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Rapamycin, a selective inhibitor of mTORCI1 signaling, blocks terminal myoblast differentiation. We found
that downregulation of rictor, a component of the mTORC2 complex, but not downregulation of raptor, a
component of the mTORC1 complex, prevented terminal differentiation (fusion) of C2C12 myoblasts. Both
rapamycin and rictor downregulation suppressed the phosphorylation of AKT(S*”?), and rapamycin treatment
of C2C12 myoblasts disrupted the mMTORC2 complex. Importantly, downregulation of rictor inhibited TORC2
signaling without inhibiting mTORCI1 signaling, suggesting that inhibition of mTORC1 by rapamycin may not
be the cause of arrested differentiation. In support of this, expression of a phosphomimetic mutant
AKT(S473D) in rictor-deficient cells rescued myoblast fusion even in the presence of rapamycin. mTORC2
signaling to AKT appears necessary for downregulation of the Rho-associated kinase (ROCK1) that occurs
during myogenic differentiation. Rapamycin treatment prevented ROCKI1 inactivation during differentiation,
while suppression of ROCKI1 activity during differentiation and myoblast fusion was restored through expres-
sion of AKT(S473D), even in the presence of rapamycin. Further, the ROCK inhibitor Y-27632 restored
terminal differentiation in rapamycin-treated myoblasts. These results provide the first evidence of a specific

role for mTORC?2 signaling in terminal myogenic differentiation.

Differentiation of skeletal muscle cells involves highly coor-
dinated processes involving myogenic determination of pluri-
potent mesodermal precursors, withdrawal from the cell cycle,
subsequent expression of myotube-specific genes, and cell fu-
sion to form multinucleated myotubes (5, 19, 23, 33). AKT
represents a nodal point, signaling to several pathways to pos-
itively or negatively regulate growth, proliferation, survival,
and myogenic differentiation (34, 35). AKT phosphorylates the
FoxOla transcription factor required for myotube fusion of
primary myoblasts (3), causing cytoplasmic localization. How-
ever, in primary myoblasts and C2C12 myoblasts, phosphory-
lation of FoxOla appears partially independent of the PI3K/
AKT pathway, possibly regulated through the Rho-associated
kinase ROCKI. Inactivation of ROCK1 has been shown to be
necessary for FoxOla nuclear translocation and C2C12 cell
fusion (20). AKT also activates mTOR (mammalian target of
rapamycin) through phosphorylation and inactivation of the
tuberous sclerosis complex (36) and phosphorylation of
PRASA40, an endogenous inhibitor of mTOR (31, 32). Recent
studies have shown that the TOR kinase(s) exists in two com-
plexes that are conserved (25, 36). In mammalian cells,
TORC1 comprises mTOR, raptor, and mLST8 and is part of a
pathway that senses nutrient (amino acids, O,, AMP) and
growth factor status. mMTORCI activates S6K1 and phosphor-
ylates and inactivates 4E-BPs, promoting association of eIF4E,
the RNA cap-binding protein, with the eIF4G scaffolding pro-
tein and assembly of the eIF4F preinitiation translation com-
plex (36). Importantly, rapamycin in complex with the immu-
nophilin FKBP12 is a potent and selective inhibitor of
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mTORCI1 and potently inhibits myogenic differentiation in
vitro (8, 29). Whether the kinase function of mTOR is required
for myogenic differentiation is controversial (9). Park and
Chen have proposed that neither S6K1 nor mTOR kinase
activity is required for initiation of myogenic differentiation,
although mTOR catalytic activity is required for a second-stage
fusion that results in mature myotubes (22).

