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Glucocorticoids elicit a variety of biological responses in skeletal
muscle, including inhibiting protein synthesis and insulin-stimu-
lated glucose uptake and promoting proteolysis. Thus, excess or
chronic glucocorticoid exposure leads to muscle atrophy and insulin
resistance. Glucocorticoids propagate their signal mainly through
glucocorticoid receptors (GR), which, upon binding to ligands,
translocate to the nucleus and bind to genomic glucocorticoid
response elements to regulate the transcription of nearby genes.
Using a combination of chromatin immunoprecipitation sequenc-
ing and microarray analysis, we identified 173 genes in mouse
C2C12 myotubes. The mouse genome contains GR-binding regions
in or near these genes, and gene expression is regulated by gluco-
corticoids. Eight of these genes encode proteins known to regulate
distinct signaling events in insulin/insulin-like growth factor 1 path-
ways. We found that overexpression of p85a, one of these eight
genes, caused a decrease in C2C12 myotube diameters, mimicking
the effect of glucocorticoids. Moreover, reducing p85a expression
by RNA interference in C2C12 myotubes significantly compromised
the ability of glucocorticoids to inhibit Akt and p70 S6 kinase activ-
ity and reduced glucocorticoid induction of insulin receptor sub-
strate 1 phosphorylation at serine 307. This phosphorylation is
associated with insulin resistance. Furthermore, decreasing p85a
expression abolished glucocorticoid inhibition of protein synthesis
and compromised glucocorticoid-induced reduction of cell diame-
ters in C2C12 myotubes. Finally, a glucocorticoid response element
was identified in the p85a GR-binding regions. In summary, our
studies identified GR-regulated transcriptional networks in myo-
tubes and showed that p85a plays a critical role in glucocorticoid-
induced insulin resistance and muscle atrophy in C2C12 myotubes.

lucocorticoids perform vital metabolic functions in skeletal

muscle: inhibiting protein synthesis and insulin-stimulated
glucose uptake and promoting protein degradation. These effects
are critical during stress, producing amino acid precursors for
gluconeogenesis, which provides glucose for the brain. Initially,
muscle insulin resistance maintains adequate circulating glucose
to fuel the brain; however, these effects are deleterious if chronic.
Treating animals with glucocorticoids causes a decrease in skel-
etal muscle size (1-4). Mice treated with glucocorticoids have
reduced insulin-stimulated glucose uptake and GLUT4 trans-
location in myotubes (5-7). Circulating glucocorticoid levels are
higher in obese ob/ob and db/db mice than in normal mice. Ad-
renalectomy in these obese mice improves insulin-stimulated
muscle glucose disposal (8). These changes are in part due to the
direct effect of glucocorticoids on myotubes, as glucocorticoid
treatment in cultured myotubes reduces cell diameters (9-11) and
inhibits insulin-stimulated glucose utilization (5, 12).

Although the metabolic effects of glucocorticoids in skeletal
muscle are well known, the underlying mechanisms are not fully
understood. One way in which glucocorticoids affect glucose and
protein metabolism is to antagonize the insulin/insulin-like
growth factor 1 (IGF1) pathway (5, 13), which promotes protein
synthesis and glucose utilization. Insulin/IGF1 acts by binding to
membrane receptors, tyrosine kinases that autophosphorylate
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and phosphorylate insulin receptor substrates (IRS) (14). Tyrosine-
phosphorylated IRS associate with insulin receptors (IR) and ac-
tivate signaling pathways (14). Mice treated with glucocorticoids
have reduced levels of tyrosine-phosphorylated IR and total IRS-1
in skeletal muscle (5). The activity of phosphatidylinositol 3-kinase
(PI3K) and Akt, two signaling molecules downstream of IR and
IRS-1, is also decreased (5). Glucocorticoids also reduce the activity
of mammalian target of rapamycin (mTOR), a protein kinase
downstream of Akt and upstream of p70 S6 kinase (p70S6K) (15).
Furthermore, glucocorticoid treatment increases the phosphoryla-
tion of serine 307 of IRS-1 (pSer307-IRS-1) (5), which disrupts the
association of IR and IRS-1, reducing the insulin/IGF1 response
(16). However, the mechanism by which glucocorticoids inhibit the
insulin/IGF1 pathway is unclear.

