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ABSTRACT

Insulin-like growth factor-I (IGF-I) is a major anabolic hormone for skeletal muscle and a potent stimulus for protein synthesis and translation
initiation. Recent studies suggest that translation can be inhibited by over expression of the mammalian target of rapamycin (mTOR) repressor
REDD1. The purpose of the present study was to determine whether IGF-I alters the expression of REDD1 and whether this is associated with a
concomitant change in protein synthesis in vitro. Subcutaneous injection of IGF-I or intravenous delivery of insulin for 3-4 h increased
REDD1 mRNA in skeletal muscle 7-10-fold. A threefold increase in REDD1 was observed when C2C12 myotubes were treated with IGF-I.
REDD1 protein continued to be expressed for up to 24 h after addition of IGF-I to cells. Withdrawal of IGF-I from myotubes lead to a rapid loss
of REDD1 protein content. IGF-I-induced REDD 1 mRNA and protein expression were prevented by inhibitors of transcription and translation.
IGF-I had an additive effect with dexamethasone (Dex) on REDD1 protein content in myotubes. The PI3K inhibitor LY294002 blocked IGF-I
but not Dex induced REDD1. IGF-I also stimulated REDD1 promoter activity. Although REDD1 protein was elevated 5-6 h after addition of
IGF-I to myotubes, protein synthesis measured during this 1 h window was paradoxically greater in myotubes expressing more REDD1. In
contrast to the IGF-I induced increase in REDD1 mRNA, REDD2 mRNA was decreased by IGF-I. We conclude that IGF-I stimulates REDD1
expression in skeletal muscle and myotubes but under these conditions the REDD1 response is not sufficient to repress protein synthesis.
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|\ /I uscle growth is exquisitely sensitive to nutrient avail-

ability, cellular and organismal stress, age, and the local
production of cytokines and growth factors [Vary and Lynch, 2007;
Drummond and Rasmussen, 2008; Frost and Lang, 2008; Smith
et al., 2008]. The control of muscle mass is therefore balanced by the
anabolic and catabolic response to these inputs [Guttridge, 2004;
Frost and Lang, 2007; Lang et al.,, 2007a]. Foremost among
the anabolic factors impinging on muscle is the peptide hormone
insulin-like growth factor (IGF)-I [Velloso, 2008]. IGF-I is unique
because it stimulates protein synthesis in skeletal and cardiac
muscle but not in a variety of other tissues [Bark et al., 1998]. IGF-I
is also a potent inhibitor of muscle atrophy via its ability to suppress
the expression of atrophy genes although this is not a universal
finding [Criswell et al., 1998; Glass, 2005; Dehoux et al., 2007].
The mammalian target of rapamycin (mTOR) is a serine (S)/
threonine (T) kinase that plays a pivotal role in integrating positive
input from nutrients and growth factors as well as negative input
related to energy stress, such as hypoxia and free radicals [Dunlop

and Tee, 2009]. mTOR functions as a central signaling molecule
controlling the translation initiation machinery via phosphorylation
of its substrates S6K1 and 4E-BP1. Together these substrates are
thought to facilitate the recruitment of ribosomes for cap-dependent
translation [Holz et al., 2005; Choo et al., 2008]. mTOR can exist in
two complexes referred to as mTOR complex (mTORc)1 and -2 and it
is the first complex that is thought to control translation initiation.
An additional mTORc1 and -2 independent complex has also
been proposed and is thought to enhance translational efficiency
of mRNAs with highly structured 5" untranslated regions [Patursky-
Polischuk et al., 2009].

mTOR activity is tightly regulated by the upstream tumor
suppressor proteins known as Tuberous Sclerosis Complex (TSC)-1
and -2. When present as a heterodimer the TSC1-TSC2 complex
inhibits mTOR indirectly by converting the small GTPase Ras
homolog enriched in brain (Rheb) to an inactive GDP bound form.
Indeed, over expression of TSC1 in mouse skeletal muscle leads to a
significant increase in the TSC1-TSC2 complex and a reduction in

Grant sponsor: National Institutes of Health; Grant numbers: GM-38032, AA-11290.

*Correspondence to: Dr. Robert A. Frost, PhD, Department of Cellular and Molecular Physiology, Penn State University
College of Medicine, Hershey Medical Center: H166, Hershey, PA 17033. E-mail: rfrost@psu.edu

Received 25 February 2009; Accepted 13 August 2009 e DOI 10.1002/jcb.22349 e © 2009 Wiley-Liss, Inc.
Published online 30 September 2009 in Wiley InterScience (www.interscience.wiley.com).



muscle mass [Wan et al., 2006]. In contrast, activation of the PI3K/
Akt pathway by growth factors promotes the phosphorylation of
TSC2 on S924 and T1518, inactivates the TSC complex, and restores
Rheb and mTOR activity [Potter et al., 2002]. A second key
mechanism by which Akt may alter the TSC1-TSC2 complex is by
phosphorylating TSC2 on S939 and S981. Phosphorylation of these
residues facilitates the movement of TSC2 away from Rheb and
sequesters TSC2 with 14-3-3 proteins [Cai et al., 2006; Huang and
Manning, 2009]. The association of TSC2 with 14-3-3 allows for
strong stimulation of mTOR activity but this may only provide a
simplistic explanation of the regulation of the TSC1-TSC2 complex
by growth factors given the wide spectrum of potential binding
partners to which TSC1 and -2 can associate [Rosner et al., 2008].

Over expression of REDD1 during hypoxic stress inhibits mTOR
activity as evidenced by the decreased phosphorylation of its targets
S6K1 and 4E-BP1 [Brugarolas et al., 2004; Corradetti et al., 2005].
REDD1, like TSC2, binds to 14-3-3 proteins and mutants of REDD1
that fail to bind 14-3-3 protein are defective at inhibiting mTOR
activity. De Young et al. have hypothesized that REDD1 inhibits
mTOR activity by displacing endogenous TSC2 from 14-3-3,
activating theTSC1-TSC2 complex and subsequent inhibition of
Rheb [DeYoung et al, 2008]. The importance of REDDI1 is
underscored by the ability of REDD1 to dominantly suppress mTOR
activity even in the presence of the strong growth signal elicited
by a myristylated form of Akt [DeYoung et al., 2008].