These studies, particularly with the mTORCT1 inhibitor rapa-
mycin, strongly suggest a role for mTORCI in myogenic dif-
ferentiation. However, the mTORC2 complex (rictor, Sinl,
mLST8) modulates the phosphorylation of protein kinase Ca
and the actin cytoskeleton, an aspect of TOR signaling that is
conserved between yeasts and mammals (11). Furthermore,
the mTORC2 complex directly phosphorylates AKT/PKB on
S*73 in vitro and facilitates T°® phosphorylation by PDK1 (27).
Sinl is also required for TORC2 kinase activity in vitro. Sinl
and rictor are key components of mMTORC2 and play an es-
sential role in AKT phosphorylation. Although rapamycin is
considered a selective inhibitor of mMTORCI, there are data to
suggest that persistent inhibition by rapamycin can lead to
redistribution of mMTOR from the mTORC2 complex into the
mTORCI1 complex, leading to decreased phosphorylation of
AKT at S*73. While the biological effect of hypophosphoryla-
tion of AKT at this residue is not well understood (1, 10, 11),
it has been suggested that it may alter signaling to substrates
such as FoxOl1. Thus, it is possible that rapamycin exerts its
inhibitory effect on myogenesis by modulating mTORC?2 activ-
ity (rather than mTORCI), hence identifying mTORC2 as
having an essential function in terminal myogenic differentia-
tion.

MATERIALS AND METHODS

Cell line and cultures. Mouse C2C12 myoblasts (American Type Culture
Collection, Manassas, VA) were routinely grown in antibiotic-free Dulbecco’s
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modified Eagle’s medium with 15% fetal calf serum (growth medium [GM]).
Cells were induced to differentiate by growth in differentiation medium (DM;
Dulbecco’s modified Eagle’s medium with 2% horse serum supplemented with 4
mM L-glutamine) at 37°C and 5% CO, (29).

Antibodies and reagents. Phospho-specific antibodies to AKT(S*7%), S6K1(T>%),
S6(S%35/23¢) 4EBP1(T34°), and mTOR(S2448) and antibodies to AKT, S6K1, S6,
Sinl, Myc tag, and ROCKI1(C8F7), as well as horseradish peroxidase-labeled
anti-mouse and anti-rabbit secondary antibodies, were from Cell Signaling Tech-
nology (Beverly, MA). Antibodies to rictor and raptor were from Bethyl Labo-
ratories, Inc. (Montgomery, TX). Mouse monoclonal antibody MF20 to myosin
heavy chain (MyHC; immunofluorescence studies), developed by Donald A.
Fischman, was obtained from the Developmental Studies Hybridoma Bank de-
veloped under the auspices of the National Institute of Child Health and Human
Development and maintained by the Department of Biological Sciences, Uni-
versity of Iowa, Iowa City. Mouse monoclonal anti-MyHC antibody (clone
A4.1025; Millipore, Temecula, CA) was used for immunoblotting. Mouse mono-
clonal antibodies to MyoD (5.8A) and myogenin were obtained from BD Bio-
sciences (San Jose, CA). Antibody to B-tubulin was from Sigma Chemical Co.
(St. Louis, MO). Secondary anti-mouse and anti-rabbit antibodies conjugated to
Alexa Fluor 488 for immunofluorescence staining were from Molecular Probes
(Eugene, OR). Purified normal rabbit or mouse immunoglobulin G (IgG) was
from Upstate (Lake Placid, NY). Protein A/G plus-agarose was from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). The transfection reagent TransIT-LT1
was from Mirus (Madison, WI), and Lipofectamine 2000 was from Invitrogen
(Carlsbad, CA). The QuikChange site-directed mutagenesis kit was from Strat-
agene (La Jolla, CA). The wild-type AKT cDNA clone was from Upstate (Lake
Placid, NY).

Subcellular fractionation. C2C12 cells were cultured in GM or DM in the
presence or absence of rapamycin or lacking four amino acids (leucine, lysine,
glutamine, and methionine) for 3 days. Subcellular fractionation was done as
previously reported (14, 37).