Although certain glucocorticoid effects are independent of in-
tracellular glucocorticoid receptors (GR) (17), the majority are
mediated by GR, which, upon binding to its ligand, moves to the
nucleus and interacts with genomic GR response elements (GRE).
It is critical to identify genes directly regulated by GR to learn
the physiological mechanisms of glucocorticoids. Here, we used
a combination of chromatin immunoprecipitation sequencing
(ChIPseq) and microarray analysis to identify direct targets of GR
in mouse C2C12 myotubes. We identified potential GR primary
targets previously shown to modulate distinct steps of insulin/IGF1
signaling. We focused on one potential GR primary target, p85a.
Experiments were conducted to identify its GRE and its role in the
suppressive effects of glucocorticoids on myotube diameters,
protein synthesis, and the insulin/IGF1-signaling pathway.

Results

Identification of Potential GR Primary Target Genes in C2C12 Myotubes.
Microarray analyses were conducted in C2C12 myotubes treated
for 6 or 24 h with dexamethasone (Dex), a synthetic glucocorticoid,
or ethanol (EtOH), a vehicle control. Combining data from both
time points, we found that Dex induced the expression of 363
genes by more than 1.5-fold and inhibited the expression of
218 genes by more than 1.5-fold (Dataset S1). To learn which of
these genes contains GR-binding regions (GBR) in or near their
genomic regions, ChIPseq was performed with C2C12 myotubes
treated with Dex or EtOH for 1 h. We located 2,251 genomic
positions with sequencing reads significantly enriched in Dex-
treated samples compared with EtOH-treated ones, with a P value
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threshold of 107>, We used PinkThing to assign these genomic
GBR to mouse genes on the basis of proximity and grouped target
sites on the basis of their relative position to the nearest gene
(GBR are listed in Dataset S2). We found 42% of GBR in the
intron regions and 29% either 25 kb upstream of transcription
start site (TSS) or downstream of stop codons (Fig. 14). In con-
trast, only 5% of GBR are located within 5 kb upstream from TSS
(Fig. 14). Overall, we identified 147 Dex-activated genes and 26
Dex-repressed genes containing GBR in or near their genomic
regions (Table S1, Dataset S3).

The top categories of gene annotation from gene ontology
analysis of 173 GR-regulated genes include those encoding proteins
involved in the receptor tyrosine kinase-signaling pathway, blood
vessel development, apoptosis, muscle organ development, and
cytoskeletal organization (Dataset S4). We performed a combina-
tion of BioProspector and STAMP analyses to search for consensus
motifs within GBR located in or near genes that were regulated by
glucocorticoids. For glucocorticoid-activated genes, the classical
GRE was the most represented motif in these analyses on the basis
of E values (Fig. 1B). Binding motifs for HSF, AP-1, NF-E2, MAF,
NRF-2, core binding, AML, PEBP, FOXP3, HNF3a, T3R, and
RREB-1 were all significantly represented (Table S2). For gluco-
corticoid-repressed genes, the classical GRE motif was also highly
represented (Fig. 1C). Moreover, HSF, SMAD3, T3R, XBP-1,
ELF-1, HAC-1, ID-1, FOXP3, AbaA, XPF-1, Bachl, and AP-1
were all high on the list of binding motifs (Table S3).

