
INTRODUCTION
Skeletal muscle is a dynamic and plas-

tic tissue that undergoes both acute and
chronic changes in response to various
external stimuli. Muscle serves as the
largest protein reservoir in the body and
can be used as an energy source when
the physiological need arises. Protein
stores in muscle are maintained by the in-
gestion of protein/amino acid–containing
meals that stimulate protein synthesis
and suppress protein breakdown (1,2).
Conversely, during periods of starvation
or disuse, muscle protein breakdown ex-
ceeds protein synthesis (3), providing
amino acids to support hepatic gluconeo-
genesis and acute-phase protein synthe-
sis. Protein synthesis in general is largely
regulated at the level of translation initia-

tion, which in turn is regulated by mTOR
(mammalian target of rapamycin) (4,5).

Normal cellular function depends on
the integration and regulation of cell sig-
naling pathways governing cell cycle,
protein synthesis and degradation; cell
proliferation; and apoptosis. The serine
(S)/threonine (T) protein kinase mTOR
plays an important role in these path-
ways (6–8), and dysregulation of mTOR
signaling networks leads to numerous
diseases (9). mTOR is contained within
two distinct complexes: mTORC1 and
mTORC2 (5,10,11). The former complex
is composed of mTOR, raptor, LST8/
G-protein β-subunit-like protein (GβL),
proline-rich Akt substrate 40 kDa
(PRAS40) and DEP-domain–containing
partner of mTOR (DEPTOR) (12).

Exposure of muscle to growth factors
and nutrients increases protein translation
initiation via the mTOR pathway, thereby
stimulating protein synthesis (13). In re-
sponse to growth factor signaling, the
phosphoinositide 3-kinase (PI3K) path-
way enhances Akt via phosphoinositide-
dependent kinase. Activated Akt then
phosphorylates PRAS40 on T246, releas-
ing PRAS40 from the mTOR/  raptor
 complex and enhances its binding to the
cellular anchor protein 14-3-3 (14,15).
Conversely, in the absence of growth fac-
tors, PRAS40 is hypo- phosphorylated and
remains bound to mTOR-raptor and
thereby inhibits binding of other mTOR
substrates, such as the ribosomal protein
S6 kinase (S6K1) and the translational re-
pressor eukaryotic initiation factor 4E
binding protein (4E-BP1), thereby sup-
pressing cap-dependent protein transla-
tion initiation (15).

The necessity of mTOR activation and
subsequent phosphorylation of S6K1 and
4E-BP1 has been demonstrated previ-
ously; however, the role of PRAS40 in
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mTORC1 is poorly defined. Present data
place PRAS40 either at the level of
mTOR (as an Akt substrate) or as a direct
downstream substrate of mTOR, where it
is phosphorylated on S183 (16,17). Sev-
eral reports have implicated PRAS40 as a
negative regulator of mTOR via its inhi-
bition of mTOR substrates, while in con-
trast, others have shown PRAS40 is re-
quired for mTOR signaling (18). These
opposing data have given rise to contro-
versies regarding the role of PRAS40 in
regulating protein translation initiation
via mTORC1. Despite several reports im-
plicating PRAS40 as a regulator of pro-
tein translation initiation in a variety of
cells, there is a paucity of information re-
lated to its role in skeletal muscle. Given
the pivotal role mTOR plays in response
to environmental cues in regulating pro-
tein translation initiation, cell cycle and
proliferation, it is reasonable to suspect
that one or more of these mTOR func-
tions are altered by PRAS40 in myocytes.
Therefore, the purpose of our current in-
vestigation was to examine changes in
C2C12 myocyte protein synthesis, cell
proliferation and cell cycle in response to
PRAS40 knockdown using short hairpin
(sh)-RNA–based in vitro experimental
approaches.

MATERIALS AND METHODS

Cell Culture
C2C12 myoblasts (American Type

Culture Collection, Manassas, VA, USA)
were maintained in Dulbecco’s mini-
mum essential medium (DMEM; Invit-
rogen; Carlsbad, CA, USA) supple-
mented with 10% fetal bovine serum
(FBS), penicillin (100 IU/mL) and strep-
tomycin (100 μg/mL) (all from Mediat-
ech, Herndon, VA, USA) under 5% CO2

at 37°C. Myoblasts were subcultured and
when 100% confluent, the cells were
switched to differentiation medium con-
sisting of DMEM with the above antibi-
otics- antimycotics and 2% horse serum
(Hyclone, Logan, UT, USA) to promote
myoblast fusion and differentiation to
myotubes. Cells were differentiated for
6 d before experimental manipulation.

Myotubes were provided with fresh dif-
ferentiation medium on day 6 and exper-
iments were performed on day 7. To sim-
ulate basal mTOR activity, experiments
measuring protein synthesis and the
phosphorylation of mTOR substrates
were performed with serum-free
DMEM without antibiotics-antimycotics.
5-Aminoimidazol-4-carboximide ribonu-
cleoside (AICAR; Toronto Research
Chemicals, Ontario, Canada), when pres-
ent, was added at a final concentration of
2 mmol/L for 8 h. Insulinlike growth fac-
tor (IGF)-I, when present, was used at
final concentration of 100 ng/mL for the
last 20 min of the experiment. These
doses maximally suppress and activate
protein synthesis in C2C12 cells, respec-
tively (19,20).

shRNA Interference
The lentiviral plasmid used (pLKO.1-

mPRAS40) was that described by Vander
Haar et al. (21) and targeted the mouse
sequence 5′-GAG CCC ACT GAA ACA
GAG ACA-3′; the scramble shRNA was
used as a negative control as previously
reported (15) with a hairpin sequence:
CCT AAG GTT AAG TCG CCC TCG
CTC TAG CGA GGG CGA CTT AAC
CTT AGG (Addgene, Cambridge, MA,
USA). The plasmids were transformed in
DH5α cells and isolated. The actual DNA
sequence was confirmed at the Pennsyl-
vania State University College of Medi-
cine DNA sequence core facility. Packag-
ing plasmids psPAX2 and envelope
protein plasmid pMD2.G were obtained
from Torono Lab (Addgene). HEK293FT
cells (Invitrogen) were grown in DMEM;
80–85% confluent plates were rinsed
once with Opti-MEM (Invitrogen) and
then incubated with Opti-MEM for 4 h
before transfections. psPAX2 and
pMD2.G along with either scramble or
pLKO.1-mPRAS40 were added after mix-
ing with Lipofectamine 2000 as per the
manufacturer’s instructions (Invitrogen).
Opti-MEM was changed after overnight
incubation with DMEM containing 10%
FBS without antibiotics to allow cells to
take up the plasmids and recover. Cul-
ture media were collected at 36 and 72 h

posttransfection for viral particles. Viral
particles present in the supernatant were
harvested after a 15-min spin at 1,500g to
remove cellular debris. The supernatant
was further filtered using a 0.45-μm sy-
ringe filter. Supernatant-containing virus
was either stored at –80°C for long-term
storage or at 4°C for immediate use.
C2C12 cells at 60% confluence were in-
fected twice overnight with 3 mL of viral
supernatant containing 8 μg/mL poly-
brene in serum-free–antibiotic-free
DMEM. Fresh DMEM media containing
10% FBS, antibiotics and 2 μg/mL
puromycin (Sigma, St. Louis, MO, USA)
were added the next day. Cells that sur-
vived under puromycin selection were
either harvested (as stable cells) and
stored or used immediately.