Western blotting and immunoprecipitation. Cell lysates were prepared as
described in reference 17. Electrophoresis (7.5 or 12% Tris-HCl gels) and trans-
fer to Immobilon-P membranes were done as described previously (29). For
immunoprecipitation experiments, the procedures previously reported were fol-
lowed (14).

Immunofluorescence staining and confocal microscopy. C2C12 cells were
seeded on two-chamber slides (Nunc Inc., Naperville, IL) in GM overnight. After
plasmid transfection or lentivirus infection for 24 h, the medium was replaced
with DM without drug or with rapamycin (100 ng/ml), Y27632 (20 wM), or both
on the next day. Cells were incubated for 3 or 7 days. To prevent against potential
degradation of the drug, fresh rapamycin or Y27632 was added to the culture on
day 3. Immunofluorescence procedures were as described previously, and slides
were examined in a Leica TCS NT SP confocal laser scanning microscope (37).

Inhibition of C2C12 cells by the AKT inhibitor API-2. C2CI12 cells were
seeded into six-well plates in GM. The next day, the medium was replaced with
DM with 0.1% dimethyl sulfoxide as a control or with API-2 (1 or 10 pM). After
3 days, cells were observed by microscopy and photographed.

Packaging of lentivirus with rictor short hairpin RNA (shRNA) or control
shRNA. Rictor shRNA plasmids ES (CCGGGCCAGTAAGATGGGAATCAT
TCTCGAGAATGATTCCCATCTTACTGGCTTTTTG) and E6 (CCGGGCC
ATCTGAATAACTTCACTACTCGAGTAGTGAAGTTATTCAGATGGCTT
TTTG) were purchased from Open Biosystems (Huntsville, AL). The helper
vector pCMV-dR8.2dvpr and pCMV-VSVG and control shRNA (CCTAAG
GTTA AGTCGCCCTCGCTCTAGCGAGGGCGACTTAACCTT AGG) plas-
mids were from Addgene Inc. (Cambridge, MA). 293T cells were from Gen-
Hunter (Nashville, TN), and the QuickTiter lentivirus quantitation kit (human
immunodeficiency virus [HIV] p24 enzyme-linked immunosorbent assay
[ELISA)] was from Cell Biolabs, Inc. (San Diego, CA). 293T cells (3 X 10°) were
seeded onto a 10-cm tissue culture plate in GM (DMEM plus 10% heat-inacti-
vated fetal bovine serum and 0.1X penicillin-streptomycin) and incubated for
24 h (37°C, 5% CO,). On the second day, when the cells were 70% confluent, the
rictor shRNA or control shRNA plasmid, together with helper vectors pCMV-
dR8.2dvpr and pCMV-VSV-G, was cotransfected into 293T cells with TransIT-
LT1 reagent. The cells were incubated for 18 h. The medium was changed to 6
ml of high-serum GM (DMEM plus 30% heat-inactivated fetal bovine serum and
1X penicillin-streptomycin). After 24 h of incubation, medium containing lenti-
virus was harvested by filtering through a 0.4-um filter. The viral titer was
determined by an ELISA method with the QuickTiter lentivirus quantitation kit
(HIV p24 ELISA) according to the manufacturer’s instructions.

Lentivirus transduction. C2C12 cells, 0.3 X 10° per well, were seeded into
six-well plates. On the second day, the cells were infected with an aliquot of
lentivirus to achieve a multiplicity of infection of 250 PFU/cell. Twenty-four
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hours later, the cells were washed once with serum-free medium and placed in
DM. The cell lysates were harvested at appropriate time points for Western blot
analysis.

Raptor knockdown with a raptor siRNA pool. A raptor small interfering RNA
(siRNA) pool was purchased from Dharmacon. Transfection was done as rec-
ommended by the company.

Construction of the AKT(S473D) phosphomimetic mutant. A point mutation
in AKT1 (Ser473) converting Ser to Asp was performed with the QuikChange
site-directed mutagenesis kit (Stratagene, Cedar Creek, TX) by following the
manufacturer’s instructions.

