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Insulin-Like Growth Factor-l Induces Androgen
Receptor Activation in Differentiating C2C12

Skeletal Muscle Cells

Hye Jin Kim, and Won Jun Lee*

The modulating effect of IGF-I on the regulation of AR gene
expression and activation in skeletal muscle cells remains
poorly understood. In this study, the effects of IGF-l treat-
ment on AR induction and activation in the absence of AR
ligands were examined. Differentiating C2C12 cells were
treated with different concentrations (0-250 ng/ml) of IGF-I

or for various periods of time (0-60 min) of 250 ng/ml IGF-I.

Treatment of C2C12 cells with IGF-I resulted in a dose- and
time-dependent increase in total AR and phosphorylated
AR (Ser 213). IGF-l treatment also led to significantly in-
creased AR mRNA expression when compared with the
control. The levels of skeletal a-actin and myogenin mRNA,
known target genes of AR, were also significantly upregu-
lated after 5 or 10 min of treatment with IGF-l. Confocal
images revealed that IGF-I stimulated nuclear localization
of AR in the absence of ligands. In addition, an electropho-
retic mobility shift assay indicated that IGF-I stimulated the
AR DNA binding activity in a time-dependent manner. The
present results suggest that IGF-l stimulates the expres-
sion and activation of AR by ligand-independent mecha-
nism in differentiating C2C12 mouse skeletal muscle cells.

INTRODUCTION

Androgens have anabolic effects on skeletal muscles. Andro-
gen actions are mediated by binding to androgen receptor (AR)
(Lee et al., 2003a; Tyagi et al., 2000), which is a transcription
factor that belongs to a member of the subfamily of steroid
receptors and regulates target genes (Lin et al., 2001; MacLean
et al., 2008). Classically, it is considered that AR regulates gene
expression through a ligand-dependent mechanism. After bind-
ing of its ligand, AR changes its conformation and AR is then
dimerized and phosphorylated. Dimerization and phosphoryla-
tion facilitate the translocation of AR from the cytosol to the
nucleus (Roy et al., 2001). In the nucleus, AR can bind to its
specific DNA element and interact with the transcription initia-
tion complex (Xu et al., 1999). Previous studies have shown
that skeletal muscle hypertrophy resulted from an increase in
AR expression in humans and animals that were administered
testosterone followed by increasing muscle protein synthesis

(Lee et al., 2003a; 2003b; Urban et al., 1995; Wade, 1972).
Although AR is known to be a ligand-regulated transcription
factor, there is growing evidence that steroid receptors are
regulated via a ligand-independent mechanism. Culig et al.
(1994) found that AR can be activated in the absence of ligand
by keratinocyte growth factor (KGF), insulin-like growth factor
(IGF-I), and epidermal growth factor (EGF) in prostate cancer
cell lines. Even though such ligand-independent mechanisms
of AR have been studied in various cell types, little is known
about its molecular regulation in skeletal muscle cells.

It is well known that IGF-I is a potent regulator of skeletal
muscle mass in humans and animals. Indeed, transgenic mice
that over-express IGF-l exhibit substantially enlarged skeletal
muscle mass (Musaro et al., 1999) because IGF-I exerts posi-
tive effects on protein balance by increasing protein synthesis
and decreasing protein degradation (Frost and Lang, 1999).
Although IGF-I and AR play pivotal roles in skeletal muscle in
terms of proliferation, differentiation, development, and hyper-
trophy (Adams and Haddad, 1996; Chen et al., 2005; Fanzani
et al., 2006; Lee et al., 2003a; 2003b; McLellan et al., 2006;
Wannenes et al., 2008), it is not known whether there is an
interaction between IGF-I and AR in skeletal muscle cells.

Many studies demonstrating the effects of IGF-l on AR func-
tion have been conducted in cells other than skeletal muscle
cells. However, the results of previous studies showing the
modulating effect of IGF-l on AR are controversial. One
mechanism by which IGF-I could directly affect the function of
the AR would be to alter AR phosphorylation. Some studies
have reported that IGF-I and its downstream signaling path-
ways lead to increased AR phosphorylation in the absence of
ligand (Lin et al., 2001; Wen et al., 2000), whereas other stud-
ies have shown that IGF-I had no effect or led to decreased AR
phosphorylation depending on cell types or treatment condi-
tions (Taneja et al., 2005; Wu et al., 2006). Therefore, there is
still a lack of information regarding the molecular mechanisms
associated with IGF-I regulation of AR induction and activation,
especially in skeletal muscle cells.