35S-methionine Labeling
C2C12 myocytes were grown in six-

well plates and treated as above. Protein
synthesis was measured on day 3 in my-
oblasts after seeding or on day 7 after ad-
dition of differentiation medium in my-
otubes. For metabolic labeling, 10 μCi of
radio-labeled 35S-methionine (MP Bio-
medicals, Solon, OH, USA) was added to
each well of a six-well plate, and radiola-
bel incorporation into trichloroacetic acid
(TCA) precepitable proteins was mea-
sured via liquid scintillation as previ-
ously described (22).

Multiprobe Template Production for
RNase Protection Assay

Primer selection for mouse genes of in-
terest was determined using GeneFisher
software (23). The lengths of amplified
regions were chosen to allow distinct res-
olution during electrophoretic separa-
tion. Primers were synthesized (IDT,
Coralville, IA, USA) with restriction sites
for EcoRI or KpnI at the 5′ end and with
three extra bases at the extreme 5′ end as
follows: for PRAS40 forward (5′-GCA
GAA TTC GCC CGA TCG TCA GAT
GAG GAG A-3′) and reverse (5′-CCT
GGT ACC TCA GCT TCT GGA AGT
CGC TGG TA-3′); mTOR forward (5′-
GCA GAA TTC GGC CAG TGG ACC
AGT TGA GAC A-3′) and reverse
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(5′-CCT GGT ACC CAG CTC AGA CCA
GCA GGA CAC A-3′); raptor forward
(5′-GCA GAA TTC CAT GCA TAG CTG
TCG CCG ACA-3′) and reverse (5′-CCT
GGT ACC ACA ATG AGC GAA CGG
TGC GAA-3′); S6K1 forward (5′-GCA
GAA TTC GAC CAT GGG GGA GTT
GGA CCA T-3′) and reverse (5′-CCT GGT
ACC CTC CAG AAT GTT CCG CTC TGC
TT-3′); 4E-BP1 forward (5′-GCA GAA TTC
CGG GGA CTA CAG CAC CAC TC-3′)
and reverse (5′-CCT GGT ACC GGG
CAG TTG GCT CTG GTT GG-3′); and
L32 forward (5′-GCA GAA TTC CGG
CCT CTG GTG AAG CCC AA-3′) and re-
verse (5′-GCAGGT ACC CCT TCT CCG
CAC CCT GTT GTC A-3′).

PCR was conducted with HotStarTaq
DNA polymerase (Qiagen, Valencia, CA,
USA), and mouse total RNA was reverse-
transcribed with Superscript first-strand
synthesis system for RT-PCR (Invitrogen).
PCR products were phenol-chloroform
extracted, ethanol precipitated and se-
quentially digested with KpnI and EcoRI
(Promega, Madison, WI, USA). Digested
products were gel-purified, reextracted
and cloned into KpnI/EcoRI-digested
pBluescript II SK+ (Stratagene, La Jolla,
CA, USA). Plasmid DNA was isolated
with both QIAprep spin miniprep and
plasmid maxi kits (Qiagen). Final con-
structs were linearized with EcoRI, gel-
purified and quantitated spectrophoto-
metrically. The template was prepared so
that a 2-μL aliquot contained 10 ng each
of PRAS40, S6K1, mTOR, 4E-BP1 and
raptor and 20 ng of L32.

RNA Extraction and RNase Protection
Assay

Total RNA was extracted from cells
using Tri reagent (Molecular Research
Center, Cincinnati, OH, USA), exactly as
previously described (24). Concentration,
purity and integrity of the isolated RNA
were assessed using an ultraviolet/
 visible (VIS) spectrophotometer (Beck-
man, Fullerton, CA, USA). mRNA ex-
pression was determined by RNase pro-
tection assay. A 2-μL aliquot of template
was prepared with T7 polymerase with
buffer (Fermentas, Hanover, MD, USA),

nucleotide triphosphates (NTPs) and
tRNA (Sigma-Aldrich), RNasin and
DNase (Promega), and [32P]-UTP (Amer-
sham Biosciences, Piscataway, NJ, USA).
Unless otherwise noted, the entire RNase
protection assay procedure, including la-
beling conditions, component concentra-
tions, sample preparation and gel elec-
trophoresis, was as published (24). Gels
were exposed to a PhosphorImager
screen (Molecular Dynamics, Sunnyvale,
CA, USA), and data were visualized and
analyzed by ImageQuant software (ver-
sion 5.2; Molecular Dynamics). Signal
densities within the linear range for
mRNAs were normalized to densities for
mouse ribosomal protein L32 mRNA.

Immunoblot Analysis and
Immunoprecipitation

After treatment, cells were rinsed two
times with cold Dulbecco’s Phosphate
Buffered Saline (DPBS) and collected on
ice in lysis buffer (20 mmol/L HEPES
[pH 7.4], 2 mmol/L EGTA, 50 mmol/L
β-glycerophosphate, 0.3% 3[(3-Cholamido-
propyl) dimethylammonio]-propanesul-
fonic acid (CHAPS), 100 mmol/L KCl,
2 mmol/L EDTA, 50 mmol/L NaF,
0.5 mmol/L PMSF, 1 mmol/L benzami-
dine, 1 mmol/L sodium orthovanadate,
and 2 μg/mL  leupeptin). Lysates were
sonicated for 10 min and then kept on a
rocker for 30 min in the cold before being
clarified (14,000g for 10 min at 4°C). A por-
tion of the resulting cell supernatant was
used to determine protein concentration
via a bicinchoninic acid assay (Pierce,
Rockford, IL, USA). Sample buffer (5×)
was added, and samples were loaded ac-
cording to total protein content (20 μg) on
polyacrylamide gels for separation by
SDS-PAGE. Proteins were transferred to
polyvinylidene fluoride membrane (Bio-
trace; PALL, Pensacola, FL, USA), blocked
in 5% nonfat dry milk and incubated
overnight at 4°C with phospho-specific
and total antibodies for raptor (S792),
mTOR (S2448), S6K1 (T389), AMPK
(T172), PRAS40 (T246), 4E-BP1 (T37/46),
cleaved caspase-3, poly (ADP-ribose)
polymerase (PARP), LC3B, beclin, Atg 7
and p53 (all from Cell Signaling Technol-

ogy, Boston, MA, USA). Antibodies for
total pRb, p21, p27, cyclin- dependent ki-
nase (cdk)-4, cdk6, MyoD and β-actin
(Santa Cruz Biotechnology, Santa Cruz,
CA, USA) and for myosin heavy chain
(MHC) (MF-20, Developmental Studies
Hybridoma Bank, Iowa City, IA, USA)
were also used. Excess primary antibody
was removed by washing in 1× Tris-
buffered saline + 0.1% Tween 20, and
membranes were incubated with horse-
radish peroxidase–conjugated goat an-
tirabbit or goat antimouse secondary anti-
body (Sigma) at room temperature for 1 h.
Blots were rinsed with 1× Tris-buffered
saline + 0.1% Tween 20 to remove excess
secondary antibody and were treated with
enhanced chemiluminescence (ECL plus)
Western blotting reagents as per the man-
ufacturer’s instructions (Amersham, Pis-
cataway, NJ, USA) and then were devel-
oped using the Gnome (SynGene,
Cambridge, UK). Uncompressed tiff im-
ages were analyzed using National Insti-
tutes of Health (NIH) ImageJ 1.6 software.
After development, blots were stripped
and incubated with antibodies for total
proteins on blots that were probed earlier
with phospho- specific antibodies. Antibod-
ies against β-actin or β-tubulin (Santa Cruz
Biotechnology) served as an additional con-
trol for equal protein loading of  samples.