Although much is known about how REDD1 can inhibit mTOR
activity less is known about its regulation by factors other than
hypoxia. We hypothesized that as a negative regulator of mTOR
activity that REDD1 expression might be down regulated by growth
factors. To test this hypothesis we examined REDD1 mRNA
expression in skeletal muscle and myotubes in culture. We found
a paradoxical increase in REDD1 in skeletal muscle of IGF-I treated
rats and myotubes treated continuously with IGF-I. Although IGF-I
treatment was associated with a threefold increase in endogenous
REDD1, this change did not have a negative effect on global protein
synthesis as measured by the incorporation of phenylalanine into
muscle protein.

EXPERIMENTAL PROTOCOLS FOR IN VIVO STUDIES

The following experimental protocols were approved by the
Institutional Animal Care and Use Committee of The Pennsylvania
State University College of Medicine and adhered to the National
Institutes of Health guidelines for the use of experimental animals.
Pathogen-free male Sprague-Dawley rats (300-325g; Charles
River Breeding Laboratories, Cambridge, MA) were used in all of
the experiments. Rats were housed in a controlled environment and
provided commercial laboratory food (Harlan #2018; 18% protein
rodent diet; Madison, WI) and water ad libitum.

For the IGF-I study freely fed rats were injected with recombinant
human IGF-I (Genentech, South San Francisco, CA, 200 p.g/kg body
weight, n=5) subcutaneously with subsequent removal of the
gastrocnemius 4 h afterward. Comparable doses of IGF-1 have been
reported to increase protein synthesis in skeletal muscle [Bark et al.,

1998]. Time-matched control animals were injected with an equal
volume of 0.9% (w/v) sterile saline (n=6). For the insulin study
rats were infused intravenously with recombinant human insulin
(Humulin® R, Lilly, Indianapolis, IN, 4 mU/min/kg) and glucose
infused IV to maintain euglycemia (100 + 5 mg/dl). This insulin
infusion rate provides plasma insulin concentrations in the high
physiological range (~100 pU/ml). Time-matched control animals
were infused with an equal volume of 0.9% (w/v) sterile saline with
the gastrocnemius isolated from both groups 3h later (n=4 per
group). Rats in both studies were anesthetized with pentobarbital
sodium (75 mg/kg) prior to dissection of the gastrocnemius which
was rapidly frozen between liquid nitrogen-cooled clamps. Frozen
tissue was powdered with a mortar and pestle and subsequently
stored at —70°C until analyzed. Muscle was isolated at time points
during which we have previously demonstrated an IGF-I-induced
fall in muscle atrophy genes and an increase in the phosphorylation
of translation initiation factors [Lang et al., 2007b].

CELL CULTURE

The C2C12 mouse myoblast cell line was purchased from the
American Type Culture Collection (ATCC, Manassas, VA) and used
for all studies. Cells were grown in 100 mm Petri dishes (Greiner Bio-
One, Frickenhausen, Germany) and cultured in minimal essential
media (MEM) containing 10% fetal bovine serum, penicillin (100 U/
ml), streptomycin (100 wg/ml), and amphotericin B (25 pg/ml) (all
from Mediatech, Herndon, VA). Cells were grown to near confluence
and sub-cultured to 6-well plates for all experiments. Cells were
differentiated to myotubes in 10% bovine calf serum (BCS). In most
experiments cells were differentiated for >7 days to obtain cultures
composed of greater than 90% myotubes. Just prior to the
experiments myotubes were switched to fresh serum-free MEM.
Experiments were performed with IGF-I obtained from Genentech
(South San Francisco, CA) and used at 100 ng/ml, a dose previously
shown to both increase and decrease gene expression [Adi et al.,
2000; Dehoux et al., 2007]. Dexamethasone was obtained from
Sigma and used at a dose (10 wM) previously shown to inhibit
protein synthesis and increase REDD1 protein content [Shah et al.,
2000; Wang et al., 2006]. Other chemicals including 5,6-dichloro-1-
beta-ribofuranosyl benzimidazole (DRB), cycloheximide, LY294002,
PD98059, were used at concentrations previously shown to inhibit
transcription, translation, and kinase activities and are noted in their
respective figure legends. Protein was isolated in Laemelli sample
buffer containing SDS, phosphatase, and protease inhibitors.

RNA ISOLATION AND RIBONUCLEASE PROTECTION ASSAY (RPA)
Total RNA, DNA and protein were extracted from C2C12 cells
in a mixture of phenol and guanidine thiocyanate (TRI Reagent,
Molecular Research Center, Cincinnati, OH) using the manufac-
turer’s protocol. RNA was separated from protein and DNA by the
addition of bromocholoropropane and precipitation in isopropanol.
After a 75% ethanol wash and resuspension in formamide, RNA
samples were quantified by spectrophotometry. Ten micrograms of
RNA was used for each assay.