ROCKI1 kinase assay. C2C12 cells (2.5 X 10°) were seeded in 100-mm dishes
with GM and incubated at 37°C overnight. After 24 h, the cells were transfected
with pUSE AKT(S473D) with LT1 reagent or left untransfected. One day later,
the cells were washed once with serum-free DMEM and placed in DM in the
presence or absence of rapamycin (100 ng/ml). Whole-cell lysates were collected
with M-PER lysate buffer (Thermo Scientific, Rockford, IL). Cell lysates with
200 pg of total proteins were precleared with protein A/G plus-agarose (Santa
Cruz, CA). ROCKI1 proteins were immunoprecipitated with goat anti-ROCK1
antibody (2 pg/tube; Santa Cruz) or normal goat IgG (2 pg/tube) as a negative
control at 4°C overnight with rotation. The immunoprecipitates were washed
twice with lysis buffer and three times with kinase buffer (25 mM Tris-HCI [pH
7.5], 5 mM B-glycerophosphate, 2 mM dithiothreitol, 0.1 mM Na;VO,, 10 mM
MgCl,) from Cell Signaling. The kinase assay was performed as described by
Nishiyama et al. (20). A ROCK2 kinase assay was performed by the same
methods as for ROCKI1. The peptide substrate used was KEAKEKRQEQIAK
RRRLSSLRASTSKSGGSQK.

RESULTS

Rapamycin inhibits C2C12 differentiation. We and others
(8, 9, 29) have shown previously that rapamycin potently in-
hibits the myogenic differentiation of C2C12 myoblasts. How-
ever, the mechanism by which rapamycin inhibits differentia-
tion is poorly understood. As shown in Fig. 1A, rapamycin
inhibited myotube formation. In the absence of rapamycin,
C2C12 cells induced MyHC and became elongated by day 2 in
DM. By day 3, there were numerous fused multinucleated
MyHC-positive cells. In contrast, rapamycin-treated cells re-
mained mononuclear, with very few multinucleated myotubes,
although some cells stained faintly positive for MyHC. The
expression of MyHC and myogenin increased in cells main-
tained for 2 to 3 days in DM, whereas in comparison, rapamy-
cin decreased the induction of both MyHC and myogenin and
reduced the expression of MyoD (Fig. 1B). However, the most
predominant effect of rapamycin was to suppress myotube
formation. As anticipated, rapamycin completely suppressed
mTORCI1 signaling, as shown by the absence of detectable
phospho-S6K1(T3%) [pS6K1(T*%)] and pS6(S**>#°). Of note,
however, was that in C2C12 myoblasts rapamycin induced a
decrease in pAKT(S*”?) as reported previously (26), in con-
trast to its effects on malignant muscle cells or other malignant
cells, where rapamycin treatment enhances phosphorylation at
this residue (18, 21, 28).

The AKT inhibitor API-2 inhibits C2C12 cell differentiation.
The role of AKT signaling in myogenic differentiation has been
previously reported (34, 35). Since the mTOR-rictor complex
has AKT kinase activity (13, 27) and our results above sug-
gested that mMTORC?2 signaling was decreased by rapamycin, as
shown by decreased pAKT(S*”), we explored the role of AKT
in the regulation of C2C12 cell differentiation. To address this,
C2C12 cells were cultured in GM for 1 day, the medium was
replaced with DM, and the cells were incubated in the pres-
ence of the AKT inhibitor API-2 (1 or 10 pM) for 3 days. The
results show that differentiation was completely inhibited by
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FIG. 1. Rapamycin and API-2 inhibit C2C12 differentiation and decrease pAKT(S473). (A) C2C12 cells were grown in DM in the presence
(R+) or absence (R—) of rapamycin (10 ng/ml) for 3 days. MyHC was detected by immunostaining with anti-MyHC antibody. (B) Cells were grown
as described for panel A but with or without rapamycin at 100 ng/ml. Lysates were prepared on days 1 to 3. Equal amounts of total proteins were
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to Immobilon-P membrane, and proteins were determined
by immunoblotting. (C) Lysates of C2C12 cells maintained for 3 days in GM or DM in the presence (+) or absence (—) of API-2 (1 uM) or a
vehicle control (0.1% dimethyl sulfoxide [DMSO]) were used to determine the phosphorylation status of proteins in the AKT-mTORC pathway.
B-Tubulin was used as a loading control. (D) Morphology of C2C12 cells after 3 days in DM without or with API-2 at the concentration indicated.