The PRAS40•raptor, PRAS40•eIF3f and
PRAS40•PRAS40 complexes were quan-
tified as described (25). Briefly, to main-
tain potential protein–protein interactions,
cells were homogenized in CHAPS buffer
as described above. The homogenate was
mixed on a platform rocker and clarified
by centrifugation. An aliquot (normal-
ized to equal total protein) of the result-
ing supernatant was combined with 
anti-PRAS40 antibody and immune com-
plexes isolated with goat antirabbit Bio-
Mag IgG (PerSeptive Diagnostics, Bos-
ton, MA, USA) beads. The beads were
collected, washed with CHAPS buffer,
precipitated by centrifugation and sub-
jected to SDS-PAGE as described above.
Blots were then probed with appropriate
antibodies to study protein–protein inter-
action and developed with ECL and ana-
lyzed as described above.
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Cell Cycle
Myoblasts were transfected with either

a scramble (control) shRNA or a shRNA
targeting PRAS40. Cells were seeded in
10-cm dishes and used at 60% confluence
(~24 h postseeding). Cells were
trypsinized, washed with DPBS and
fixed in cold 70% ethanol overnight at
–20°C. Cells were then stained with
100 μg/mL solution of propidium iodide
buffer containing 0.1% Triton-X100 and
0.001% DNAse free RNAse at 37°C for
30 min immediately before fluorescence-
activated cell sorter (FACS) analysis. A
total of 10,000 cells per sample were
counted, and cell cycle phase was mea-
sured by propidium iodide staining in-
tensity using a BD FACS-Calibur flow cy-
tometer (Becton Dickinson, Bedford, MA,
USA) and ModFit software LT Version 3.2
(Verity Software, Topsham, ME, USA).

Cell Size and Proliferation
To determine cell size, transfected my-

oblasts were seeded in 10-cm dishes and
used at 60% confluence. For cell number,
cells were seeded at similar densities and
counted at different time points. Myo -
blasts were trypsinized and suspended in
DMEM with 10% FBS. Cells were then di-
luted in Isoton II solution (Beckman
Coulter, Fullerton, CA, USA) and assayed
using the Beckman Coulter counter and
particle size analyzer as per the manufac-
turer’s recommendation (Beckman Coul-
ter). Cell size analysis was performed
using the AccuComp® Z2 Coulter counter
software (Beckman Coulter).

MTT Assay
C2C12 myoblasts (~10,000/well) were

grown in a 96-well plate for 24 h and then
rinsed with phosphate-buffered saline
(PBS) to remove the interfering phenol red
from the DMEM. This was followed by
the addition of methylthiazoletetrazolium
(MTT; 50 μg/100 μL) to cells in each well
for 4 h at 37°C (26). MTT containing PBS
was aspirated, 100 μL DMSO was added
to each well to dissolve the resulting for-
mazan and absorbance at 570 nm was
read in a plate reader Spectramax (Molec-
ular Devices, Sunnyvale, CA, USA).

DNA Isolation and Analysis
To analyze nucleosomal DNA fragmen-

tation, 2.5 × 106 C2C12 cells were processed
as described by Zhivotovsky et al. (27)
with minor modifications. A total of 80%
confluent cells were trypsinized and cen-
trifuged for 5 min at 2,000g to remove
media. The cell pellet was resuspended in
total DNA extraction buffer (400 mmol/L
NaCl; 10 mmol/L Tris-HCl, pH 7.5;
10 mmol/L EDTA with 50 μg/mL
RNAse A and 0.2% SDS) and incubated at
37°C overnight. Proteinase K was added
the following day to a final concentration
of 50 μg/mL for 4 h at 37°C. NaCl was
then added to the DNA extraction mix to
obtain a final concentration of 1.23 mol/L,
and the extraction mix was left on ice
overnight. The following day, the mixture
was centrifuged at 23,000g for 1 h at 4°C.
The supernatant containing the low–mol-

ecular weight DNA was removed and ex-
tracted two times with  phenol/
chloroform followed by a final rinse in
chloroform. The extract was then sub-
jected to ethanol precipitation in 0.1 vol-
ume of 3 mol/L sodium acetate and 2 vol-
umes of 100% ethanol at –20°C for 1 h.
The samples were centrifuged at 2,000g to
pellet the DNA, and the pellet was
washed with 70% ethanol and air-dried.
The pellet was resuspended in Tris-EDTA
buffer (pH 8.0), and the amount of DNA
was measured spectrophotometrically.
Positive control apo ptotic DNA from
U937 cells was from a Roche DNA-ladder
kit (Roche Diagnostics, Indianapolis, IN,
USA). DNA (8 μg per sample/ lane, and 3
or 5 μg/lane for positive control apoptotic
DNA) was loaded onto a 1.5% agarose
gel, subjected to electro phoresis (55 V for
2.5 h) in 1× Tris-Borate-EDTA buffer and
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Figure 1. Effect of PRAS40 knockdown in C2C12 myotubes. (A) Representative Western
blot of PRAS40 protein in control (shScramble) and PRAS40 knockdown (shPRAS40) my-
otubes. (B) Quantification of Western blot data. Values are means ± SE; n = 10 per group.
*P < 0.05 compared with time-matched scramble control values. (C) Representative au-
toradiographs from RNase protection assays for PRAS40 and other proteins important in
controlling protein synthesis. Except for PRAS40, there are no changes in the mRNA ex-
pression. L32 serves as a loading control.



scanned using the  Typhoon fluorescent
imager (Molecular Dynamics, Piscataway,
NJ, USA).

Cell Differentiation
Approximately 0.5 × 106 myoblasts

transfected with scramble or shPRAS40
were seeded in 10-cm plates and pho-
tographed daily using a Nikon digital
camera (Nikon, Tokyo, Japan) mounted
on a binocular microscope using a 10×
objective lens. Images were composed
and edited in Photoshop 7.0 (Adobe Sys-
tems, San Jose, CA, USA). Background
was reduced using contrast and bright-
ness adjustments to enhance reprint, and
all modifications were applied to the
whole image. Similarly treated plates
were collected at day 3, 5, 7 and 9 for
Western blotting to measure MHC ex-
pression as a functional end point to
measure differentiation biochemically,
since myoblasts were allowed to fuse and
form differentiated postmitotic  myotubes.

Cell Apoptosis and Autophagy
Controls

PRAS40 KD and scramble control my-
oblasts of the same passage were treated
with 2 μmol/L staurosporine in culture
media for 4 h to induce apoptosis and
were collected in the CHAPS media. To
induce autophagy, C2C12 myoblasts
were treated with  Hanks’ buffered salt
solution (HBSS) for 6 h, and cells were
collected in CHAPS buffer.

Statistics
Results for individual cell experiments

(n ≥ 6) were replicated in at least three
independent experiments and when ap-
plicable are presented as means ± SE cal-
culated from the pooled data. Data were
analyzed by unpaired Student t test in
two-group comparisons or with analysis
of variance (ANOVA) and Tukey posttest
in multigroup comparisons to determine
treatment effect when ANOVA indicated
a difference among the means. GraphPad
Prism version 5.0 (GraphPad Software,
La Jolla, CA, USA) was used for analysis.
Differences between groups were consid-
ered significant at P < 0.05.