Although these previous studies suggest a possible interac-
tion between the AR and IGF-I signaling pathways, the effects
of IGF-I on AR induction and activation have not been demon-
strated in differentiating C2C12 skeletal muscle cells. Therefore,
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the purpose of the present study was to investigate whether
IGF-I induces gene expression and activation of AR in skeletal
muscle cells.

MATERIALS AND METHODS

Cell cultures and IGF-l treatment

C2C12 mouse skeletal muscle cells were obtained from the
American Type of Culture Collection (ATCC, USA). Cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM)
(Welgene, Korea) supplemented with 10% fetal bovine serum
(FBS) (Hyclone, USA) and antibiotics (100 U/ml of penicillin G
and 100 pg/ml streptomycin) (Welgene, Korea) in an atmos-
phere composed of 95% air and 5% CO;at 95% humidity and
37°C. The cells used in all experiments conducted for this study
were at passage 4 to 7. For the experiments, C2C12 myoblasts
were plated in six-well culture plates at a density of 5 x 10°
cells/well in growth medium (DMEM, 10% FBS). For all experi-
ments, cells at 90% confluence were treated with DMEM (Wel-
gene, Korea) supplemented with 2% horse serum (Hyclone,
USA), antibiotics (100 U/ml of penicillin G and 100 pug/ml strep-
tomycin) (Welgene, Korea), and various concentrations of IGF-I
(0-250 ng/ml) for 0 to 60 min.

Western blot

Cells were lysed and scraped in ice-cold lysis buffer (50 mM
Tris (pH 7.5), 150 mM NaCl, 1% Triton X-100, 1 mM PMSF,
and complete protease inhibitor cocktail). The cell extracts were
then centrifuged at 13,000 rpm for 15 min at 4°C. Next, the
protein in the supernatant was quantified using a Bradford pro-
tein assay kit (Bio-Rad, USA). Sixty micrograms of total protein
were resolved on 7% SDS-PAGE gel (150 V, 25°C, 1 h) and
then transferred to PVDF membranes (12 V, 25°C, 1 h). All of
the blots were then incubated with Ponceau S (Sigma, USA) to
ensure equal loading in all lanes (data not shown). For the de-
tection of AR, phospho-AR, and a-tubulin protein, the mem-
branes were probed with AR (polyclonal rabbit antibody, 1:2000),
phospho-AR*?"® (monoclonal mouse antibody, 1:1000) (Santa
Cruz Biotechnology, USA), or a-tubulin (monoclonal mouse
antibody, 1:2500) (Calbiochem, USA) antibodies ovemight at
4°C in 1% skim milk in Tris-buffered saline (TBS) with 0.05%
Tween20. The membranes were then washed three times for 5
min each in TBST, after which they were incubated for 1 h with
anti-rabbit or mouse IgG horse-radish peroxidase-linked sec-
ondary antibody (1:2500) (Cell signaling, USA). The mem-
branes were then washed as described above, after which
enhanced chemiluminescent (ECL) or ECL Advance reagent
(GE Healthcare UK Ltd., UK) was applied according to the
manufacturer’s instructions to develop a signal that was subse-
quently detected using the LAS-3000 imaging system (Fuji Film,
Japan) and quantified by densitometry. The target protein lev-
els were then normalized against the a-tubulin protein levels.

RNA extract and real-time PCR

Total RNA was extracted from C2C12 cells using the phenol-
chloroform extraction method with TRIzol Reagent (Invitrogen
Life Technologies, USA) according to the manufacturer’s in-
structions, after which the RNA was quantified using a spectro-
photometer. Next, cDNA was synthesized from 1 ug of total
RNA in the presence of random primer, 2.5 mM dNTP, Rnase
inhibitor, and reverse transcriptase (Invitrogen Life Technolo-
gies, USA) in a final volume of 20 ug at 25°C for 10 min, fol-
lowed by 42°C for 60 min and 95°C for 5 min. The sequences
of the primers were as follows: AR, forward (F) 5'-CGCTCCCT-
CTTCCTCCAA-3, and reverse (R) 5-ATGCTTCCACACCCA-

ATCC-3'; skeletal muscle a-actin (F) 5'-GCGCAAGTACTCAG-
TGTGGA-3, (R) 5-CACGATTGTCGATTGTCGTC-3'; myogenin
(F) 5-CATCCAGTACATTGAGCGCCTA-3', (R) 5-GAGCAAA-
TGATCTCCTGGGTTG-3; GAPDH (F) 5-ATGACAATGAAT-
ACGGCTACAGCAA-3, (R) 5-GCAGCGAACTTTATTGATG-
GTATT-3'. The primers were purchased from Cosmo (Cosmo
Genetech, Korea). Real-time PCR was performed in duplicate
using the SYBR Green PCR master mix (Finnzyme, Finland)
according to the manufacturer’s instructions. All PCR amplifica-
tions were conducted using an ABI PRISM 7700 system (Ap-
plied Biosystems Inc., USA). The expression of the target
genes was then normalized against the expression of glyceral-
dehydes 3-phosphate dehydrogenase (GAPDH).