Riboprobes were synthesized from a custom multi-probe mouse
template set containing a probe for mouse REDD 1, REDD2, and L32
mRNA detection. Riboprobes for rat REDD1 and L32 were generated

JOURNAL OF CELLULAR BIOCHEMISTRY

1193

REGULATION OF REDD1 BY IGF-I



separately. Primer selection for the probes was determined with the
help of Genefisher software [Giegerich et al., 1996]. Primers were
synthesized (IDT, Coralville, IA) with restriction sites for EcoRI or
Kpnl at the 5’ end and with 3 extra bases at the extreme 5 end as
follows: mREDD 1 —Forward (5'-GCA GAA TTC GGC CGG AGG AAG
ACT CCT CA-3'), Reverse (5'-GCA GGT ACC CTT CTT GAT GAC TCT
GAA GCC GGT A-3'), mREDD2—Forward (5'-GCA GAA TTC CTG
AGA AAC TGA CCC AGA GAA TTG C-3'), Reverse (5'-CCA GGT
ACC GTC GTT CCA ATC AGG GAG TAC AGT-3'), mL32 —Forward
(5'-GCA GAA TTC CGG CCT CTG GTG AAG CCC AA-3'), Reverse
(5'-GCA GGT ACC CCT TCT CCG CAC CCT GTT GTC A-3') rREDD1—
Forward (5'-GCA GAA TTC CCT CTT CGT CCT CGT CCC GAA-3'),
Reverse (5'-GCA GGT ACC GGC ACT AGA CTG GGG TCC AGA-3'),
and L32—Forward (5'-GCA GAA TTC CGG CCT CTG GTG AAG CCC
AA-3'), Reverse (5'-GCAGGT ACC CCT TCT CCG CAC CCT GTT GTC
A-3'). Briefly, protected RNAs were separated using a 5% acrylamide
gel (19:1 acrylamide/bisacrylamide). Gels were transferred to
blotting paper and dried under vacuum on a gel dryer. Dried gels
were exposed to a phosphorimager screen (Molecular Dynamics,
Sunnyvale, CA) and the resulting data were quantified using
ImageQuant™ software and normalized to the mouse or rat
ribosomal protein L32 mRNA signal in each lane.

QUANTITATIVE REAL-TIME PCR (QT-RT-PCR)

Total RNA was extracted as described above and reversed
transcribed with a Superscript™ First Strand Synthesis System
for RT-PCR (Invitrogen, Carlsbad, CA) using random hexamers and
1.5 ng of RNA. No template and no amplification controls were
included. Quantitative PCR was performed using Quantitect SYBR
Green PCR kits (Qiagen) with final PCR primer concentrations of
300nM in a reaction volume of 20 ul. Primers for actin were
purchased from Qiagen and REDD2 (forward primer, 5'-CCAGCC-
TCAAGGACTTCTTC-3’; reverse primer, 5-TCCTCAATGACTGT-
CGTTCC-3 was obtained from Dr. Scot Kimball (Hershey, PA).
The optimal concentration of cDNA and primers and the efficiency
of amplification were obtained from five-point dilution curve
analysis for each gene. Polymerase chain reaction analyses were
performed using an ABI Prism 7700 Sequence Detection System
(Applied Biosystems). Amplification and annealing temperatures
were 60°C. Melting curve analyses were performed to assess the
specificity of the PCR products. After PCR was completed, baseline
and threshold levels were adjusted using the ABI Prism 7700
software and CT values determined. Care was taken to ensure that
threshold levels were within the log-linear range of all amplified
plots. The relative standard curve method was used to analyze the
data, with relative amounts of unknown samples being calculated
using linear regression analysis. The relative value for REDD2 was
divided by the actin value and the control group was set as the
calibrator, a value of 1.0.

WESTERN BLOT ANALYSIS

Cell extracts were electrophoresed on denaturing polyacrylamide
gels and electrophoretically transferred to nitrocellulose with a
semi-dry blotter (Bio-Rad Laboratories, Melville, NY). The resulting
blots were blocked with 5% non-fat dry milk for 1.5 h and incubated
with a polyclonal antibody against either REDD1 (Proteintech

Group, Chicago IL, Cat # 10638-1AP), IGF-I receptor, IRS-1 (Santa
Cruz Biotechnology, Santa Cruz, CA), MHC MF-20 (Developmental
Studies Hybridoma Bank, Iowa City, IA) TSC-1, TSC2, S6K1, S6K1
phosphorylated on threonine 389 and GAPDH (Cell Signaling
Technology, Danvers, MA). Primary antibody dilutions ranged from
1:1000 to 1:10,000 depending on the strength of the antibody.
Unbound primary antibody was removed by washing with Tris-
buffered saline containing 0.05% Tween-20 and blots were
incubated with anti-rabbit or anti-mouse immunoglobulin con-
jugated with horseradish peroxidase. Blots were briefly incubated
with the components of an enhanced chemiluminescent detection
system (Amersham, Buckinghamshire, England). Dried blots were
used to expose X-ray film for 1-25 min to achieve a signal within
the linear range. Each film was then scanned with a Microtek
Scanmaker 4 scanner (Microtek, Cerritos, CA) equipped with a
transparency tray to generate a digital image that was then analyzed
and quantified with Scion Image 3b software (Scion Corporation,
Frederick MD). When necessary, comparisons were made across gels
by normalizing all the data to the signal(s) of the SEFMEM control
which was set to 1.0. Results normalized in this manner for
individual gels were then averaged with similarly normalized data
from additional gels for each of the experimental conditions.

REDD1 PROMOTER CONSTRUCT

A 744 bp fragment of mREDD1, containing 373 bp of the mREDD1
promoter region was cloned into pBSII-SK+ (Stratagene, La Jolla,
CA) along with a 1,979 bp fragment of pTAL-Luc (BD Pharmingen)
containing a fully functional firefly luciferase gene with attached
SV40 late polyadenylation sequence as follows. Mouse genomic
clone RP24 (BACPAC Resources, Oakland, CA) along with primers
mProF (in mREDD1 promoter) and mREDDIR (located in coding
sequence) were used to PCR the mREDD1 promoter. Nested PCR
followed using the previous reaction’s product and primers
mREDD1-DF and mREDD1-ER. Primer mREDD1-ER has a HindIII
site. A Kpnl site exists within the PCR product. After digestion with
HindIll and Kpul, the expected 750bp band was identified, gel-
purified, and ligated into pBSII-SK+ HindIlI/Kpnl. Clones were
ligated with luciferase, linearized with HindlIll and Sacl overnight,
and gel purified.