RESULTS

Effect of PRAS40 Knockdown in C2C12
Myotubes

C2C12 stable cell lines deficient in
PRAS40 or scramble controls were created
using shRNA. shRNA were retrovirally

delivered to myoblasts, and some of these
myoblasts were allowed to differentiate
and form myotubes after puromycin selec-
tion. shRNA directed toward PRAS40 in
myotubes reduced PRAS40 protein levels
by >80%, compared with scramble control
values (Figure 1A, B). As anticipated,
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Figure 2. Effect of IGF-I and AICAR on shScramble and shPRAS40 knockdown myotubes.
 Myotubes were transfected with shScramble and shRPAS40 and incubated with vehicle
 (control), AICAR (2 mmol/L; 8 h) or IGF-I (100 ng/mL; 20 min) and labeled with 35S-methionine.
(A) Protein synthesis in myotubes. Values are means ± SE for n = 8–10 for each condition.
Means not sharing the same superscript (a, b and c) are significantly different (P < 0.05). For
quantification, data were normalized to scramble control values. (B) Representative Western
blots of various total and phosphorylated proteins where cells were treated as described
above except that the isotope was omitted. Representative blot of three independent ex-
periments with four replicates per experiment is shown.



PRAS40 knockdown also reduced the
PRAS40 mRNA content by ~65% in in-
fected myotubes (Figure 1C). In contrast,
PRAS40 knockdown did not alter the
mRNA content for 4E-BP1, mTOR, S6K1
or raptor, proteins central to the function-
ing of the mTOR signaling pathway.

Knockdown of PRAS40 in differenti-
ated myotubes did not alter global pro-
tein synthesis compared with scramble
controls, as measured by 35S-methionine
incorporation into protein (Figure 2A).

To determine whether the responsiveness
of the PRAS40 knockdown cells to exter-
nal stimuli was altered, cells were incu-
bated with either an anabolic (IGF-I) or
catabolic (AICAR) agent. Addition of
IGF-I to the myotubes increased protein
synthesis, whereas AICAR inhibited pro-
tein synthesis (Figure 2A). Contrary to
expectations, the magnitude of the
changes produced by these agents in my-
otubes was the same in both control and
PRAS40 knockdown cells. To confirm

protein synthesis data, we performed
Western blotting for mTOR and its sub-
strates and binding partners. PRAS40
knockdown cells remained responsive to
both types of stimuli and their response
was similar and comparable to the
scramble controls (Figure 2B). For exam-
ple, IGF-I increased phosphorylation of
S6K1 (T389) and PRAS40 (T246), while
AICAR increased raptor phosphorylation
(S792).
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Figure 3. Effect of IGF-I and AICAR on protein synthesis in control and PRAS40 knockdown
C2C12 myoblasts. Myoblasts were incubated with vehicle (control), AICAR or IGF-I as de-
scribed in Figure 2. (A) Protein synthesis in myoblasts were measured on day 3, and values
are means ± SE for n = 8 for each condition. Means not sharing the same superscript (a) are
significantly different (P < 0.05). (B) Effect of PRAS40 knockdown on total and phosphory-
lated 4E-BP1, S6K1 and PRAS40 in C2C12 myoblasts. Representative Western blots for pro-
teins involved in the mTORC1 complex mediated translation initiation. Except for the reduc-
tion in total and phosphorylated PRAS40, there were no significant differences between the
two groups. (C) Effect of PRAS40 KD on protein–protein interaction. Equal amount of total
protein from shScramble (four left lanes) and shPRAS40 KD (four right lanes) myoblasts were
immunoprecipitated using an excess amount of anti-PRAS40 antibody to pull down proteins
interacting with PRAS40. The antigen-antibody immune complex was then probed with anti-
bodies against PRAS40, raptor and eIF3f. The lower three blots represent the whole cell
lysate (WCL), which was probed with total antibody against raptor and phospho-specific
and total antibody against PRAS40. The amount of raptor and eIF3f bound to PRAS40 did
not differ between control and PRAS40 KD cells. (D) Representative Western blots of various
total and phosphorylated proteins treated as described in Figure 2. Representative blot of
three independent experiments with four replicates per experiment is shown.

Figure 4. Effect of PRAS40 knockdown on
cell size in C2C12 myoblasts. (A) Cell size
was measured using the Coulter counter
particle size analyzer and shown in paren-
theses. n = 8 for each condition. (B) Mean
cell volume of myoblasts as described in
(A); mean cell volume in cells with PRAS40
knockdown is increased. Bar graph is
mean ± SE; n = 7–9 for each condition. 
*P < 0.0001. Where absent, standard error
bars are too small to be visualized.



PRAS40 Knockdown Decreases
Protein Synthesis in C2C12 Myoblasts

While the preceding data were ob-
tained from postmitotic differentiated
myotubes (>95%), we also determined
whether myoblasts would yield compara-
ble results. In myoblasts, the knockdown
of PRAS40 decreased global protein syn-
thesis by ~25% under basal conditions
(Figure 3A). Despite the decrease in basal
protein synthesis in the PRAS40 knock-
down cells, the ability of these cells to re-
spond positively or negatively to IGF-I or
AICAR, respectively, was unaltered. Con-

trary to expectations, the decreased pro-
tein synthesis observed in PRAS40
knockdown cells under basal conditions
was not associated with any difference in
phosphorylation state of the mTOR sub-
strates S6K1 and 4E-BP1, compared with
the scramble control values (Figure 3B) or
changes in protein–protein interaction of
PRAS40-raptor-eIF3 between the two
groups (Figure 3C). In myoblasts, the
ability of IGF-I to stimulate T389 phos-
phorylation of S6K1 and AICAR to in-
crease S792 phosphorylation of raptor did
not differ between scrambled and
PRAS40 knockdown cells (Figure 3D).

PRAS40 Knockdown Alters Myoblast
Cell Size and Proliferation

Vander Haar et al. (21) reported that
overexpression of wild-type PRAS40 de-
creased cell size in HEK293 cells, whereas
knockdown of Lobe (a PRAS40 ortholog
in Drosophila) increased cell size (15).
Hence, we hypothesized that knocking
down PRAS40 would also increase cell
size in myocytes. PRAS40 knockdown in-
creased the diameter (16.8 ± 0.1 μm) of
low passage proliferating (~60% conflu-
ent) myoblasts compared with scramble

control cells (14.0 ± 0.1 μm) as measured
using either the Coulter counter particle
size analyzer (Figure 4A) or FACS flow
cytometry analysis (data not shown).
Mean cell volume was also increased in
PRAS40 knockdown cells (Figure 4B).
However, unexpectedly we found that
PRAS40 knockdown cells grew slower
than time-matched scramble controls
(Figure 5A), although both cell types
were seeded at the same initial density.
To exclude anchorage dependence and al-
tered capacity to attach, cells were seeded
and counted 4–8 h after seeding to allow
for attachment. An equal number of cells
were harvested after trypsinization in
both the control and PRAS40 knockdown
cells, suggesting no significant difference
in the ability of PRAS40 knockdown cells
to attach to the culture plates (data not
shown). To confirm that the proliferation
rate of PRAS40 knockdown cells was
slower, we used an independent colori-
metric assay based on the conversion of
the MTT tetrazolium salt to its formazan
product. Consistent with the above pre-
sented data, the MTT assay revealed that
PRAS40 knockdown cells had a 25%
lower rate of proliferation (Figure 5B).
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Figure 5. Effect of PRAS40 knockdown on
C2C12 myoblasts proliferation. (A) Prolifer-
ation rate was determined in stably trans-
fected myoblasts with shScramble and sh-
PRAS40. Myoblasts were seeded at the
same density and counted using the
Coulter counter as described in Materials
and Methods. Time intervals are indi-
cated; n = 5 for each treatment time
point; experiments were repeated at least
three times. (B) To measure proliferative
rate acutely (24 h), an independent alter-
native approach using MTT was used. Val-
ues are means ± SE for n = 32 for each
condition (*P < 0.0001).