Glucocorticoid-Controlled Genes Involved in Insulin/IGF1 Signaling.
Gene ontology analysis revealed that many glucocorticoid-regu-
lated genes affect receptor tyrosine kinase signaling. We ana-
lyzed the potential GR primary targets that can specifically
inhibit the insulin/IGF1 pathway, which propagates through re-
ceptor tyrosine kinases. As shown in Fig. 24, at least eight glu-
cocorticoid-regulated genes encode proteins that can modulate
the activity of this pathway. One of these genes, Cblb, encodes
a ubiquitin E3 ligase involved in IRS-1 degradation (18). Pid-1
inhibits the tyrosine phosphorylation of IRS-1 (19). Grbl0
inhibits the physical interaction between IR and IRS-1 (20).
Overexpression of p85a induces insulin resistance in vitro and
in vivo (21-23). Sesn 1 (24), Ddit4 (15), and Depdc6 (25) inhibit
mTOR. Finally, mice with bone-marrow-specific deletion of
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Fig. 1. Genomic distribution of GBR and GRE motifs within GBR. (A) Per-
centage distribution of all identified GBR in different genomic regions. (B)
For GBR of glucocorticoid-induced genes, BioProspector analysis identified
a motif that is similar to the consensus GRE in STAMP. (C) For GBR of glu-
cocorticoid-repressed genes, BioProspector analysis also identified a motif
that is similar to the consensus GRE in STAMP. (B and C) The E value is a
parameter that describes the number of hits that one can expect to see by
random chance when searching a database of a particular DNA element.
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Sorbsl are protected from high-fat-diet—-induced insulin re-
sistance (26), indicating that overexpression of Sorbsl could in-
duce insulin resistance. To learn whether these genes were
regulated by glucocorticoids in vivo, mice were injected with Dex
or PBS control for 24 or 96 h. We found that mice injected with
Dex for 24 h had significantly higher expression of Cblb and Pid1
than those injected with PBS in gastrocnemius muscles (Fig. 2B).
Furthermore, the expression of Cblb, Pid1, p85«, Sesnl, Ddit4,
and Sorbsl was increased in mice treated with Dex for 96 h
compared with the control (Fig. 2B). To determine the effect of
chronic glucocorticoid exposure, we used transgenic mice over-
expressing corticotropin-releasing hormone (CRH-Tg). CRH
causes an increased secretion of adrenocorticotropic hormone,
which further stimulates the secretion of adrenal corticosterone.
In CRH-Tg mice, the expression of Cblb, Pidl, p85a, Ddit4,
Sorbs1, and Sesnl was markedly elevated in gastrocnemius
muscles (Fig. 2C). In summation, at least six of the potential GR
primary targets can inhibit insulin/IGF1 signaling in vivo.

A critical criterion for determining GR primary targets is that GR
directly regulates their transcription. Thus, these GBR should be
able to mediate the glucocorticoid response. To validate the GBR
identified near these eight genes, each GBR was inserted upstream
of a TATA box of a heterologous reporter plasmid, pGLA.10-
EATATA, which drives a firefly luciferase gene. A collection of
plasmids used is listed in Dataset S5. We found that all GBR tested
could mediate glucocorticoid responses (Fig. 34), suggesting these
eight glucocorticoid-regulated genes are primary targets of GR.

Role of p85a in Glucocorticoid-Regulated Insulin Signaling. The in-
duction of p85a by glucocorticoids in vivo (Fig. 2 B and C)
prompted further analysis into its role in mediating glucocorti-
coid responses in muscle. First, we identified the GRE in the
p85a GBR. We searched for DNA sequences matching at least
seven nucleotides to the consensus GRE motif identified from
BioProspector/STAMP (RGXACAnnnTGTXCY) (Fig. 1C) in
the p85a GBR. Three potential GRE-like sequences (GLS) were
found, and for each GLS, we mutated the nucleotide from G to
C at position 11, which makes direct contact with GR (27) (Fig.
3B). With the reporter assay, we found that GLS-2 mutants had
an 80% reduction in the Dex response. Although the GLS-3
mutation had no significant effect, the GLS-1 mutation moder-
ately potentiated the Dex response (Fig. 3C). Double mutations
of GLS-2 and GLS-3 had similar effects as GLS-2 single muta-
tions, and double mutations of GLS-1 and GLS-2 resulted in a
slight increase in Dex response compared with GLS-2 single
mutations (Fig. 3C). These results indicated that, although GLS-
1 may be suppressive, GLS-2 plays a central role in mediating the
glucocorticoid response. Furthermore, we used TFSEARCH to
identify transcription factor-binding motifs in the p§5a¢ GBR. We
found SRY-, GATA-, USF-, and Ikaros-binding sites located in
the vicinity of GLS-2 (Fig. S1).

Next, we examined the role of p85a on glucocorticoid-induced
inhibition of signaling molecules participating in the insulin/IGF1
pathway. We used lentiviral-mediated small hairpin RNA (shRNA)
to decrease p85a expression (sh-p85a) in C2C12 cells. Control cells
were infected with lentiviruses expressing sShRNA with scramble
sequences (sh-scr). Cells were then treated with Dex or EtOH for
72 h. In sh-scr cells, p85a protein levels were increased upon Dex
treatment (Fig. 44). In sh-p85a cells, p85a levels were reduced
~90% in both Dex- and EtOH-treated cells (Fig. 44).