API-2 (Fig. 1C). The AKT(S*”?) phosphorylation status in GM
and DM in the presence or absence of API-2 was determined
by immunoblotting. The results show that pAKT(S*?) was
decreased by API-2, most markedly under conditions of dif-
ferentiation (Fig. 1D). API-2 also decreased mTORCI signal-
ing, as shown by partial suppression of phosphorylation of the
4E-BP1 and S6 proteins. Thus, although these results are con-
sistent with a role for AKT in myogenic differentiation (12), it
is not possible to distinguish the roles of mTORC2 and
mTORCI signaling in the regulation of myogenesis by using
this inhibitor.

The mTORC2 complex is sensitive to rapamycin. To explore
the function of the rictor-mTOR complex in the regulation of
C2C12 cell differentiation, myoblasts were grown under GM
(proliferation) or DM (differentiation) conditions without or
with rapamycin. Alternatively, myoblasts were grown in the
absence of four amino acids (leucine, lysine, glutamine, and
methionine) for 3 days. Immunoprecipitation with the extracts
from membrane, cytosolic, and nuclear fractions of C2C12
cells was performed with an anti-mTOR antibody. The coim-
munoprecipitated proteins were detected by anti-rictor and
anti-raptor antibodies. As shown in Fig. 2A, mTOR coimmu-
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FIG. 2. The rictor-rmTOR complex is sensitive to rapamycin, and differentiation of C2C12 cells is inhibited by depletion of rictor but not raptor.
(A) C2C12 myoblasts were maintained in GM or DM with or without rapamycin (100 ng/ml) or deprived of four amino acids (—4aa; Leu, Lys, Met, and
Gln) for 3 days. Cells were fractionated as described in Materials and Methods, and proteins were immunoprecipitated (IP) from the membrane,
cytosolic, and nuclear fractions with an anti-mTOR antibody. The coimmunoprecipitated proteins were detected by anti-rictor and anti-raptor antibodies.
Normal rabbit IgG was used as a control. (B) C2C12 myoblasts were left uninfected (lanes C2) or infected with a lentivirus encoding a control sShRNA
(lanes S) or rictor shiRNA (lanes ES). After 24 h, the medium was replaced with DM. C2C12 myoblasts without rapamycin (lanes C2) or with rapamycin
(lanes R+; 100 ng/ml) or lentivirus-infected cells were harvested after incubation in DM for 1 to 4 days. Cell lysates were prepared, and proteins were
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblotted as described in Materials and Methods. (C) C2C12 myoblasts
were transfected with siRNA against raptor (RS, smart pool) or a control siRNA (lanes S) or mock transfected (lanes C2 and R+). After 24 h, the
medium was replaced with DM. C2C12 myoblasts without rapamycin (lanes C2), with rapamycin (lanes R+), with control siRNA (lanes S), or with raptor
siRNA (lanes R5) were harvested after incubation in DM for 1 to 4 days. Cell lysates were prepared, and proteins were separated by SDS-PAGE and
immunoblotted as described in Materials and Methods. (D) C2C12 cells were infected with lentiviruses with rictor shRNA (ES or E6, two different
plasmids for packaging), control sShRNA, or lentivirus encoding GFP for 24 h, the medium was replaced with DM, and the cells were incubated for 5 days.
Cells were photographed, and representative microscope fields are shown. (E) Parental C2C12 cells or C2C12 cells infected with lentiviruses encoding
rictor shRNA or control sShRNA or transfected with raptor siRNA were incubated in DM in the absence (C2C12) or presence of rapamycin 100 ng/ml
(Rap+) for 1 to 4 days. MyHC was detected by immunofluorescence. (F) The percentages of the total cells that were MyHC positive (black bars) and
multinucleated (gray bars) were calculated by counting 20 random microscope fields for each condition.
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noprecipitated with rictor in all of the fractions, whereas raptor
coimmunoprecipitated only in the membrane and cytosolic
fractions. Rapamycin decreased the coprecipitation of rictor
from the membrane fractions under GM conditions only. In
contrast, rapamycin completely blocked the association of
rictor with mTOR in the cytosolic and nuclear fractions under
conditions of proliferation (GM) or differentiation (DM).
Rapamycin had relatively little effect on the association of
raptor with mTOR, whereas amino acid depletion abolished
the coprecipitation of raptor with mTOR in both the mem-
brane and cytosolic fractions under either growth condition
(GM or DM). These data point to the selective disruption of
mTORC2 by rapamycin.