Figure 6. Effect of PRAS40 knockdown on apoptosis in C2C12 myoblasts. (A) DNA lad-
dering assay. Low–molecular weight DNA was extracted from stably transfected my-
oblasts with shScramble and shPRAS40. No regular laddering pattern was observed in
either the shScramble or shPRAS40 transfected myoblasts. For sample DNA, 8 μg/lane
was loaded, and for positive apoptotic control DNA, 3 or 5 μg/lane was loaded. (B) My-
oblasts were transfected with either control (shScramble) shRNA or shRNA targeting
PRAS40, and cell lysates were collected for Western blotting. Representative Western
blots of whole cell lysates probed using antibodies against cleaved caspase-3, PARP
and phosphorylated and total PRAS40 are shown. Staurosporine-treated myoblasts
served as the positive control.



PRAS40 and Apoptosis
To determine whether increased apo-

ptosis in PRAS40 knockdown cells was
responsible for the slower proliferation
rate, we isolated low–molecular weight
DNA and performed an apoptosis DNA
laddering assay. Figure 6A illustrates
there is no difference between the scram-
ble control and the PRAS40 knockdown
cells and that neither group of cells were
undergoing active apoptosis within the
detectable limits of the assay. These find-
ings were confirmed by Western blotting

for caspase-3/PARP cleavage, which
failed to detect a significant difference
between the groups. Myoblasts incu-

bated with staurosporine were used as a
positive control and demonstrated in-
creased caspase-3 and PARP cleavage
(Figure 6B). Collectively, these data sug-
gest that the decreased protein synthesis
and reduced proliferation in PRAS40
knockdown myoblasts cannot be attrib-
uted to increased apoptosis.

PRAS40 Knockdown Inhibits Cell
Cycle Progression

To determine the mechanism for the
lower proliferation rate in PRAS40
knockdown cells, we stained myoblasts
with propidium iodide to study cell cycle
events. PRAS40 knockdown myoblasts
had a greater proportion of cells in
G1/G0 of the cell cycle and fewer cells in
the active S phase compared with control
values (Figure 7A and B, respectively;
Table 1).

Because PRAS40 knockdown cells
were arrested in G1/G0 of the cell cycle,
we assessed whether proteins regulating
the cell cycle, especially the G1 to S tran-
sition, were concomitantly altered. Fig-
ure 7C illustrates there was a 25–30% re-
duction in S807/811 phosphorylation of
Rb, consistent with reduced progression
from the G1 to S phase. In myoblasts
with PRAS40 knockdown, a 20–30% re-
duced expression of p21 was also de-
tected in these cells. There was no differ-
ence in the other proteins analyzed that
regulate the cell cycle—p53, cdk 4/6, p27
and cyclin D1 (Figure 7D).

PRAS40 Alters Myogenesis
Our data demonstrate the presence of

a concomitant delay in proliferation and
altered cell cycle in PRAS40 knockdown
myoblasts. Because mTOR also regulates
autophagy, which in turn plays an im-
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Figure 7. Effect of PRAS40 knockdown on C2C12 myoblast cell cycle. Myoblasts were
transfected with either control (shScramble) shRNA or shRNA targeting PRAS40. Myoblasts
were grown in DMEM supplemented with 10% FBS for 24 h and stained with propidium io-
dide stain to study cell cycle using FACS. Representative forward scatter histogram high-
lighting G1 and G2 phases of cell cycle for control (shScramble; A) and PRAS40 knock-
down (shPRAS40kd; B) are shown. (C) Cell lysates from myoblasts as described in (A) and
(B) were collected for Western blotting analysis. Representative Western blots of whole
cell lysates probed using antibodies against total and p-PRAS40 (T246), total p21 and pRb
(S807/811) and actin are shown. (D) Cell lysates from myoblasts as described in (A) and
(B) were collected for Western blotting analysis. Representative Western blots of whole
cell lysates probed using antibodies against Rb, p53, Cyclin D1, cdk4 and cdk6 are shown.

Table 1. Effect of PRAS40 knockdown on cell cycle in C2C12 myoblasts.

Cell cycle % G1 % S % G2

shScramble 52.9 ± 1.1 34.6 ± 1.3 12. 5 ± 0.3
shPRAS40 KD 65.0 ± 0.8* 25.1 ± 0.6* 9.9 ± 0.5*

Myoblasts were transfected with either control (scramble) shRNA or shRNA targeting
PRAS40. Values are shown as means ± SE for n = 12 for each condition. *P < 0.05 compared
with time-matched control values.



portant role in cell differentiation (28,29),
we determined the expression of proteins
important in regulating autophagy. Al-
though there were no changes in the
early markers for autophagy, including
Atg 7 and Beclin 1 (Figure 8A), our data
indicate that PRAS40 KD decreased the
ratio of LC3B-II/LC3B-I (Figure 8A, B).

Next we determined whether such
changes might be of physiological rele-
vance to skeletal muscle development. In
this regard, we seeded the same number
of myoblasts and tracked their progres-
sion to form myotubes (Figure 9). We ob-
served that control cells reached conflu-
ent status earlier than the PRAS40
knockdown and began fusion to form a
substantial number of myotubes by day
5, whereas PRAS40 knockdown cells
only sparsely formed myotubes by day 5.
These data suggest that myotube forma-
tion and myogenesis is delayed in
PRAS40 knockdown cells.

To quantitate these findings, cell lysates
were collected at various stages of devel-
opment of myoblasts and myotubes to
measure the expression of MHC—a pro-
tein expressed only in differentiated ma-
tured myotubes. Although MHC expres-
sion was absent in myoblasts (day 3) and
there was an initial delay in MHC expres-
sion in PRAS40 knockdown cells (days 5
and 7), by day 9, the expression of MHC
in both scramble control and PRAS40
knockdown cells was comparable (Fig-
ure 10A, B). The protein content of the
muscle transcription factor MyoD did not
differ between scramble control and
PRAS40 KD cells (Figure 10A).

DISCUSSION
In vitro studies performed in HEK293

and other rapidly dividing cell lines have
identified PRAS40 as an mTORC1 bind-
ing protein and a regulator for mTOR ac-
tivity (15,16,18,21). As the reduction of
PRAS40 using RNAi leads to increased
phosphorylation of mTOR substrates
S6K1 and 4E-BP1, it has been posited that
PRAS40 functions as a negative regulator
of mTOR and translation initiation. To the
contrary, our results show PRAS40 is re-
quired for protein synthesis in rapidly di-

viding myoblasts, and the reduction of
PRAS40 in these cells decreases protein
synthesis. In contradistinction, reduction
of PRAS40 did not significantly affect pro-
tein synthesis in differentiated myotubes,
indicating a developmental-specific effect
of PRAS40 in this cell type. The reason for
this difference between our findings and
earlier reports is unclear but may be re-
lated to differences in cell type, experi-
mental conditions, end point measured
and/or the extent of PRAS40 knockdown.
To this end, we did not detect a change in
the protein–protein interaction of
PRAS40-raptor-eIF3 complex after
PRAS40 KD in myoblasts. Such data sug-
gest that the amount of available PRAS40
is sufficient to allow mTOR signaling to-
ward its known substrates in this cell
type, despite a >80% reduction in PRAS40
protein in knockdown cells. Furthermore,

knockdown of PRAS40 in both myoblasts
and myotubes did not alter the ability of
these cells to respond to either an anabolic
(IGF-I) or catabolic (AICAR) stimuli. Our
data show that addition of IGF-I increased
phosphorylation on S6K1 (T389) and
PRAS40 (T246) in these myocytes, while
treatment with AICAR increased the
phosphorylation on raptor (S792) and
AMPK (T172). Correspondingly, protein
synthesis was altered as anticipated in
both myoblasts and myotubes in response
to IGF-I and AICAR. Collectively, these
data demonstrate the normal responsive-
ness of PRAS40 knockdown cells—both
myoblasts and myotubes.