We monitored the phosphorylation status of serine 473 of Akt
(pSer473-Akt) and threonine 389 of p70S6K (pThr389-S6K).
These phosphorylations are required to potentiate their kinase
activity. In contrast, pSer307-IRS-1 disrupts its interaction with
the insulin/IGF1 receptor. In sh-scr cells, pSer473-Akt and
pThr389-S6K levels were reduced upon Dex treatment (Fig. 44).
Although pSer307-IRS-1 levels were comparable between Dex-
and EtOH-treated cells, IRS-1 protein expression was decreased
upon Dex treatment in sh-scr cells (Fig. 44). After normalizing
to the IRS-1 protein present, there was a significant increase of
pSer307-IRS-1 in Dex-treated sh-scr cells. In sh-p85a cells, Dex
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treatment did not suppress the levels of pSer473-Akt and
pThr389-S6K (Fig. 4 A and B). Although total IRS-1 protein
levels decreased upon Dex treatment, this reduction was weaker
than that of Dex-treated sh-scr cells (Fig. 4 A and B). Consid-
ering the similarity of pSer307-IRS-1 levels and the difference in
total IRS-1 levels between Dex- and EtOH-treated sh-scr and
sh-p85a cells, the ability of Dex to induce pSer307-IRS-1 was
significantly compromised by knocking down p85a (Fig. 4B).
Notably, EtOH treatment resembles PBS-treated sh-scr and sh-
p85a cells (Fig. 4B). Overall, our data indicated that reducing the
expression of p85a compromised the ability of glucocorticoids to
inhibit the activity of Akt and p70S6K, to reduce IRS-1 protein
levels, and to induce phosphorylation at serine 307 of IRS-1.

Role of p85x in Glucocorticoid-Induced Muscle Atrophy. We inves-
tigated whether p85« is involved in glucocorticoid-induced mus-
cle atrophy. C2C12 myotubes were infected with adenoviruses
expressing p85a (Ad-p85a) or a control of LacZ (Ad-LacZ). Cell
diameters were then measured 72 h after infection. p85a protein
levels are approximately fourfold higher in Ad-p85a than in Ad-
LacZ cells (Fig. 54). We found that significantly more Ad-p85a
myotubes had smaller cell diameters than Ad-LacZ ones (Fig. 5B).
The average cell diameter of Ad-p85a myotubes was about 30%
smaller than Ad-LacZ ones (Fig. 5C). These results demonstrate
that overexpressing p85a mimics the effect of glucocorticoids in
reducing C2C12 myotube diameters.

Fig. 3. Glucocorticoid response of A
GBR. (A) Reporter plasmids harbor-
ing different GBR were cotrans-
fected with pcDNA3-hGR and pRL
Renilla into C2C12 myoblasts (n > 6/
group). Renilla luciferase expression
was used to normalize for trans-
fection efficiency. After 24 h of
transfection, cells were treated with
Dex or EtOH for 16-20 h and assayed
for firefly and Renilla luciferase ac-
tivities. Data show fold induction of
normalized luciferase activity (Dex/
EtOH-treated samples) from at least
six experiments. *P < 0.05. The error
bars represent the SE for the fold
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Following the treatment of sh-scr and sh-p85a myotubes with
Dex, EtOH, or PBS for 72 h, we measured cell diameters. The
average diameter of Dex-treated sh-scr myotubes was 28% smaller
than those of EtOH-treated sh-scr myotubes (Fig. 5D). A similar
effect was observed in wild-type (WT) myotubes, with no lentiviral
infection, treated with Dex and EtOH (Fig. 5D). In contrast, the
average diameter of Dex-treated sh-p85a myotubes was 14%
smaller than that of EtOH-treated sh-p85a myotubes (Fig. 5D).
Although glucocorticoids still decreased C2C12 myotube di-
ameter, reduced p85a expression significantly compromised this
decrease. Notably, the average myotube diameters of EtOH-
treated WT, sh-scr, and sh-p85a myotubes were comparable.

In addition, we investigated the effect of glucocorticoids on
protein synthesis in sh-scr and sh-p85a myotubes. Myotubes were
treated with Dex or EtOH for 72 h, and protein synthesis was
measured using a fluorescence assay. We found that Dex-treated
sh-scr myotubes had 13% lower nascent protein synthesis than
EtOH-treated sh-scr myotubes (Fig. SE). In contrast, Dex-trea-
ted sh-p85a myotubes had 14% higher nascent protein synthesis
than EtOH-treated sh-p85a myotubes (Fig. 5E). Notably, the
protein synthesis rates in EtOH-treated sh-scr and sh-p85a
myotubes were similar. Our data suggest that p85a mediates
glucocorticoid-reduced protein synthesis.