Immunocytofluorescence staining

C2C12 cells were seeded on a slide in a 6-well plate at a den-
sity of 5 x 10°. The cultured and treated slides were then fixed
in 4% formaldehyde for 20 min at room temperature. Next, the
slides were washed two times each in TBS, after which they
were permeabilized with TBS containing 0.2% triton X-100
(0.2% TBST) for 5 min at room temperature. The slides were
then washed three times for 5 min each in 0.1% TBST and then
blocked with 5% BSA in 0.1% TBST for 1 h at room tempera-
ture. Next, the slides were washed once with TBS, after which
they were probed with AR (N-20) polyclonal rabbit antibody
(Santa Cruz Biotechnology, USA) at a dilution of 1:500 over-
night at 4°C in 3% BSA in TBS. The slides were then washed
three times for 5 min each in 0.1% TBST, after which they were
incubated with Alexa594-conjugated goat anti-rabbit IgG sec-
ondary antibody (Invitrogen Life Technologies, USA) diluted
1:200 for 20 min at room temperature in TBS that contained 3%
BSA. Next, the cells were washed three times with 0.1% TBST,
after which they were mounted with mounting media containing
4' 6-diamidino-2phenylinodole (DAPI) at a concentration of 1.5
ung/ml to localize the nuclei. The slides were then viewed and
photographed using a confocal microscope LSM-510 Meta
(Carl Zeiss, Germany) equipped with a digital imaging system.

Electrophoretic mobility shift assay (EMSA)

Control and IGF-| treated cells were scraped and centrifuged at
13,000 rpm for 1 min at 4°C. The pellets were then resus-
pended in 400 pl of buffer A (10 mM HEPES (pH 7.9), 10 mM
KCl, 1.5 mM MgCl,, 0.1 mM EDTA, 0.25 mM EGTA, 1 mM
DTT, 0.5 mM PMSF, and complete inhibitor cocktail) and incu-
bated on ice for 15 min, after which 25 pl of 10% NP-40 was
added. Next, the cells were vortexed for 10 sec and centrifuged
at 12,000 rpm for 30 s at 4°C, after which the pellet was resus-
pended in 100 pl of cold buffer C [20 mM HEPES (pH 7.9), 0.4
mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF,
10% glycerol, and complete inhibitor cocktail]. The nuclei were
then rocked on 4°C for 25 min, and then centrifuged at 13,000
rom for 5 min at 4°C. The protein concentration of the super-
natant was then determined using the Bradford protein assay
kit (Bio-Rad, USA) according to the manufacturer’s instructions.
Next, 10 pmoles of upper and lower strand DNA were annealed
by heating at 94°C for 10 min, followed by ramping to 37°C for
60 min and then 37°C for 15 min. The annealed oligonucleo-
tides were then end-labeled with *P-ATP (3000 Ci/mmol) (GE
Healthcare UK Ltd., UK). Reactions mixtures containing 15
pmoles of the annealed DNA, 10 pmoles of ®P-ATP, 1.5 ul of
10x PNK buffer, and 1 ul of T4 polynucleotide kinase diluted to
a volume of 15 pl with sterile water were then incubated at
37°C for 30 min. The labeled DNA was then separated from the
free label using probequant G-50 micro columns (GE Health-
care UK Ltd., UK). Next, the nuclear extract (10 pg) was incu-
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bated in a reaction mixture with a final volume of 20 pl that
contained 10x DNA-binding buffer [100 mM HEPES (pH 7.9),
25 mM MgCl,, 0.5 mM EDTA (pH 8.0), 0.5% Triton X-100, 10
mM DTT, 500 mM NaCl, and 20% glycerol] and 1 ng of poly
(dIdC)-poly (dIdC) (Sigma Aldrich, USA) for 10 min at room
temperature, after which double-stranded *2P-labeled androgen
response element (ARE) was added and the mixture was sub-
sequently incubated for 30 min at room temperature. Protein-
DNA complexes were then resolved on 5% EMSA gel (5x TBE,
40% acrylamide, 50% glycerol, ADW, TEMED, 10% APS) in
0.5x TBE buffer (100 V, 1 h). Analytical gels were dried, fixed,
on 3 M paper (Whatman, USA) and exposed to film for 12-24 h.
The films were then scanned using the BAS-3000 image leader
(Fuiji Film, Japan).