Cell cycle progression is linked to cell
size, and typically cells must attain a cer-
tain size before they replicate and divide.
However, exceptions to this norm may
be observed under artificial (for example,
pharmaceutical drugs or transformed im-
mortalized cancer cells) or disease (for
example, cardiac hypertrophy) condi-
tions. mTOR also plays an important role
in regulating cell growth (8,30–32). In
this regard, the overexpression of
PRAS40 decreases cell size in HEK293
cells. Conversely, knockdown of PRAS40
in the same cells and of Lobe (an or-
tholog of PRAS40 in drosophila S2 cells)
increased cell size (15,21). Consistent
with these earlier observations, knock-
down of PRAS40 in myoblasts also in-
creased cell size. However, unexpectedly,
PRAS40 knockdown cells were fewer in
number compared with the scramble
controls. Furthermore, we observed that
PRAS40 knockdown myoblasts had a
slower rate of proliferation. This change
could not be attributed to differential cell
binding or attachment to the culture
plates. Another potential explanation for
the decreased cell number is increased
apoptosis in myoblasts with PRAS40
knockdown. However, the role of PRAS40
in regulating apoptosis is controversial.
Whereas knockdown of PRAS40 inhib-
ited tumor growth and proliferation via
induction of apoptosis in melanoma cells
(33), PRAS40 knockdown reduced the
ability of tumor necrosis factor (TNF)-α
and cycloheximide to induce apoptosis
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Figure 8. Effect of PRAS40 knockdown on
autophagy. Myoblasts were transfected
with either control (shScramble) shRNA
or shRNA targeting PRAS40, and cell
lysates were collected for Western blot-
ting. (A) Representative Western blots of
whole cell lysates probed using antibod-
ies against total Atg 7, Beclin 1, LC3B and
PRAS40 are shown. Nutrient-starved my-
oblasts treated with Hanks’ balanced
salt solution served as the positive con-
trol. (B) Quantification of Western blot
data. Values are means ± SE; n = 10 per
group. *P < 0.05 compared with time-
matched scramble control values.



in HeLa cells (34). Using two different
approaches—caspase 3 and PARP cleav-
age and DNA laddering—our data sug-
gest that the lower proliferation rate in
myoblasts could not be attributed to in-
creased apoptosis. In general, it is be-
lieved that mTOR integrates signals to

regulate cell size and cell cycle. However,
increased cell size due to inhibition of
myostatin was shown to be insensitive to
rapamycin, suggesting an mTOR-
 independent regulation of muscle size.
Also, maintenance of the hypertrophy
during chronic myostatin deficiency

does not require altered Akt/mTOR ac-
tivity (35,36). Previously, Hentges et al.
(37) implicated mTOR in regulating cell
size and proliferation via different and
independent mechanisms. Therefore, al-
though PRAS40 knockdown cells are
larger than controls, cells deficient in
PRAS40 have lower proliferation, sug-
gesting PRAS40 may potentially be an
important modulatory binding partner
of mTOR, which uncouples cell size and
cell cycle.

mTOR regulates cell cycle as evi-
denced by the ability of rapamycin to ar-
rest cells in the G1 phase (4,32,37–40).
Propidium iodide staining revealed that
myoblasts with PRAS40 knockdown had
a greater proportion of cells in the
G1/G0 phase, compared with scramble
controls, and fewer cells in the active
S phase. Collectively, these data suggest
PRAS40 is required for mTOR activity in
regulating cell cycle and that knock-
down of PRAS40 in myoblasts retarded
cell cycle progression. Alternatively, we
cannot exclude the possibility that the
reduction in PRAS40 alters cell cycle ki-
netics by an undetermined mechanism
that is mTOR independent. Because
PRAS40 knockdown cells were arrested
in G1/G0 of the cell cycle, we focused
on elucidating potential underlying
mechanisms that might produce cell
cycle arrest. Regulation of cell cycle pro-
gression by the cyclin-dependent kinase
(cdk) inhibitor p21 blocks cells from en-
tering into the DNA synthesis (or S)
phase in many cell types. The opposite
role of p21 in skeletal muscle growth
and differentiation, compared with its
role in HEK293 cells, has received recent
attention. In HEK293 cells, AICAR in-
creased phosphorylation of p53 with an
increased expression of p21 (41,42).
While p21 null mice develop normally
during embryogenesis (43) because of
the presence and activation of another
redundant cdk inhibitor (p57) (44), my-
ocytes from these mice have difficulty
differentiating to myotubes (45). C2C12
myoblasts treated with AICAR were ar-
rested in G1, and H9c2 cardiomyocytes
had reduced expression of the p21 pro-
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Figure 9. Effect of PRAS40 knockdown on C2C12 differentiation. Myoblasts were trans-
fected with either control (shScramble) shRNA or shRNA targeting PRAS40. Cells were
plated at the same density and photographed daily (10 × objective magnification; Nikon
digital camera mounted on binocular microscope) to visually record changes in cell pro-
liferation (time to reach confluence) and formation of myotubes. On day 3 when the
plates were fully confluent, the media were switched to 2% horse serum (DM, differentia-
tion media) to induce myotube formation.



tein (42). Because PRAS40 knockdown
myoblasts were arrested in G1, we
screened for proteins that regulate the
cell cycle, especially in the G1 to S tran-
sition. Retinoblastoma protein (pRb) reg-
ulates G1 exit in the cell cycle. Rb is
phosphorylated upon mitogenic activa-
tion, which disrupts Rb binding to the
E2F transcription factor, thus allowing
transcription of proteins that are essen-
tial for the G1 to S transition. We found
that after PRAS40 knockdown, there was
a reduction of pRb S807/811 phosphory-
lation consistent with reduced progres-
sion from the G1 to S phase. In contrast,
no change in the total amount of p53,
cdk 4/6, cyclin D1 or p27 was detected.
It has been reported that protein expres-
sion of p21 can be independent of these
other regulatory proteins (46,47). How-
ever, we observed that similar to AICAR
treatment, PRAS40 knockdown my-
oblasts had reduced expression of p21.
Because decreased p21 adversely affects

myotube formation and differentiation,
we determined whether PRAS40 knock-
down myoblasts exhibited delayed dif-
ferentiation.

These results are consistent with those
of Williamson et al. (42) showing that
prolonged G1/G0 and reduced p21 ex-
pression in C2C12 myocytes produced
by AICAR decreased cell cycling and de-
layed myotube formation. To determine
whether PRAS40 knockdown would
delay myoblast fusion and thereby my-
otube formation, we monitored the pro-
gression and ability of these cells to form
myotubes in culture. Time lapse imaging
and Western blotting analysis for
myosin heavy chain (a marker for ma-
tured myotubes) indicated that knock-
down of PRAS40 in C2C12 myoblasts
delayed myotube formation. Autophagy
is another mTOR regulated cellular
event that plays an important role in dif-
ferentiation of myoblasts to mature my-
ocytes (48–51). Our results indicate that

PRAS40 KD decreases autophagy in my-
oblasts, as inferred from the reduction in
the LC3BII/LC3B-I ratio. These changes
suggest PRAS40 regulates muscle prolif-
eration and differentiation via regulation
of cell cycle and autophagy regulatory
proteins.