Previous studies have shown that, in myotubes, glucocorticoids
stimulate the expression of atrogenes such as FoxOl, FoxO3,
atrogin-1 (a.k.a. MAFbx), and MuRF-1, which contribute to
glucocorticoid-induced muscle atrophy (28, 29). We found that
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the consensus GRE shown, three GLS were identified. The locations of the GLS are the following: nt —44003 to —43989 (GLS-1), nt —43938 to —43924 (GLS-2), and nt —
43913 to +43899 (GLS-3). Point mutation, indicated by underlining, is made in each GLS to generate a mutant (mt). Mt 1 has nt —43993 mutated from G to C; mt 2,
nt —43928 from G to C; and mt 3, nt —43903 from G to C. (C) Reporter assay, as described in A, was carried with WT and mt p85a GBR plasmid. pGL4-p85a mt 1+2
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Fig. 4. Effect of p85a RNAI in glucocorticoid response. (A) Sh-p85a and sh-
scr C2C12 myotubes treated with Dex or EtOH for 72 h. Immunoblots were
used to detect the indicated proteins. (B) Quantification of the densitometry
of total IRS-1 and the ratio of pSer307-IRS-1, pSer473-Akt, and pThr389-S6K
bands to that of IRS-1, Akt, and p70S6K bands, respectively, with Dex/EtOH
or Dex/PBS. Data were normalized to GAPDH optical density. These results
were averaged from at least three immunoblots. *P < 0.05 and N.D. specifies
“no difference.” The error bars represent the SE for the fold induction and
relative abundance.

72 h of Dex treatment induced FoxO3, atrogin-1, and MuRF-1
gene expression in sh-scr myotubes (Fig. 5F). However, this in-
duction was diminished in sh-p85a myotubes (Fig. 5F). These
results indicate that p85a is involved in glucocorticoid-induced
FoxO3, atrogin-1, and MuRF-1 gene expression. Immunoblot-
ting showed that Dex treatment up-regulated total FoxO1 and
FoxO3 proteins, whereas the levels of phosphorylated-FoxO1
(pFoxO1) and FoxO3 (pFoxO3) were unchanged (Fig. 5G).
Thus, the ratio of pFoxO1l to total FoxO1 and the ratio of
pFoxO3 to total FoxO3 were reduced. However, these ratios
were similar in sh-scr and sh-p85a myotubes.

Discussion

In this report, we present several findings. First, we identified
potential GR primary target genes in C2C12 myotubes. Identi-
fication will facilitate future studies into the mechanisms un-
derlying glucocorticoid actions in skeletal muscle physiology.
Second, through ChIPseq, we localized genome-wide GBR in
C2C12 myotubes, which is the first step in understanding the
mechanisms governing GR-regulated gene transcription. Finally,
we found eight potential GR primary targets that can modulate
distinct steps in insulin/IGF1 signaling. Specifically, we have
shown that p85a induction plays a key role in mediating gluco-
corticoid inhibition of the insulin/IGF1 response.

We previously identified GBR in another mouse cell type,
3T3-L1 adipocytes (30). The distribution of GBR in genomic
regions is similar in adipocytes and myotubes. Whereas only 5% of
GBR lie within 5 kb upstream of TSS, many are localized in
introns greater than 25 kb upstream of TSS or greater than 25 kb
downstream of stop codons. In motif analyses of GBR from glu-
cocorticoid-activated genes, classical GRE sequences were highly
represented. AP-1 and HNF3a, two binding motifs that have been
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shown to act with GR for maximal activation of transcription (31,
32), also scored highly. The binding site of HNF3a is similar to
that of FoxO1 and FoxO3, which perform similar metabolic
functions to GR in myotubes, as they promote proteolysis, reduce
protein synthesis, and reduce glucose utilization (33). Therefore,
GR and FoxO may act together to transcriptionally regulate genes
involved in these physiological processes. The classical GRE se-
quence is also highly represented in GBR of genes repressed by
glucocorticoids, but the mechanism is unclear. The AP-1 element,
which mediates glucocorticoid repression (34), was highly repre-
sented in the GBR of glucocorticoid-repressed genes. Most motifs
identified in GBR of glucocorticoid-regulated genes have not been
linked to transcriptional repression by GR.