Firefly luciferase was cloned from pTAL-Luc (BD Pharmingen)
with the following PCR primer set: Forward 5 GGCCACGGGGAT-
GAAGCAGA and Reverse 5GCTGAGCTCGCTCTCAAGGGCATCG-
GTCGA. The PCR product was digested with HindIll and Sacl
overnight. The gel-purified fragment was ligated to HindIII/Sacl-cut
pBS/mREDD1. A positive clone was identified and sequencing
showed the 5 and 3’ ends of the luciferase insert as well as the
cloned mREDD1 to be intact with no mutations.

TRANSIENT TRANSFECTION AND PROMOTER ASSAYS

C2C12 myoblasts at 80-90% confluence were trypsinized from
multiple 100 mm plates and 4 x 10° cells resuspended in 100 ul of
Nucleofector V solution containing the manufacturer’s supplement
(Amaxa, Walkersville, MD, 4:1, v/v). Cells were nucleofected with
6 g of either empty vector (pTal-Luc), or a 744bp fragment of
the mouse REDD1 promoter (pBS-mRL) and a plasmid expressing
Renilla luciferase as previously described [Frost et al., 2006].

1194

REGULATION OF REDD1 BY IGF-I

JOURNAL OF CELLULAR BIOCHEMISTRY



Plasmids were nucleofected with a brief electrical pulse generated in
an Amaxa Biosystems Nucleofector II electroporator using a pre-
programmed setting of B-032 as suggested by the manufacturer.
Electroporated cells were resuspended and plated at 3.7 x 10° cells
per well in MEM containing 10% FBS. Fresh serum containing media
was added 2 h later and cells subsequently switched to serum-free
MEM the following day. The transfected cells were either grown in
SFMEM alone or treated with IGF-I (100ng/ml) for 24h. Cells
were isolated in 300wl of passive lysis buffer as suggested by
the manufacturer (Promega, Madison, WI, Dual Luciferase assay
system). Cell extracts were centrifuged to remove debris and 25 pl of
the supernatant assayed for luciferase activity on a Luminoscan
Ascent luminometer (Thermo Labsystems, Waltham, MA).

STATISTICS

Values are means + SEM. Unless otherwise noted, each experimental
condition was tested in triplicate and each experiment was repeated
at least two times. For transfections, a single transfection yielded
enough cells to compare luciferase activity in 12 wells and thus
6 wells per condition and this was repeated 3 times. Data were
analyzed by ANOVA followed by the Bonferroni-Holm post-hoc test
to determine treatment effect when ANOVA indicated a difference
among the means (Daniel Kraus, open source add in for Excel/"}i,
sorceforge.net). Statistical significance was set at P < 0.05.

IGF-1 AND INSULIN INCREASE REDD1 IN SKELETAL MUSCLE

Other than the regulation of REDD1 expression by cell stressors such
as hypoxia and glucocorticoids little is known about the regulation
of REDD1 in vivo [Wang et al., 2006; Jin et al., 2007]. In skeletal
muscle, REDD1 mRNA is elevated after acute alcohol intoxication
and decreased by low intensity resistance exercise [Drummond et al.,
2008; Lang et al., 2008]. Yet, there is a paucity of data on the effect
of anabolic peptides such as insulin and IGF-I on REDD1 expression.
Therefore, Sprague-Dawley rats were injected with IGF-I and
skeletal muscle obtained after 4 h. IGF-I increased REDD1 mRNA in
gastrocnemius by sixfold as measured by RPA (Fig. 1, Panels A,C).
The constant infusion of the structurally similar anabolic hormone
insulin for 3h in rats also increased REDD1 mRNA12-fold in the
gastrocnemius (Fig. 1, Panels B,C). The rise in REDD1 mRNA was
accompanied by a threefold increase in REDD1 protein content in
the muscle (Fig. 1, Panel B, Saline 1.0 + 0.12, Insulin 3.3 - 0.28 AU/
GAPDH, P < 0.05). The change in REDD1 in skeletal muscle was
independent of changes in housekeeping genes such as L32 (mRNA)
and GAPDH (protein) that were used to normalize the steady-state
levels of REDD1 mRNA and protein, respectively.

IGF-I TIME-DEPENDENTLY INCREASES REDD1 mRNA

AND PROTEIN IN C2C12 MYOTUBES

To determine whether IGF-I induced REDD1 mRNA predominantly
in myofibers rather than connective, vascular, or nervous tissue in
skeletal muscle we treated differentiated C2C12 myotubes with IGF-I
in vitro. IGF-I stimulated REDD1 mRNA in as little as 2h and the
two- to threefold increase in REDD1 mRNA was sustained for at least
6h (Fig. 2, Panel A). REDD1 mRNA was translated into protein as
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Fig. 1. Effect of IGF-I and insulin on REDD1 mRNA and protein expression in
rat skeletal muscle. Rats were administered IGF-I subcutaneously (200 .g/kg
body weight, Panel A) or insulin as a constant intravenous solution (4 mU/min/
kg, Panel B) for 3 h with glucose to maintain euglycemia. Muscle was flash
frozen in liquid nitrogen, powdered, and analyzed at the peak of rat REDD1
expression (3-4h). RNA was isolated and hybridized with a ribonuclease
protection assay (RPA) template as described in Experimental Procedures
Section and run on a 5% acrylamide gel (Panels A,B, RPA). Some of the tissue
homogenate from the insulin infused rats was analyzed for REDD1 protein by
Western blotting (Panel B, Western). The dried gel was exposed to a phosphor
imager screen and quantified with ImageQuant™ software (Panel C). All
data were normalized to ribosomal protein (rp)L32 mRNA as described in
Experimental Procedures Section and expressed as a fold-increase relative to
time-matched animals injected or infused with saline alone. Values are
means + SEM. Bars with different lower case letters are significantly different
from each other (P< 0.05, four to six animals per group).