In summary, PRAS40 knockdown in
differentiated myotubes did not alter
protein synthesis. In contrast, PRAS40
knockdown in C2C12 myoblasts de-
creased protein synthesis independent of
a change in the phosphorylation of S6K1
and 4E-BP1, suggesting that PRAS40 is
not a negative regulator of mTOR-medi-
ated translation initiation in this cell
type. Moreover, both myoblasts and my-
otubes remained responsive to anabolic
and catabolic stimuli when PRAS40 was
reduced. Knockdown of PRAS40 inhib-
ited G1 to S phase transition of cell cycle
and lowered proliferation rate in my-
oblasts, supporting the contention that
PRAS40 is required for this aspect of
mTOR signaling. Our data suggest that
PRAS40 knockdown in C2C12 myoblasts
impairs the ability of mTOR to regulate
cell size and proliferation and that
PRAS40 is required for these mTOR-as-
sociated functions. We confirm that
PRAS40 plays an important role in regu-
lation of cell size and show that it also af-
fects cell proliferation and differentiation.
Understanding the role of PRAS40 in
proliferation and differentiation of my-
ocytes as outlined here may prove im-
portant in designing new strategies to
manage the muscle wasting associated
with catabolic insults such as sepsis, al-
cohol abuse and aging.

ACKNOWLEDGMENTS
We thank Drs. Ly Hong-Brown and

Robert Frost for discussions and critical
readings of the manuscript. We thank
Danuta Huber and Anne Pruznak for
technical support, Dr. David Spector for
technical help with viral purification and
transfection, Dr. Arun Das with MTT
assay and reagents, and Dr. Samina Alam
for help with the DNA laddering assay
and reagents. We also thank David Stan-
ford of the Penn State Flow Cytometry

R E S E A R C H  A R T I C L E

M O L  M E D  1 6 ( 9 - 1 0 ) 3 5 9 - 3 7 1 ,  S E P T E M B E R - O C T O B E R  2 0 1 0  |  K A Z I  A N D  L A N G  |  3 6 9

Figure 10. PRAS40 knockdown in C2C12 myocytes delays MHC protein expression. (A)
Representative Western blots for MHC and the muscle-specific transcription factor MyoD
in samples treated as in Figure 9. (B) Quantification of MHC Western blots in (A). Values
are means ± SE for n = 6 for each condition. *P < 0.05, compared with time-matched con-
trol values. ND, not detected.



Core facility for help with cell cycle anal-
ysis imaging. This work was supported
in part by grants from the National Insti-
tutes of Health (GM38032 and AA11290)
to CH Lang and Pennsylvania Depart-
ment of Health using Tobacco Settlement
Funds (AA Kazi). The Department specif-
ically disclaims responsibility for any
analyses, interpretations or conclusions.

DISCLOSURE
The authors declare that they have no

competing interests as defined by Molec-
ular Medicine, or other interests that
might be perceived to influence the re-
sults and discussion reported in this
paper.

REFERENCES
1. Kimball SR, Jefferson LS. (2006) Signaling path-

ways and molecular mechanisms through which
branched-chain amino acids mediate transla-
tional control of protein synthesis. J. Nutr. 136
(Suppl. 1):227S–31S.

2. Anthony JC, et al. (2002) Contribution of insulin
to the translational control of protein synthesis in
skeletal muscle by leucine. Am. J. Physiol. En-
docrinol. Metab. 282:E1092–101.

3. Krawiec BJ, Frost RA, Vary TC, Jefferson LS,
Lang CH. (2005) Hindlimb casting decreases
muscle mass in part by proteasome- dependent
proteolysis but independent of protein synthesis.
Am. J. Physiol. Endocrinol. Metab. 289:E969–80.

4. Dunlop EA, Tee AT. (2009) Mammalian target of
rapamycin complex 1: signalling inputs, substrates
and feedback mechanisms. Cell Signal 21:827–35.

5. Gingras AC, Raught B, Sonenberg N. (2004)
mTOR signaling to translation. Curr. Top. Micro-
biol. Immunol. 279:169–97.

6. Hay N, Sonenberg N. (2004) Upstream and
downstream of mTOR. Genes Dev. 18:1926–45.

7. Hall MN. (2008) mTOR: what does it do? Trans-
plant. Proc. 40 (Suppl. 10):S5–8.

8. Schmelzle T, Hall MN. (2000) TOR, a central con-
troller of cell growth. Cell 103:253–62.

9. Balasubramanian S, et al. (2009) mTOR in growth
and protection of hypertrophying myocardium.
Cardiovasc. Hematol. Agents Med. Chem. 7:52–63.

10. Holz MK, Ballif BA, Gygi SP, Blenis J. (2005)
mTOR and S6K1 mediate assembly of the trans-
lation preinitiation complex through dynamic
protein interchange and ordered phosphoryla-
tion events. Cell 123:569–80.

11. Kim DH, et al. (2002) mTOR interacts with raptor
to form a nutrient-sensitive complex that signals
to the cell growth machinery. Cell 110:163–75.

12. Peterson TR, et al. (2009) DEPTOR is an mTOR
inhibitor frequently overexpressed in multiple
myeloma cells and required for their survival.
Cell 137:873–86.

13. Lang CH, et al. (2003) Alcohol impairs leucine-
mediated phosphorylation of 4E-BP1, S6K1,
eIF4G, and mTOR in skeletal muscle. Am. J. Phys-
iol. Endocrinol. Metab. 285:E1205–15.

14. Kovacina KS, et al. (2003) Identification of a pro-
line-rich Akt substrate as a 14–3–3 binding part-
ner. J. Biol. Chem. 278:10189–94.

15. Sancak Y, et al. (2007) PRAS40 is an insulin-
 regulated inhibitor of the mTORC1 protein ki-
nase. Mol. Cell. 25:903–15.

16. Wang L, Harris TE, Lawrence JC Jr. (2008) Regu-
lation of proline-rich Akt substrate of 40 kDa
(PRAS40) function by mammalian target of ra-
pamycin complex 1 (mTORC1)-mediated phos-
phorylation. J. Biol. Chem. 283:15619–27.

17. Oshiro N, et al. (2007) The proline-rich Akt sub-
strate of 40 kDa (PRAS40) is a physiological sub-
strate of mammalian target of rapamycin com-
plex 1. J. Biol. Chem. 282:20329–39.

18. Fonseca BD, Smith EM, Lee VH, MacKintosh C,
Proud CG. (2007) PRAS40 is a target for mam-
malian target of rapamycin complex 1 and is re-
quired for signaling downstream of this complex.
J. Biol. Chem. 282:24514–24.

19. Williamson DL, Bolster DR, Kimball SR, Jefferson
LS. (2006) Time course changes in signaling path-
ways and protein synthesis in C2C12 myotubes fol-
lowing AMPK activation by AICAR. Am. J. Physiol.
Endocrinol. Metab. 291:E80–9.

20. Frost RA, Lang CH, Gelato MC. (1997) Transient
exposure of human myoblasts to tumor necrosis
factor-alpha inhibits serum and insulin-like
growth factor-I stimulated protein synthesis. En-
docrinology 138:4153–9.

21. Vander Haar E, Lee SI, Bandhakavi S, Griffin TJ,
Kim DH. (2007) Insulin signalling to mTOR me-
diated by the Akt/PKB substrate PRAS40. Nat.
Cell. Biol. 9:316–23.