Gene ontology analysis recognized some GR primary targets
involved in the regulation of apoptosis. In myotubes, gluco-
corticoids were shown to potentiate apoptosis (35). This analysis
also identified gene groups involved in muscle organ de-
velopment and cytoskeletal organization, suggesting that gluco-
corticoids may modulate mechanical properties of muscle,
a concept that has not been extensively studied. Genes involved
in blood vessel development were also highly represented. Many
of these genes regulate angiogenesis, which plays an important
role in modulating skeletal muscle health (36). The role of glu-
cocorticoids in angiogenesis has been described (37), but the
impact of this function on skeletal muscle is not entirely clear.

We focused on gene clusters that modulate insulin/IGF1 re-
ceptor tyrosine kinase signaling because glucocorticoids decrease
insulin-stimulated glucose utilization and protein synthesis and in-
crease proteolysis. In skeletal muscle, glucocorticoids affect multi-
ple steps in the insulin/IGF1-signaling pathway. Therefore, it is
conceivable that glucocorticoids induce a group of genes to medi-
ate these effects. We focused on elucidating the role of p85«, the
regulatory subunit of PI3K, in glucocorticoid-inhibited insulin sig-
naling. Excess p85a can compete with PI3K (a heterodimer of p85a
and the catalytic subunit of PI3K) to interact with IRS-1 (23, 38),
resulting in a decrease in insulin response. In contrast, reducing the
expression of p85a improves insulin sensitivity (39). Moreover, the
induction of p85a gene expression by glucocorticoids and the
functional interaction between GR and the p85a /PI3K pathway
were previously described (40-42). We demonstrated that p85a is
a GR primary target by identifying a GRE in the p§5a¢ GBR. We
used RNAI to decrease p85a expression in C2C12 cells to analyze
its role in glucocorticoid responses. The levels of pSer473-Akt and
pThr389-S6K were a little lower in EtOH-treated sh-p85a cells
compared with EtOH-treated sh-scr cells (Fig. 4B), suggesting that
the reduction of p85a expression decreased the activity of Akt and
p70S6K. However, previous studies indicated that Pik3r2, another
regulatory subunit of PI3K, can compensate for p85a function in
skeletal muscle-specific p85a knockout mice (43). In our sh-p85a
myotubes, Pik3r2 and the remaining p85a should have been
enough to support downstream activities. Therefore, the reduced
suppressive effect of glucocorticoids was unlikely due to the lack of
activity in insulin/IGF1 signaling.

Our results from p85a RNAI experiments raise several in-
teresting points. First, p85a reduction limited the ability of Dex
to decrease IRS-1 protein expression; however, IRS-1 gene ex-
pression was unchanged after 6 or 24 h of Dex treatment
according to microarray analysis. Therefore, Dex likely reduced
IRS-1 protein stability, but the mechanism of p85a in glucocor-
ticoid-promoted IRS-1 degradation is unclear. Second, p85ua
reduction decreased Dex-induced phosphorylation of IRS-1
at serine 307. Several kinases, including kB kinase p (IKKPp),
p70S6K, c-Jun N-terminal kinases (JNK), and PKC8, have been
shown to phosphorylate IRS-1 at serine 307 (16). To our
knowledge, there are no reports that glucocorticoids can in-
crease IKKp activity. Because glucocorticoids decrease p70S6K
activity, p70S6K is unlikely to mediate this event. Interestingly,
in obese and type 2 diabetic patients, p85a protein expression
correlates with the activity of JNK, PKC6, and pSer307-IRS-1
(44). Establishing the link between glucocorticoids, p85a, JNK,
and PKCO requires further study.
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Fig. 5. Effect of p85a overexpression and knock-down on C2C12 myotube cell diameters. (A) Immunoblot was performed in Ad-LacZ and Ad-p85a myotubes
to detect p85a protein levels. (B) The distribution of cell diameters in Ad-LacZ and Ad-p85a myotubes. (C) The average cell diameter of WT, Ad-LacZ, and Ad-
p85a myotubes. (D) WT, sh-scr, and sh-p85a myotubes were treated with Dex, EtOH, or PBS for 72 h; EtOH-treated WT, sh-scr, and sh-p85a myotube diameters
were set as 1 (100%) for Dex-treated or PBS-treated WT, sh-scr, and sh-p85a myotubes, respectively. N.D. specifies “no difference.” (E) Protein synthesis level
was measured for sh-scr and sh-p85a myotubes, with the EtOH-treated sh-scr and sh-p85a myotube protein synthesis level set as 1 for Dex-treated sh-scr and
sh-p85a myotubes, respectively. (F) FoxO1, FoxO3, atrogin-1, and MuRF-1 gene expressions in sh-scr and sh-p85a myotubes. Rpl19 primer was the internal
control. (G) Protein levels of phosphorylated and total FoxO1 and FoxO3 are shown for sh-scr and sh-p85a myotubes. (C—-G) *P < 0.05. The error bars represent

the SE for diameters. These results are averaged from at least three independent experiments.