Data analysis

All values are reported as means + SE. Statistical significance
was determined by one-way ANOVA with post hoc Tukey’s test
using SPSS 12.0. Differences between groups were consid-
ered significant at P < 0.05.

RESULTS

IGF-l-induced AR protein expression and activation

As shown in Fig. 1A, Western blot analysis revealed that
phosphorylated AR and total AR protein expression varied in
response to treatment with 250 ng/ml of IGF-| treatment for
various lengths of time. Specifically, treatment of C2C12 cells
with IGF-I for various lengths of time resulted in a time-
dependent increase in phosphorylated AR (Ser 213) protein
expression, with the maximal effect being observed after 30
min (223%; P < 0.05). Total AR protein expression also in-
creased by up to 89% in response to treatment with 250
ng/ml of IGF-I for 60 min, and these increases occurred in a
time-dependent manner (Fig. 1A). In additional experiments,
treatment of cultured C2C12 cells for 30 min with various
concentrations of IGF-I resulted in a dose-dependent in-
crease in phosphorylated AR of up to 200% (P < 0.05) and in
total AR protein expression of up to 115% (P < 0.05), with the
maximal induction occurring at an IGF-I concentration of 200
ng/ml (Fig. 1B). These data suggest that IGF-I have a modu-
lating effect on AR induction and activation in the absence of
ligand in C2C12 skeletal muscle cells.

IGF-l-induced AR mRNA and AR target gene mRNA
expression

To test whether the increase in AR protein expression was
associated with increased expression of the AR gene, AR
mRNA levels were determined by real-time PCR. GAPDH
mRNA abundance was examined as a correction factor. The
results from that experiment revealed an 80% increase in AR
mRNA levels in C2C12 cells after treatment with 250 ng/ml of
IGF-I for 5 min (P < 0.05; Fig. 2A). This time-course experiment
showed that the increase in AR mRNA that was induced by
IGF-I treatment was nearly saturated after a very short length of
time (5 or 10 min). To further investigate the modulating effect
of IGF-I on AR target genes, skeletal a-actin and myogenin
mRNA expression was evaluated. The skeletal a-actin mMRNA
expression was increased by 88% and 57% after 5 and 10 min
of IGF-I treatment, respectively (P < 0.05; Fig. 2B). In addition,
the myogenin mRNA expression increased significantly after 5
min of IGF-I treatment (P < 0.05; Fig. 2C). Taken together,
these data suggest that IGF-I transiently induces the mRNA
level of AR and its target genes within a short time following
exposure.
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Fig. 1. (A) Influence of treatment with IGF-I for different lengths of
time on phosphorylated AR (Ser 213) and total AR protein expres-
sion in C2C12 cells. C2C12 cells were treated with 250 ng/ml of
IGF-I for up to 1 h. (B) Effect of different concentrations of IGF-I on
phosphorylated AR and total AR protein expression in C2C12 cells.
C2C12 cells were treated with IGF-I for 30 min. Sixty micrograms of
protein were fractionated by 7% SDS-PAGE, after which they were
immunobloted with phospho-AR (Ser 213) or AR antibodies. Inset:
Western blot image of phospho-AR, total AR, and a-tubulin detec-
tion. Values are means + SE with n = 3 for each condition. *P <
0.05 vs. control.

AR nuclear localization

Our results showed that IGF-I led to increased AR phosphoryla-
tion, which is generally believed to be necessary for nuclear
translocation. Therefore, we evaluated IGF-I-induced AR phos-
phorylation (Ser 213) to determine if it stimulated nuclear trans-
location of AR in C2C12 cells. Confocal images from C2C12
cells were acquired at 30 min after treatment with 250 ng/ml of
IGF-I. As shown in Fig. 3A, AR is primarily located in the cyto-
solic compartment in the absence of IGF-l. However, IGF-I
treatment led to marked enhancement of AR nuclear transloca-
tion (Fig. 3B). Taken together, these data indicate that, even in
the absence of ligand, IGF-I can induce translocation of the AR
in skeletal muscle cells.
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Fig. 2. AR (A), skeletal a-actin (B), and myogenin (C) mRNA levels
determined by real-time PCR in C2C12 cells cultured for 1 h in the
absence (control) or presence of IGF-I (250 ng/ml). Target mMRNA
values are shown normalized to the GAPDH mRNA level for each
sample. Samples were analyzed in duplicate in parallel with

GAPDH. Values are means + SE of three independent experiments.