22. Hong-Brown LQ, Brown CR, Huber DS, Lang CH.
(2007) Alcohol regulates eukaryotic elongation
factor 2 phosphorylation via an AMP-activated
protein kinase-dependent mechanism in C2C12
skeletal myocytes. J. Biol. Chem. 282:3702–12.

23. Giegerich R, Meyer F, Schleiermacher C. (1996)
GeneFisher—software support for the detection
of postulated genes. Proc. Int. Conf. Intell. Syst.
Mol. Biol. 4:68–77.

24. Krawiec BJ, Nystrom GJ, Frost RA, Jefferson LS,
Lang CH. (2007) AMP-activated protein kinase
agonists increase mRNA content of the muscle-
specific ubiquitin ligases MAFbx and MuRF1 in
C2C12 cells. Am. J. Physiol. Endocrinol. Metab.
292:E1555–67.

25. Lang CH, Frost RA, Vary TC. (2008) Acute alco-
hol intoxication increases REDD1 in skeletal
muscle. Alcohol Clin. Exp. Res. 32:796–805.

26. Das A, Desai D, Pittman B, Amin S, El-Bayoumy K.
(2003) Comparison of the  chemopreventive efficacies
of 1,4-phenylenebis(methylene)selenocyanate and
 selenium-enriched yeast on 4-(methylnitrosamino)-
1-(3-pyridyl)-1-butanone induced lung tumorigene-
sis in A/J mouse. Nutr. Cancer 46:179–85.

27. Zhivotovsky B, Nicotera P, Bellomo G, Hanson K,

Orrenius S. (1993) Ca2+ and endonuclease activa-
tion in radiation-induced lymphoid cell death.
Exp. Cell. Res. 207:163–70.

28. Srinivas V, Bohensky J, Shapiro IM. (2009) Au-
tophagy: a new phase in the maturation of
growth plate chondrocytes is regulated by HIF,
mTOR and AMP kinase. Cells Tissues Organs
189:88–92.

29. Zeng M, Zhou JN. (2008) Roles of autophagy and
mTOR signaling in neuronal differentiation of
mouse neuroblastoma cells. Cell Signal 20:659–65.

30. Shaw RJ, Cantley LC. (2006) Ras, PI(3)K and
mTOR signalling controls tumour cell growth.
Nature 441:424–30.

31. Fingar DC, et al. (2004) mTOR controls cell cycle
progression through its cell growth effectors
S6K1 and 4E-BP1/eukaryotic translation initia-
tion factor 4E. Mol. Cell. Biol. 24:200–16.

32. Fingar DC, Salama S, Tsou C, Harlow E, Blenis J.
(2002) Mammalian cell size is controlled by
mTOR and its downstream targets S6K1 and
4EBP1/eIF4E. Genes. Dev. 16:1472–87.

33. Madhunapantula SV, Sharma A, Robertson GP.
(2007) PRAS40 deregulates apoptosis in malig-
nant melanoma. Cancer Res. 67:3626–36.

34. Thedieck K, et al. (2007) PRAS40 and PRR5-like
protein are new mTOR interactors that regulate
apoptosis. PLoS One 2:e1217.

35. Sartori R, et al. (2009) Smad2 and 3 transcription
factors control muscle mass in adulthood. Am. J.
Physiol. Cell. Physiol. 296:C1248–57.

36. Welle S, Burgess K, Thornton CA, Tawil R. (2009)
Relation between extent of myostatin depletion
and muscle growth in mature mice. Am. J. Phys-
iol. Endocrinol. Metab. 297:935–40.

37. Hentges KE, et al. (2001) FRAP/mTOR is re-
quired for proliferation and patterning during
embryonic development in the mouse. Proc. Natl.
Acad. Sci. U. S. A. 98:13796–801.

38. Zhang LH, Lin FR. (2009) Effect of rapamycin on
leukemia cell lines [in Chinese]. Zhongguo Shi Yan
Xue Ye Xue Za Zhi 17:870–3.

39. Shafer A, Zhou C, Gehrig PA, Boggess JF, Bae-
Jump VL. (2010) Rapamycin potentiates the ef-
fects of paclitaxel in endometrial cancer cells
through inhibition of cell proliferation and in-
duction of apoptosis. Int. J. Cancer 126:1144–54.

40. Rosner M, Fuchs C, Siegel N, Valli A,
Hengstschlager M. (2009) Functional interaction
of mammalian target of rapamycin complexes in
regulating mammalian cell size and cell cycle.
Hum. Mol. Genet. 18:3298–310.

41. Imamura K, Ogura T, Kishimoto A, Kaminishi M,
Esumi H. (2001) Cell cycle regulation via p53 phos-
phorylation by a 5′-AMP activated protein kinase
activator, 5-aminoimidazole- 4-carboxamide-1-
beta-D-ribofuranoside, in a human hepatocellular
carcinoma cell line. Biochem. Biophys. Res. Commun.
287:562–7.

42. Williamson DL, Butler DC, Alway SE. (2009)
AMPK inhibits myoblast differentiation through
a PGC-1alpha-dependent mechanism. Am. J.
Physiol. Endocrinol. Metab. 297:E304–14.

3 7 0 |  K A Z I  A N D  L A N G  |   M O L  M E D  1 6 ( 9 - 1 0 ) 3 5 9 - 3 7 1 ,  S E P T E M B E R - O C T O B E R  2 0 1 0

P R A S 4 0  A N D  C E L L  M E T A B O L I S M



43. Deng C, Zhang P, Harper JW, Elledge SJ, Leder P.
(1995) Mice lacking p21CIP1/WAF1 undergo
normal development, but are defective in G1
checkpoint control. Cell 82:675–84.

44. Zhang P, et al. (1999) p21(CIP1) and p57(KIP2)
control muscle differentiation at the myogenin
step. Genes. Dev. 13:213–24.

45. Hawke TJ, et al. (2003) p21 is essential for normal
myogenic progenitor cell function in regenerat-
ing skeletal muscle. Am. J. Physiol. Cell. Physiol.
285:C1019–27.

46. Lee YJ, et al. (2009) Involvement of a p53-
 independent and post-transcriptional up-
 regulation for p21WAF/CIP1 following destabi-
lization of the actin cytoskeleton. Int. J. Oncol.
34:581–9.

47. Parker SB, et al. (1995) p53-independent expres-
sion of p21Cip1 in muscle and other terminally
differentiating cells. Science 267:1024–7.

48. Mammucari C, Schiaffino S, Sandri M. (2008)
Downstream of Akt: FoxO3 and mTOR in the
regulation of autophagy in skeletal muscle. Au-
tophagy 4:524–6.

49. Annovazzi L, et al. (2009) mTOR, S6 and AKT
expression in relation to proliferation and
 apoptosis/ autophagy in glioma. Anticancer Res.
29:3087–94.

50. Jung CH, Ro SH, Cao J, Otto NM, Kim DH.
(2010) mTOR regulation of autophagy. FEBS Lett.
584:1287–95.

51. Ravikumar B, et al. (2004) Inhibition of mTOR in-
duces autophagy and reduces toxicity of polyg-
lutamine expansions in fly and mouse models of
Huntington disease. Nat. Genet. 36:585–95.

R E S E A R C H  A R T I C L E

M O L  M E D  1 6 ( 9 - 1 0 ) 3 5 9 - 3 7 1 ,  S E P T E M B E R - O C T O B E R  2 0 1 0  |  K A Z I  A N D  L A N G  |  3 7 1



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError false
  /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

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