detected by Western blotting of cell extracts with a REDD1 specific
antibody. A significant increase in REDD1 protein occurred 3-5h
after IGF-I addition to the cells and is consistent with the earlier rise
in REDD1 mRNA (Fig. 2, Panel B). Both REDD1 mRNA and protein
levels reached a new steady-state such that the amount of newly
synthesized REDD1 protein was unchanged between 5 and 24 h.
Although glucocorticoids often inhibit IGF-I signaling and
conversely IGF-I can also independently inhibit glucocorticoid
signaling [Singleton et al., 2000; Schakman et al., 2005], IGF-I and
dexamethasone both increased REDD1 protein content in myotubes
and the two together had an additive effect on REDD1 protein
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Fig. 2.  IGF-I time-dependently increases REDD1 mRNA and protein in C2C12
myotubes. C2C12 cells were subcultured into 6-well plates and allowed to
differentiate into myotubes in the presence of 10% BCS for 7 days. Myotubes
were switched to fresh serum-free MEM in the presence of absence of IGF-I
(100 ng/ml). RNA was isolated and hybridized to a mouse REDD1 RPA template
as described in Experimental Procedures Section. The dried gel was exposed to a
phosphor imager screen and quantified (Panel A). A representative image of the
6 h samples is shown (Panel A, inset). Additional cells were cultured in either
serum free media or IGF-1 (100 ng/ml) for 1-24 h. Cell extracts were isolated
and run on an SDS PAGE gel for Western blotting. A representative blot for
duplicate samples from each time point is shown (Panel B). Finally, myotubes
were cultured as above and treated with either IGF-I alone, dexamethasone
(Dex; 10 M) alone or the combination. Western blotting was used to detect
REDD1 and a number of IGF-I, muscle, and mTOR relevant loading controls
including: IGF-I receptor (IGF-IR), insulin receptor substrate-I (IRS-1), TSC-1
and -2, S6K1, myosin heavy chain (MHC) and GAPDH.

content (Fig. 2, Panel C). All of the changes in REDD1 mRNA and
protein in C2C12 myotubes were independent of changes in L32
mRNA and GAPDH protein. In addition, the total amount of a
number of muscle IGF-I and mTOR signaling proteins were
unchanged across the above conditions including: the IGF-I
receptor (IGF-IR), IRS-1, TSC-1 and -2, S6K1, and myosin heavy
chain (MHC) (Fig. 2, Panel C). In contrast, the phosphorylation of
S6K1 on T389 was increased by IGF-I and decreased by Dex.

ACCUMULATION OF REDD1T mRNA AND PROTEIN REQUIRES
ONGOING TRANSCRIPTION AND TRANSLATION

The ability of C2C12 myotubes to respond to IGF-I was examined in
the presence of the transcriptional inhibitor DRB. IGF-I increased
REDD1 mRNA and this was completely inhibited by pretreatment
with DRB (Fig. 3, Panels A,B). Likewise, IGF-I stimulated the
synthesis of REDD1 protein and this increase was completely
inhibited by DRB (Fig. 3, Panel C). Cycloheximide (CHX) also
completely blocked the IGF-I-induced increase in REDD1 protein
(Control 100427, IGF-I 252+ 18, IGF-I+CHX 63+13, AU/
GAPDH, P < 0.05).
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Fig. 3. IGF-I-induced REDD1 mRNA and protein is blocked by a transcrip-
tional inhibitor. C2C12 myoblasts were grown as described in Figure 2 for 8 h
either in the presence or absence of the transcriptional inhibitor DRB (72 M)
with IGF-1 (100 ng/ml). A representative RPA is shown (Panel A) and quantified
(Panel B). Additional cell extracts were run on an SDS PAGE gel and probed for
REDD1 protein by Western blotting (Panel C). All data were normalized for L32
mRNA or GAPDH protein as described in Experimental Procedures Section.
Values are means &= SEM.
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IGF-1 WITHDRAWAL LEADS TO A RAPID LOSS OF REDD1 PROTEIN
Preliminary data suggested that a constant exposure to IGF-I
increased REDD1 protein but that REDD1 was not elevated in cells
exposed to IGF-I episodically (data not shown). The aforementioned
phenomena prompted us to determine whether a constant exposure
to IGF-I was necessary for REDD1 protein expression. Myotubes
were treated with IGF-I overnight to elevate REDD1 protein to a
steady-state. The cells were then switched to fresh SFMEM alone or
SEMEM containing IGF-I. Withdrawal of IGF-I decreased REDD1
protein to baseline levels in as little as 2 h (Fig. 4, Panels A,C). In
contrast, cells maintained either in the same media or media to
which fresh IGF-I was added sustained the IGF-I induced level
of REDD1 expression (Fig. 4, Panels B,C). The level of GAPDH in
cell extracts was unaltered by either IGF-I treatment or IGF-I
withdrawal.

GLUCOCORTICOIDS MAINTAIN REDD1 IN THE ABSENCE OF IGF-I

Because the withdrawal of IGF-I led to a rapid loss of REDD1 we
determined whether glucocorticoids could maintain REDD1 protein
levels after removal of IGF-I from the media. To test this idea
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Fig. 4. IGF-l withdrawal leads to a rapid loss of REDD1 protein. C2C12
myotubes were grown overnight (O/N, 18 h) in the presence or absence of IGF-I
(100 ng/ml) to induce REDD1 protein. IGF-I was then withdrawn from the
cultures by switching the cells to fresh SFMEM for 1, 2, 4, or 8 h (Panel A, first
two blots). Some cells were treated as above but they were not switched to
fresh SFMEM (Panel B, second two blots). Withdrawal of IGF-I led to a rapid
decline in REDD1protein as quantified in Panel C whereas REDD1 protein levels
remained elevated in cells grown in the continuous presence of IGF-I. All data
were normalized to GAPDH as described in Experimental Procedures Section
and expressed as a fold increase above that of cells grown in SFMEM alone.
Values are means + SEM (*P< 0.05, compared to control cells).

myotubes were stimulated with IGF-I overnight to elevate REDD1
and then switched to either fresh SFMEM alone or SFMEM
containing IGF-I or dexamethasone for an additional 5 h. Myotubes
grown in the continued presence of IGF-I expressed threefold more
REDD1 than cells that were switched back to SFEMEM (Fig. 5, Panels
A,B). In addition, switching myotubes to fresh media containing
dexamethasone enhanced the REDD1 content of the extracts even
further.