*P < 0.05 vs. control.

AR DNA binding activity

To determine whether IGF-l-induced increase in AR nuclear
localization was associated with an increase in AR binding to
ARE, the DNA binding activity of AR was determined by EMSA
(Fig. 4). In this experiment, the AR DNA binding activity was
measured at various time points (0-90 min) after the addition of
50 ng/ml (Fig. 4A) or 250 ng/ml of IGF-I (Fig. 4B). As shown in
Fig. 4, IGF-I led to increased AR DNA binding activity in the
absence of ligand in a time-dependent manner. Although there
was a non-specific band below AR-ARE complex band, a
slower mobility band (upper band) was not presented in probe
only. Therefore, it is very likely that a slower mobility band is
AR-ARE complex.

DISCUSSION
In this study, we investigated a possible interaction between AR

and IGF-I signaling in C2C12 cells. The primary finding of this
study is that IGF-I treatment led to increased total AR, AR

phosphorylation (Ser 213), AR mRNA, DNA binding activity,
and AR nuclear localization in the absence of its cognate ligand.
This IGF-l-induced AR gene expression and activation appears
to be cell-type specific because previous studies conducted
using different cell types have shown contrasting results (Lin et
al., 2001; 2003; Taneja et al., 2005; Wen et al., 2000).

Androgens act in target cells via an interaction with AR,
which results in modulation of gene expression. It is generally
accepted that AR regulates gene expression through a ligand-
dependent mechanism. In skeletal muscle, AR expression is
sensitive to circulating androgen levels (Antonio et al., 1996).
Anabolic steroid injection significantly increased AR protein
expression in rat skeletal muscles (Lee et al., 2003a; 2003b). In
addition to the classical regulation of AR by androgens, AR is
also regulated by a ligand-independent mechanism (Culig et al.,
1994; Nazareth and Weigel, 1996; Reinikainen et al., 1996;
Sadar, 1999; Seaton et al., 2008). Culig et al. (1994) investi-
gated the effect of growth factors on AR-mediated transcription
and reported that IGF-1, epidermal growth factor, and keratino-
cyte growth factor were able to stimulate AR activation in
prostatic tumor cell lines. This study suggests that AR can be
activated by IGF-I in the absence of ligand.

IGF-I is synthesized primarily in the liver, but is also produced
locally in skeletal muscle where they can exert autocrine or
paracrine effects (Jones and Clemmons, 1995). It has been
well known that IGF-I is essential for muscle differentiation and
hypertrophy (Galvin et al., 2003; McLellan et al., 2006; Rommel
et al., 2001). IGF-l-induced hypertrophy of myotubes is known
to be dependent on a pathway initiated by PI3K/Akt, resulting in
increased protein synthesis through increases in the initiation of
translation and elongation (Brunn et al., 1997). Our present
data clearly demonstrated that IGF-I increased AR protein and
mRNA expression in the absence of ligand, indicating that IGF-I
had a modulating effect on AR induction and activation in skele-
tal muscle cells. Androgen-induced expression of AR regulates
AR target genes such as myogenic regulatory factors (MRFs),
cell cycle regulators, and skeletal a-actin (Lee, 2002; Lee et al.,
2003b; Lu et al., 1999). However, the effect of ligand-indepen-
dent induction of AR by IGF-I on the expression level of its
target genes in skeletal muscle has not been well studied. Our
current data demonstrate that AR can be influenced by IGF-I to
induce AR target gene expression. Specifically, treatment with
IGF-I increased skeletal a-actin mRNA expression in the ab-
sence of ligand. Myogenin mRNA expression was also induced
in IGF-I-treated C2C12 muscle cells, suggesting that IGF-I
accelerates myoblast differentiation in the absence of ligand.