Our studies have shown that p85a is involved in glucocorti-
coid-induced atrophy and glucocorticoid-inhibited protein syn-
thesis in C2C12 myotubes. Dex treatment resulted in a 50%
smaller reduction of myotube diameter in sh-p85« cells than in
control cells. The remaining Dex-induced reduction of diameter
in sh-p85a myotubes may be due to residual p85a. Alternatively,
other GR-regulated genes might contribute to the Dex effect.
Supporting this alternative, a study showed that reducing Ddit4
expression attenuates glucocorticoid-inhibited protein synthesis
in L6 myotubes (15). This study suggests that additional genes,
such as the remaining six GR primary targets, may also have
a nonredundant effect and could mediate glucocorticoid-induced
muscle atrophy by suppressing insulin/IGF1 signaling.

The ability of Dex to decrease cell diameters in sh-p85a myo-
tubes may be due to Dex-induced protein degradation, as the
inhibitory effect of Dex on protein synthesis was abolished in
these cells. Glucocorticoids have been shown to increase the ex-
pression of MuRF-1 and atrogin-1, two ubiquitin E3 ligases im-
plicated as causes of muscle atrophy (40). In mice lacking
MuRF1, the ability of glucocorticoids to induce muscle atrophy is
compromised (3). The previously identified MuRFI GRE (45)
was not found in our ChIPseq; however, it is possible that our GR
antibody did not recognize the conformation of GR while bound
to the MuRFI GRE. FoxOl is required for maximal glucocorti-
coid-activated MuRFI gene transcription. Although we did not
find any GBR near or within the atrogin-1 gene, its transcription is

11164 | www.pnas.org/cgi/doi/10.1073/pnas.1111334109

activated by FoxO1 and FoxO3 (11). In agreement with previous
reports, we observed a reduced ratio of pFoxO1 to total FoxO1
upon Dex treatment (29). Also, we found a decreased ratio of
pFoxO3 to total FoxO3. However, these ratios were similar be-
tween sh-scr and sh-p85a myotubes, despite the reduced ability of
Dex to suppress Akt activity in the latter. Because Dex increased
total FoxO1 and FoxO3 proteins, it added another layer of
complexity for the calculation and comparison between their
phosphorylation status in sh-scr and sh-p85a cells. The immu-
noblotting might not be sensitive enough to consistently detect
the difference. Upon 72 h Dex treatment, FoxO3, MuRF-1, and
atrogin-1 gene expressions were reduced in sh-p85a myotubes,
but levels of total FoxO3 protein in sh-scr and sh-p85a myotubes
were similar. A longer Dex treatment could be required to ob-
serve a change in FoxO3 protein level. Nonetheless, the fact that
p85a is involved in Dex-activated atrogene expression suggests
that it has a role in glucocorticoid-induced protein degradation.
In summary, we have identified GR-controlled transcriptional
networks in myotubes and focused on one that can modulate insulin/
IGF1 signaling. We highlighted the role of p85« in this crosstalk
between glucocorticoid and insulin action. Future studies will test
other GR primary targets to complete the picture of glucocorticoid-
induced insulin resistance and muscle atrophy in skeletal muscle.

Materials and Methods
Cell Culture. The protocol for cell culture is shown in S/ Materials and Methods.
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Animals. The protocol is described in S/ Materials and Methods. The Office of
Laboratory Animal Care at the University of California, Berkeley (#R306-
0111) approved all animal experiments reported in this article.

ChIPseq. The protocol of ChIP, the preparation of the genomic DNA library,
the analyses of sequencing data, annotation of genes, motif research, and
gene ontology analysis are described in SI Materials and Methods.

Microarray and Data Analysis. The protocols are presented in S/ Materials and
Methods. The microarray data are available at the Gene Expression Omnibus
Web site (http://www.ncbi.nlm.nih.gov/geo/) under accession no. GSE28840.

RNA Isolation and Quantitative PCR. Protocols are described in SI Materials
and Methods. Primer sequences are listed in Dataset S5.
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