Because IGF-I strongly stimulates PI3 kinase (PI3K) signaling in
skeletal muscle we determined whether PI3K activity was necessary
for the continued expression of REDD1 protein. Switching cells to
fresh IGF-I stimulated REDD1 protein content threefold and this was
completely blocked in the presence of the PI3K inhibitor LY294002
(LY). In contrast, myotubes grown in the presence of IGF-I overnight
followed by dexamethasone for the last 5h of culture expressed
sixfold more REDD1 protein than cells switched to SFMEM, and the
dexamethasone-induced REDD1 was only minimally affected by LY
(Fig. 5, Panels A,B). IGF-I may also stimulate the extracellular-signal
related kinases in muscle and therefore we determined whether
inhibition of the upstream activating kinase MAP kinase kinase with
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Fig. 5. IGF-I but not Dex-induced REDD1 is PI3K-dependent. C2C12 myo-
blasts were grown as described above with IGF-I and then switched to either
SFMEM, fresh IGF-I, IGF-I and LY294002 (LY, 10 M), Dex (1 M) or Dex and
LY. REDD1 content was determined by Western blotting (Panel A) and
quantified and normalized to GAPDH (Panel B). Values are means + SEM of
triplicate dishes. Bars with different lower case letters are significantly
different from each other (P < 0.05).
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PD98059 altered REDD1 protein content. IGF-I stimulated REDD1
protein threefold (P < 0.05) and neither IGF-I or dexamethasone-
induced REDD1 was inhibited by PD98059 (Control 100 = 1, IGF-I
followed by: IGF-1 263 £5, IGF-1+PD 369 + 30, Dex 523 £ 26,
Dex + PD 450432, P> 0.05).

IGF-1 STIMULATES mREDD1 PROMOTER ACTIVITY

We cloned a 373 bp fragment of the mouse REDD1 promoter to
determine if the IGF-I induced increase in REDD1 mRNA and
protein was due to a corresponding increase in transcription of the
REDD1 gene. IGF-I stimulated REDD1 promoter activity threefold as
measured by the expression of firefly luciferase activity in cells
transfected with a plasmid containing the REDD1 promoter but not
with the same plasmid lacking the promoter sequence (empty vector)
(Fig. 6).

IGF-1 STIMULATES PROTEIN SYNTHESIS IN THE PRESENCE OF
ELEVATED ENDOGENOUS LEVELS OF REDD1

Because transfection of cells with excess REDD1 inhibits mTOR
activity and decreases cell size we examined whether the IGF-I-

Empty
REDD1

REDD1 Promoter
Luciferase (% Control)
%]

[-] -
e
or S~
b

Control
Control
IGF-I

Fig. 6. IGF-Istimulates REDD1 promoter activity. C2C12 cells were grown as
myoblasts and electroporated with 8 jg of either an empty vector (pTal-Luc),
the mouse REDD1 promoter (pBS-mRL). All plasmids expressed firefly lucifer-
ase. Electroporated cells were resuspended and plated in MEM containing 10%
FBS. Fresh serum containing media was added 2 h later and subsequently
switched to serum-free MEM the following day. Each transfection yielded
12 wells containing cells transfected with a particular vector. Half of the cells
(6-wells) were grown in SFMEM alone with the other half (6-wellls) treated
with IGF-I (100 ng/ml) for 24 h. Cells were isolated in 300 .| of passive lysis
buffer, centrifuged to remove debris, and 25 pl of the supernatant assayed for
luciferase activity. Values are means + SE and are expressed as a fold increase
compared with control cells isolated at the same time. Values with different
letters are significantly different from each other (P< 0.05).

induced increase in REDD1 we observed in myotubes altered protein
synthesis. IGF-I was added to myotubes and protein synthesis
measured during a 1 h interval 5-6 h later, a time point during which
REDD1 protein was elevated threefold. IGF-I increased protein
synthesis by 15%, compared to control cells grown in SFMEM (Fig. 7,
Panel A). Given that IGF-I withdrawal decreases REDD1 to levels
seen in control cells we also grew cells in the presence of IGF-1 5h
and then either withdrew IGF-I for an additional 5 h or grew cells in
the continued presence of IGF-I to maintain elevated REDD1 levels.
Protein synthesis was elevated by 20-50% in cells continuously
treated with IGF-I or cells to which fresh media and IGF-I was added
(Fig. 7, Panel B). In contrast, withdrawal of IGF-I decreased protein
synthesis relative to cells grown in the continued presence of IGF-I
(Fig. 7, Panel B). Therefore, although IGF-I increased REDDI,
this change was not associated with depressed protein synthesis.
Conversely, although IGF-I withdrawal decreased REDDI, this
change was not associated with a concomitant rise but rather a
relative decrease in protein synthesis. Likewise, IGF-I strongly
stimulated protein synthesis in the presence of Dex (40%) during a
period when the REDD1 protein level was elevated (Fig. 7, Panels
B,Q).

In general, REDD 1 was elevated under the same conditions during
which both the mTORc1 substrate S6K1 and the mTORc2 substrate
Akt were phosphorylated (Fig. 7, Panel C). The S6K1 substrate rpS6
also followed a similar pattern of phosphorylation and the phos-
phorylation of all three substrates was reduced upon withdrawal of
IGF-I or Dex treatment (Fig. 7, Panel C). Yet, even in the presence of
Dex, IGF-I restored mTOR signaling as assessed by an increase in
protein synthesis (Fig. 7B) and the phosphorylation of mTOR
substrates (Fig. 7, Panel C).