A number of studies have suggested that AR is regulated di-
rectly or indirectly by phosphorylation. Thus, one mechanism by
which the IGF-I signaling pathway can affect AR function is to
alter the level of AR phosphorylation. Several earlier studies
reported the role of IGF-| signaling pathways on AR activity and
phosphorylation in different cell types (Lin et al., 2001; 2003;
Taneja et al., 2005; Wen et al., 2000). However, the results of
previous studies showing IGF-I-induced phosphorylation of AR
are controversial. For example, studies by Lin et al. (2001)
demonstrated that IGF-I signaling played a role in the function
of AR. They went on to state that IGF-I phosphorylates AR at
Ser 213 and 790 in prostate cancer DU145 cells, and that acti-
vation of the PI3K/Akt pathway suppressed AR activity. In addi-
tion, it has been reported that downstream signaling of IGF-I,
Akt, specifically binds to AR and phosphorylates Ser 213 and
Ser 791 of AR (Wen et al., 2000). However, these findings have
been contradicted by other studies. Wu et al. (2006) found that
AR phosphorylation was decreased in the presence of IGF-I,
and that this effect was completely blocked by the inhibitory
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Fig. 4. Influence of IGF-I treatment [(A) 50 ng/ml IGF-I; (B) 250
ng/ml IGF-I] for different lengths of time on AR DNA binding activity
determined by electrophoretic mobility shift assay (EMSA). Probe
only, labeled ARE probe with no sample; Control, labeled ARE
probe with untreated sample.

IGF-I receptor antibody A12 in AR-transfected M12 cells. Ta-
neja et al. (2005) evaluated growth factor to determine if it re-
sulted in AR phosphorylation in the absence of AR ligand in
human embryonic kidney 293 cell lines. They found that AR
was phosphorylated at Ser 213 in the presence of its ligand
(R1881), but not following treatment with IGF-I for up to 2 h in
the absence of ligand, suggesting that agonist binding is nec-
essary for cellular kinases to phosphorylate AR. Furthermore,
they showed that, although IGF-I did not phosphorylate AR in
the absence of ligands, downstream signaling pathways of IGF-
| such as Akt and MAPK were activated by IGF-l. Our data
clearly showed that IGF-I increased AR phosphorylation at Ser
213 in the absence of ligand in C2C12 cells. Although the rea-
sons for these discrepancies between studies are not clear, we
can speculate that IGF-I-induced AR phosphorylation is tightly
regulated in a cell-type specific manner. One possible reason
for these differences in AR phosphorylation by IGF-I would be
differential expression of protein phosphatase 2A in different

Fig. 3. Confocal image showing IGF-Il-induced
AR translocation into the nucleus in C2C12
cells in the absence or presence of pharma-
cological inhibitors. All images were acquired
at 30 min after treatment. (A) C2C12 cells in
IGF-I free medium. (B) C2C12 cells in medium

Con containing 250 ng/ml IGF-l. AR is stained
fluorescent red and nuclei are stained fluores-
cent blue.

IGF-

cell types (Wu et al., 2006). Another possible reason for this
discrepancy may have been the difference in cell types or
treatment conditions.

The results of previous studies designed to determine
whether growth factor exerts a modulating effect on the nuclear
localization of AR are controversial (Orio et al., 2002; Wu et al.,
2006). In terms of AR nuclear localization, Orio et al. (2002)
reported that IGF-I and epidermal growth factor were unable to
initiate the nuclear translocation of AR in the absence of andro-
gens in human prostate cell lines (PNT1A and DU-145). How-
ever, the results of another study indicated that IGF-I enhanced
the nuclear translocation of AR in the absence of androgens,
and that this effect was blocked by an IGF-I receptor inhibitory
antibody in AR-transfected M12 cells (Wu et al., 2006). Our
findings showed that IGF-I enhanced AR trafficking from cyto-
sol to the nucleus in the absence of androgens in C2C12 skele-
tal muscle cells. Whether the discrepancy in IGF-I-induced AR
nuclear localization is attributed to differences in phosphoryla-
tion of AR in different cell types or to the recruitment of AR
coactivators has yet to be investigated. Nevertheless, our pre-
sent data suggest that IGF-lI-induced AR phosphorylation at
Ser 213 stimulates AR translocation to the nucleus in C2C12
skeletal muscle cells via coordinative activation of IGF-1 down-
stream signaling pathways.

The results of the present study suggest that increased gene
expression and activation of AR after stimulation of C2C12
skeletal muscle cells by treatment with IGF-I raises the possibil-
ity that, even in the absence of its cognate ligand, AR can be
activated by IGF-I in skeletal muscle cells. Although further
work is needed to determine how detailed molecular signaling
pathways contribute to the activation of AR, the results of the
present study may provide a better understanding of the ligand-
independent activation of AR and signaling pathways integrat-
ing IGF-l and AR in skeletal muscle cells.

ACKNOWLEDGMENT

This work was supported by a grant to Won Jun Lee from the
Korean Research Foundation funded by the Korean Govern-
ment (KRF-2008-1624-1-1).

