x 10° cells or 200 mg of crushed tissues were diluted 10-fold in buffer
D (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris [pH 8.1],
167 mM NaCl) supplemented with 100 nM MG132, and protease and phos-
phatase inhibitor cocktail, and incubated with 5 pg of antibodies listed in the
Supplemental Information at 4°C for 18 hr. Protein A or G agarose/salmon
sperm DNA (Millipore, Billerica, MA) was added and further incubated at 4°C
for 1 hr. Precipitated DNA were quantified as described in the Supplemental
Information.

Indirect Immunofluorescent Staining and Fluorescence Imaging
Muscle cryosections were treated with 0.1% Triton X-100, blocked with 5%
goat serum/1% BSA in PBS, and incubated with antibodies listed in the
Supplemental Information. After washing with PBS, specimens were
incubated with secondary antibodies labeled with Alexa Fluor 488 or Alexa
Fluor 568 (Invitrogen, 1:1000) and analyzed as described in the Supplemental
Information. For imaging cultured myotubes, GFP was expressed in myotubes
by infecting 10 multiplicity of infection of Ax1CAgfp (RIKEN DNA Bank, Tsu-
kuba, Japan).

Statistical Analysis

Data were analyzed with Student’s t test for unpaired data. P values below 0.05
were considered statistically significant. Graphs represent means + SD or
means + SEM as specified in each figure legend.

SUPPLEMENTAL INFORMATION

Supplemental Information include one figure, Supplemental Experimental
Procedures, and Supplemental References and can be found with this article
at doi:10.1016/j.cmet.2011.01.001.
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ARTICLEINFORMATION ABSTRACT

Article Chronology: The molecular mechanisms of Duchenne muscular dystrophy (DMD) have been extensively

Received 25 March 2010 investigated since the discovery of the dystrophin gene in 1986. Nonetheless, there is currently no

Revised version received 13 May 2010 effective treatment for DMD. Recent reports, however, indicate that adenoassociated viral (AAV)

Accepted 17 May 2010 vector-mediated transfer of a functional dystrophin cDNA into the affected muscle is a promising

Available online 24 May 2010 strategy. In addition, antisense-mediated exon skipping technology has been emerging as another
promising approach to restore dystrophin expression in DMD muscle. Ongoing clinical trials show

Keywords: restoration of dystrophin in DMD patients without serious side effects. Here, we summarize the

Dystrophin . recent progress in gene therapy, with an emphasis on exon skipping for DMD.
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Introduction suggested that the rod domain has limited function and is largely

Muscular dystrophies are heterogeneous genetic disorders, char-
acterized by progressive degeneration and weakness of the
skeletal and cardiac muscles. DMD is severe and the most common
type of muscular dystrophy; worldwide, approximately one in
every 3500 boys born is afflicted with DMD.

The DMD gene is the largest known gene in humans,
comprising over 79 exons, with a coding sequence of 11 kb and
spans no less than 2.3 Mb of genomic DNA. DMD is caused by
deletion (65%), duplication (15%), or nonsense and other small
mutations (20%) in the DMD gene, all of which disrupt the open
reading frame [1].

The DMD gene encodes dystrophin, which is located beneath
the sarcolemma, assembles the dystrophin-glycoprotein complex
at the sarcolemma, and links the internal cytoplasmic actin
filament network and extracellular matrix, providing physical
strength to muscle fibers [2]. At present, there is no effective
therapy to stop the lethal progression of the disease, but several
therapeutic approaches hold great potential. Here we focus on
gene therapy for DMD and summarize AO-mediated exon skipping
technology as a most promising therapy.

Adenoassociated virus -mediated gene therapy
Updates on rAAVs

The adenoassociated virus (AAV) is a tiny single-stranded,
nonpathogenic, nonreplicative DNA virus belonging to the Parvo-
virus family. So far, more than 12 serotypes have been identified in
primates [3]. Recombinant AAV (rAAV) is a powerful tool to deliver
therapeutic genes to skeletal muscle [4-6]. Even in immunolog-
ically competent mice, the expression of the exogenous gene was
shown to continue for years without evoking immune responses.

Importantly, rAAV has several serotypes that show tropisms to
skeletal muscle. rAAV1 and rAAV2 are commonly used for direct
delivery to skeletal muscle and mainly used in local treatment.
rAAV-6 [7] plus the more recently developed rAAV-8 [8,9], and
rAAV-9 [10-12] are powerful in systemic delivery of the
therapeutic genes via the circulation to the musculature body-
wide, including the diaphragm and heart.

Limited packaging size of rAAV

rAAV has a limitation in the length of the transgene it can
accommodate (less than 5.0 kb). Full-length dystrophin, which is
nearly 11 kb, cannot be incorporated into an AAV vector. To
overcome this limitation, truncated but functional microdystro-
phins with a large deletion in the central rod domain have been
constructed because studies of the genotype-phenotype relation-
ships in DMD and Becker muscular dystrophy (BMD), a milder form
of muscular dystrophy with near-normal life expectancy, have

dispensable [4]. Several types of microdystrophin were adminis-
trated to mdx mice locally [13] or systemically [7,14-16] and
ameliorated pathology and improved muscle function. To expand
the packaging capacity of the AAV vector, trans-splicing (ts) of two
vectors and recombination of two overlapping (ov) rAAV vectors
have been tested (reviewed in Trollet et al. [4]). A hybrid dual-
vector system, which combines the features of the ts and ov vectors
into a single system, has been reported to work well in skeletal
muscle [17].

Immunity against rAAV in dog models

Based on the improvement of pathology and muscle function due to
successful AAV-mediated gene transfer into dystrophic mice,
preclinical studies using dystrophic dogs [18,19] and nonhuman
primates [20,21] were performed. In dogs, considerable cellular
immune response was often observed [18,19,22], and transient
immune suppression was needed [23]). However, there is no clear
explanation of why rAAVs evoke much stronger immune responses
in dogs than mice.

Clinical trials

Immunity to AAVs is also a big concern in rAAV-mediated gene
therapy for DMD. First, natural AAV infection is quite common in
human populations, and preexisting antibodies could block AAV
vector-mediated therapy. Second, after the first injection of rAAV
vectors, the second injection is known to be much less effective
due to a neutralizing antibody. Indeed, clinical trials using AAV
vectors suggest that immune response to the vector and/or
transgene product is the most important limitation of the rAAV-
mediated gene therapy. To diminish a host immune response
against the transgene product, utilization of a muscle-specific
promoter active in both skeletal and cardiac muscles [24,25] is
desirable. Codon optimization has also been demonstrated to be
effective to reduce the virus titer [26]. A phase I/1I clinical trial of
intramuscular delivery of microdystrophin by AAV2.5-CMV-Mini-
Dystrophin was initiated in 2006 (PI: JR Mendell; Trial ID: US-679;
clinicaltrials.gov identifier: NCT00428935). More information can
be obtained at http://www.wiley.co.uk/genetherapy/clinical/,
http://www.clinicaltrials.gov, or http://www.mda.org.

Lentiviral vector-mediated gene transfer into muscle
stem cells

Lentiviral vectors have a relatively large transgene carrying capacity
(7.5-9 kb), integrate into the genomes of both dividing and
nondividing cells, and achieve long-term transgene expression in a
wide variety of tissues including skeletal muscle. Previously,
lentiviral vectors have been used to introduce a mini-dystrophin
gene into mouse skeletal muscle [27]. Because the expression levels
of mini-dystrophin were low after direct injection of lentiviral
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