IGF-1 DECREASES REDD2 mRNA IN VIVO AND IN VITRO

Because the IGF-Iinduced increase in REDD1 was associated with an
unexpected increase in protein synthesis in myotubes we examined
whether the REDD1 homolog REDD2 might also be altered by IGF-I
treatment and perhaps compensate for the rise in REDD 1. Incubation
of C2C12 myotubes for 5h with IGF-I decreased REDD2 mRNA by
25% (Fig. 8). Similarly, subcutaneous injection of IGF-I produced
a 60% reduction in REDD2 mRNA in gastrocnemius after 4h,
compared to time-matched control values (Fig. 8). Attempts to
detect REDD2 protein by Western analysis using commercially
available antibodies proved unsuccessful (i.e., Abcam H0O0115265-
BO1P and Proteintech Group 12094-1-AP, data not shown).

Our understanding of the molecular mechanism(s) regulating mTOR
activity has expanded greatly in recent years with the identification
of a series of steps known to activate the serine/threonine kinase.
The role of TSC1-TSC2 as a gatekeeper of Rheb and therefore mTOR
activity has also generated great interest in how mTOR is regulated
and how it chooses its substrates. The binding of TSC2, raptor,
PRAS40, and REDD1 to 14-3-3 proteins suggests that this family of
proteins may play a key role in regulating not only mTOR in general
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Fig. 7. IGF-I increases protein synthesis despite elevated REDD1. C2C12
myotubes were grown as described above in either SFMEM or IGF-I
(100 ng/ml) for 5h. Cells were then labeled with [*H]-phenylalanine for 1h
and phenylalanine incorporation into protein determined by TCA precipitation
as described in Experimental Procedures Section (Panel A). Additional cells
were grown in the presence of IGF-I for 5h and then either left in the
continuous presence of that media for an additional 5h or switched to fresh
SFMEM =+ IGF-I. Cells were labeled with [3H]-phenylalanine for the final 5 h of
the experiment. Some cells were also switched to Dex or Dex and IGF-I for the
final 5h. The amount of radioactively labeled protein was determined as
described in Experimental Procedures Section (Panel B). Cells grown under
the same conditions as described for Panel B were also isolated in sample
buffer, run on SDS-PAGE gels and probed for REDD1, pAkt (S473), pS6K1
(T389), total S6K1, pS6 (5240/244), total rpS6 or MHC (Panel C). Values are
means = SEM and are expressed as a percentage increase in the incorporation
of phenylalanine above that in control cells isolated at the same time point.
Bars with different letters are statistically different (P< 0.05).
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Fig. 8. IGF-I decreases REDD2 mRNA in vivo and in vitro. C2C12 myotubes
were grown as described above in either SFMEM or IGF-I (100 ng/ml) for 5 h.
RNA was isolated and hybridized to a mouse REDD2 RPA template and
quantified as described in Experimental Procedures Section (Myotubes). Rats
were administered IGF-| subcutaneously and the gastrocnemius analyzed at the
peak of rat REDD1 expression (3-4 h). RNA was isolated and the REDD2 mRNA
determined by QT-RT-PCR as described in Experimental Procedures Section. All
data were normalized to actin mRNA and expressed as a fold-increase relative
to time-matched animals injected with saline alone. Values are means + SEM.
Bars with different lower case letters are significantly different from each other
(P<0.05, four to six animals per group).

but specifically muscle mass. For example, knockdown of raptor or
over expression of TSC-1 in skeletal muscle induces muscle atrophy
[Wan et al., 2006; Bentzinger et al., 2008]. Likewise, over expression
of PRAS40, REDD1, or its homolog REDD2 strongly inhibits the
phosphorylation of mTOR substrates and by association may alter
the accretion of muscle mass [Corradetti et al., 2005; Vander Haar
et al., 2007; Wang et al., 2007; DeYoung et al., 2008; Miyazaki and
Esser, 2009].

Because REDD1 has been shown to inhibit mTOR activity and
decrease cell size in transfected cells [Sofer et al., 2005], we
examined whether IGF-I alters endogenous expression of REDD1 in
skeletal muscle and myotubes. We hypothesized that an anabolic
peptide, like IGF-I, would decrease REDD1 expression and therefore
enhance mTOR activity. IGF-I was injected for a period of time over
which we have previously demonstrated an IGF-I-induced fall in
muscle atrophy genes and an increase in the phosphorylation of
translation initiation factors [Lang et al., 2007b]. Contrary to our
original hypothesis, IGF-I increased REDD1 mRNA expression in
the gastrocnemius 3-4 h after a subcutaneous injection. A similar
increase in REDD1 mRNA was seen in rats infused with insulin
during a hyperinsulinemic euglycemic clamp and this was
accompanied with a concomitant increase in REDD1 protein. The
increase in REDD1 mRNA expression was surprising given REDD1 is
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normally elevated by stress and stress hormones including: hypoxia,
DNA damage, energy stress, endoplasmic reticulum stress, acute
alcohol intoxication, and glucocorticoids [Lin et al., 2005; Sofer
et al., 2005; Wang et al., 2006; DeYoung et al., 2008; Lang et al.,
2008; Whitney et al., 2009]. These results suggested that regulation
of the REDD1 gene by IGF-I might be atypical when contrasted to the
above stresses.

REDD1 mRNA and protein were elevated by IGF-I in the
gastrocnemius and differentiated C2C12 myotubes in a comparable
time frame suggesting that the regulation in vivo and in vitro is
similar. We and others have previously shown that the synthetic
glucocorticoid Dex can increase REDD1 in vivo and in L6 myoblasts
and we confirmed that finding here in C2C12 myotubes [Wang et al.,
2006; Lang et al., 2008]. Although IGF-I often inhibits Dex
signaling, and vice versa [Dardevet et al., 1998; Waddell et al.,
2008], the combination of Dex and IGF-I had an additive effect on
REDD1 protein content in myotubes. The IGF-I-induced increase in
REDD1 mRNA and protein requires both new transcription and
translation of the REDD1 gene and mRNA because it was blocked
by DRB and cycloheximide, respectively. IGF-I also stimulates a
minimal REDD1 promoter to the same extent that it stimulates the
accumulation of REDD1 mRNA and protein.