REFERENCES

Adams, G.R., and Haddad, F. (1996). The relationships among



194 IGF-I Stimulates AR Activation in Skeletal Muscle Cells

IGF-I, DNA content, and protein accumulation during skeletal
muscle hypertrophy. J. Appl. Physiol. 81, 2509-2516.

Antonio, J., Wilson, J.D., and George, F.W. (1996). Effects of cas-
tration and androgen treatment on androgen receptor levels in
rat skeletal muscle. J. Appl. Physiol. 87, 2016-2019.

Brunn, G.J., Hudson, C.C., Sekuli¢, A., Wiliams, J.M., Hosoi, H.,
Houghton, P.J., Lawrence, J.C. Jr, and Abraham, R.T. (1997).
Phosphorylation of the translational repressor PHAS-I by the
mammalian target of rapamycin. Science 277, 99-101.

Chen, Y., Zajac, J.D., and MacLean, H.E. (2005). Androgen regula-
tion of satellite cell function. J. Endocrinol. 186, 21-31.

Culig, Z., Hobisch, A., Cronauer, M.V., Radmayr, C., Trapman, J.,
Hittmair, A., Bartsch, G., and Klocker, H. (1994). Androgen re-
ceptor activation in prostatic tumor cell lines by insulin-like
growth factor-l, keratinocyte growth factor, and epidermal growth
factor. Cancer Res. 54, 5474-5478.

Fanzani, A., Colombo, F., Giuliani, R., Preti, A., and Marchesini, S.
(2006). Insulin-like growth factor 1 signaling regulates cytosolic
sialidase Neu2 expression during myoblast differentiation and
hypertrophy. FEBS J. 273, 3709-3721.

Frost, R.A., and Lang, C.H. (1999). Differential effects of insulin-like
growth factor | (IGF-I) and IGF-binding protein-1 on protein me-
tabolism in human skeletal muscle cells. Endocrinology 140,
3962-3970.

Galvin, C.D., Hardiman, O., and Nolan, C.M. (2003). IGF-I receptor
mediates differentiation of primary cultures of mouse skeletal
myoblasts. Mol. Cell. Endocrinol. 200, 19-29.

Jones, J.I., and Clemmons, D.R. (1995). Insulin-like growth factors
and their binding proteins: biological action. Endocr. Rev. 16, 3-
34.

Lee, D.K. (2002). Androgen receptor enhances myogenin expres-
sion and accelerates differentiation. Biochem. Biophys. Res.
Commun. 294, 408-413.

Lee, W.J., McClung, J., Hand, G.A., and Carson, J.A. (2003a).
Overload-induced androgen receptor expression in the aged
hindlimb receiving nandrolone decanoate. J. Appl. Physiol. 94,
1153-1161.

Lee, W.J., Thompson, R.W., McClung, J.M., and Carson, J.A.
(2003b). Regulation of androgen receptor expression at the on-
set of functional overload in rat plantaris muscle. Am J. Physiol.
Regul. Integr. Comp. Physiol. 285, R1076-R1085.

Lin, HK., Yeh, S., Kang, H.Y., and Chang, C. (2001). Akt sup-
presses androgen-induced apoptosis by phosphorylating and
inhibiting androgen receptor. Proc. Natl. Acad. Sci. USA 98,
7200-7205.

Lin, HK., Hu, Y.C., Yang, L., Altuwaijri, S., Chen, Y.T., Kang, H.Y.,
and Chang, C. (2003). Suppression versus induction of andro-
gen receptor functions by the phosphatidylinositol 3-kinase/Akt
pathway in prostate cancer LNCaP cells with different passage
numbers. J. Biol. Chem. 278, 50902-50907.

Lu, S., Liu, M., Epner, D.E., Tsai, S.Y., and Tsai, M.J. (1999). An-
drogen regulation of the cyclin-dependent kinase inhibitor p21
gene through an androgen response element in the proximal
promoter. Mol. Endocrinol. 13, 376-384.

MacLean, H.E., Chiu, W.S., Notini, A.J., Axell, A.M., Davey, R.A.,
McManus, J.F., Ma, C., Plant, D.R., Lynch, G.S., and Zajac, J.D.
(2008). Impaired skeletal muscle development and function in
male, but not female, genomic androgen receptor knockout
mice. FASEB J. 22, 2676-2689.

McLellan, A.S., Kealey, T., and Langlands, K. (2006). An E box in
the exon 1 promoter regulates insulin-like growth factor-I ex-
pression in differentiating muscle cells. Am. J. Physiol. 291,

C300-C307.

Musaro, A., McCullagh, K.J., Naya, F.J., Olson, E.N., and Rosen-
thal, N. (1999). IGF-I induces skeletal myocyte hypertrophy
through calcineurin in association with GATA-2 and NF-ATc1.
Nature 400, 581-585.

Nazareth, L.V., and Weigel, N.L. (1996). Activation of the human
androgen receptor through a protein kinase A signaling pathway.
J. Biol. Chem. 271, 19900-19907.

Orio, F., Térouanne, B., Georget, V., Lumbroso, S., Avances, C.,
Siatka, C., and Sultan, C. (2002). Potential action of IGF-I and
EGF on androgen receptor nuclear transfer and transactivation
in normal and cancer human prostate cell lines. Mol. Cell. Endo-
crinol. 198, 105-114.

Reinikainen, P., Palvimo, J.J., and Janne, O.A. (1996). Effects of
mitogens on androgen receptor-mediated transactivation. Endo-
crinology 137, 4351-4357.

Rommel, C., Bodine, S.C., Clarke, B.A., Rossman, R., Nunez, L.,
Stitt, T.N., and Glass, D.J. (2001). Mediation of IGF-l-induced
skeletal myotube hypertrophy by PI(3)K/AkmTOR and PI(3)K/
kt/GSK3 pathways. Nat. Cell. Biol. 3, 1009-1013.

Roy, AK., Tyagi, R.K., Song, C.S, Lavrovsky, Y., Ahn, S.C., Oh,
T.S., and Chatterjee, B. (2001). Androgen receptor: structural
domains and functional dynamics after ligand-receptor interac-
tion. Ann. N.Y. Acad. Sci. 949, 44-57.

Sadar, M.D. (1999). Androgen-independent induction of prostate-
specific antigen gene expression via cross-talk between the an-
drogen receptor and protein kinase A signal transduction path-
ways. J. Biol. Chem. 274, 7777-7783.

Seaton, A., Scullin, P., Maxwell, P.J., Wilson, C., Pettigrew, J., Galla-
gher, R., O’'Sullivan, J.M., Johnston, P.G., and Waugh, D.J. (2008).
Interleukin-8 signaling promotes androgen-independent prolifera-
tion of prostate cancer cells via induction of androgen receptor ex-
pression and activation. Carcinogenesis 29, 1148-1156.

Taneja, S.S., Ha, S., Swenson, N.K., Huang, H.Y., Lee, P,
Melamed, J., Shapiro, E., Garabedian, M.J., and Logan, S.K.
(2005). Cell-specific regulation of androgen receptor phosphory-
lation in vivo. J. Biol. Chem. 280, 40916-40924.

Tyagi, R.K., Lavrovsky, Y., Ahn, S.C., Song, S.C., Chatterjee, B.,
and Roy, A.K. (2000). Dynamics of intercellular movement and
nucleocytoplasmic recycling of the ligand-activated androgen
receptor in living cells. Mol. Endocrinol. 14, 1162-1174.

Urban, R.J., Boldenburg, Y.H., Gilkison, C., Foxworth, J., Coggan,
A.R., Wolfe, R.R., and Ferrando, A. (1995). Testosterone ad-
ministration to elderly men increases skeletal muscle strength
and protein synthesis. Am J. Physiol. 269, E820-E826.

Wade, N. (1972). Anabolic steroids: doctors denounce them, but
athletes aren't listening. Science 176, 1399-1403.

Wannenes, F., Caprio, M., Gatta, L., Fabbri, A., Bonini, S., and
Moretti, C. (2008). Androgen receptor expression during C2C12
skeletal muscle cell line differentiation. Mol. Cell. Endocrinol. 292,
11-19.

Wen, Y., Hu, M.C., Makino, K., Spohn, B., Bartholomeusz, G., Yan,
D.H., and Hung, M.C. (2000). HER-2/neu promotes androgen-
independent survival and growth of prostate cancer cells
through the Akt pathway. Cancer Res. 60, 6841-6845.

Wu, J.D., Haugk, K., Woodke, L., Nelson, P., Coleman, I., and
Plymate, S.R. (2006). Interaction of IGF-signaling and the an-
drogen receptor in prostate cancer progression. J. Cell. Biochem.
99, 392-401.

Xu, L., Glass, C.K., and Rosenfeld, M.G. (2006). Coactivator and
corepressor complexes in nuclear receptor function. Curr. Opin.
Genet. Dev. 9, 140-147.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