REDD1 protein expression requires ongoing stimulation of the
IGF-I receptor as evidenced by a decrease in REDD1 protein in cells
that are first grown in the presence of IGF-I and then have the media
replaced with fresh media. The rapid decrease in REDD1 protein that
we observed upon IGF-I removal is consistent with the short half-life
of REDD1 reported by Kimball et al. [2008] in response to
cycloheximide. Interestingly, if Dex is added to myotubes upon
IGF-I removal REDD1 protein levels are maintained or slightly
augmented suggesting that Dex continues to promote the synthesis
of REDD1 and/or prevents the loss of the protein upon IGF-I
withdrawal.

The IGF-I-induced expression of REDD1 in myotubes is PI3K-
dependent based on its inhibition by the PI3K inhibitor LY294002.
Jin et al. [2007] have also recently shown that both hypoxia and
cell density increase REDD1 via a PI3K-dependent pathway. Yet,
because myotubes are grown at a maximal cell density and they
have fused and differentiated we do not believe that IGF-I changes
the density of the cultures over the short exposure time that is
required to increase REDD1 mRNA and protein.

The specificity of the IGF-I induction of PI3K signaling as it
pertains to REDD1 expression was ascertained in two experiments.
First, although both IGF-I and Dex induced REDD1, only IGF-I-
induced REDD1 was inhibited by LY294002. These results suggest
Dex induces REDD1 by a PI3K-independent mechanism. Secondly,
because IGF-I stimulates both the PI3K and MAP kinase pathways in
most cells we determined whether the MEK inhibitor PD98059
blunted IGF-I-induced REDD1 expression. IGF-I and Dex-induced
REDD1 expression were both MEK/MAP kinase-independent.

Other investigators have found that the JNK kinase inhibitor
SP600125 stimulates REDD1 expression but that this relates to the
capacity of this compound to induce endoplasmic reticulum (ER)
stress and enhance expression of the basic leucine zipper family
transcription factor ATF4 rather than its activity as a JNK inhibitor
[Jin et al., 2009]. ATF4 is both necessary and sufficient for the

induction of REDDI1 in response to ER stress. Although it is not
presently known how IGF-I stimulates REDD1, insulin increases the
expression of ATF4 in mouse L cells and C2C12 myotubes and the
induction is rapamycin sensitive [Adams, 2007]. Our preliminary
data suggest that IGF-I-induced REDD1 is also blunted by
rapamycin suggesting that IGF-I, like insulin, may also induce
ATF4 in myotubes and consequently stimulate REDD1 (unpublished
observation) [Malmberg and Adams, 2008].

REDD1 is normally increased by stress conditions and may make
cells more prone to cell death induced by reactive oxygen species
(ROS). Ellisen showed that epithelial cells transfected with REDD1
have a dramatic increase in ROS-induced death when treated
with H,0, [Ellisen et al., 2002]. Growth hormone and IGF-I increase
ROS in some insulin sensitive tissues by increasing the activity of the
NADPH oxidase subunit Nox4 and decreasing antioxidant defenses
[Brown-Borg and Rakoczy, 2003; Goldstein et al., 2005]. It is
not known whether IGF-I induced REDD1 expression alters the
sensitivity of myotubes to ROS but this may explain some of the
paradoxical effects of IGF-I in aging skeletal muscle [Fulle et al.,
2005].

REDD1 over expression has universally been found to suppress
mTOR signaling and decrease cell size but few studies have directly
determined its effect on protein synthesis [Sofer et al., 2005].
We determined whether endogenous REDD1 expression might
alter protein synthesis as measured by the incorporation of [*H]
phenylalanine into protein during a 1h window between 5 and 6 h
post-IGF-I addition to myotubes. The rationale for the timing of
this study was that by 5-6h the transient IGF-I induced increase
in mTOR activity would have returned to baseline and REDD1
expression would be maximal. In contrast to our prediction, protein
synthesis was 15% higher in cells treated with IGF-I despite their
elevated level of REDD1. Likewise, when IGF-I was removed from
the media protein synthesis was reduced to half of that seen in the
presence of IGF-I despite the reduced REDD1 content.

One potential explanation of this paradox is that at later time
points IGF-I may enhance translation elongation but not translation
initiation and therefore the overall measurement of protein
synthesis (phenylalanine incorporation) remains high. This would
be consistent with IGF-I inhibiting both eEF2 kinase and the
subsequent phosphorylation of eEF2 on T54 to foster translation
elongation [Wang et al., 2001]. In contrast, protein synthesis may
decrease upon IGF-I withdrawal because translation elongation is
restrained in the absence of IGF-I.

A second potential confounding factor on REDD1 activity may be
brought about by IGF-I induced changes in REDD2. REDD2 also
represses mTOR activity and we report herein that REDD2 mRNA is
decreased by IGF-I in muscle under both in vivo and in vitro
conditions. Because REDD2 is highly expressed in skeletal muscle
a relatively small decrease in REDD2 might compensate for the
relatively large change observed in REDD1 (threefold). In contrast,
over expression of REDD1 or -2 in cell lines may overwhelm the
endogenous balance of the factors that control TSC1-TSC2 and have
a dominant negative effect on mTOR activity.

In conclusion, the present work demonstrates that IGF-I rapidly
increases REDD1 mRNA and protein in the gastrocnemius and
myotubes in culture. The increase in REDD1 is PI3K dependent and
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requires ongoing transcription and translation. IGF-I also increases
REDD1 promoter activity. Chronic IGF-I exposure is necessary to
induce REDD1 and IGF-I and dexamethasone have an additive effect
on REDDI1 expression. Finally, although there are experimental
conditions where over expression of REDD1 is associated with a
reduction in cell size and mTOR activity the IGF-I-induced increase
in REDD1 does not reduce protein synthesis in myotubes. As a
consequence, the physiological relevance of the IGF-I induced
increase in REDD1 we observe remains to be elucidated.
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