Lentivirus-encoded rictor shRNA inhibits rictor protein ex-
pression. To further examine the role of mTORC2 in the
regulation of C2C12 differentiation, we constructed two lenti-
viruses encoding different rictor shRNAs (E5 and E6) to in-
hibit rictor expression. After transduction of lentivirus with
rictor shRNA into C2C12 cells for 24 h, the cells were cultured
in DM. The protein expression and phosphorylation of AKT
and mTORCI substrates over 4 days were detected by Western
blotting. As shown in Fig. 2B, lanes ES5, rictor was inhibited
from dayl to day 4 and pAKT(S*”?) was also markedly de-
creased in the same time period, though the total AKT level
remained constant. Of note also was the failure to induce
MyHC in rictor-deficient cells, suggesting a role for mTORC2
earlier in myogenic differentiation. Importantly, pS6(S*%¢)
was not altered by lentivirus expressing rictor siRNA, though
it was inhibited by rapamycin from day1 to day 4 (Fig. 2B, lanes
ES and R). Of note was that Sinl, an interacting protein in the
mTORC2 complex, also decreased when rictor was downregu-
lated (Fig. 2B, lanes ES5). Thus, consistent with previous results
(11), rictor disruption appears to selectively alter mTORC2
signaling without altering mTORCI function, thus allowing the
function of mTORC2 in myoblast differentiation to be as-
sessed.

Raptor siRNA inhibits raptor protein expression. Under
growth conditions similar to those described above, raptor
siRNA was used to downregulate raptor (Fig. 2C). While the
raptor level was significantly decreased (Fig. 2C, lanes RS),
surprisingly, there was only a relatively small decrease in both
pS6K1 and pS6, (~50%), as determined by immunoblotting.
Similar results were obtained in three independent experi-
ments. In contrast, rapamycin completely abrogated mTORC1
downstream signaling.

Differentiation of C2C12 cells is inhibited by depletion of
rictor. To determine whether differentiation of C2C12 cells
could be inhibited by depletion of rictor, C2C12 cells were
infected with lentivirus encoding rictor shRNA, control
shRNA, or green fluorescent protein (GFP) and cultured in
DM for 3 days. Both GFP-expressing C2C12 cells and those
infected with control shRNA differentiated normally com-
pared to uninfected parental C2C12 cells after 3 days in DM.
Cells infected with viruses encoding rictor shRNA (ES and E6)
and cells treated with rapamycin failed to form multinucleated
myotubes (Fig. 2D). To further evaluate the effect of rictor
deficiency, C2C12 cells were seeded into two-chamber micro-
scope slides and infected as described in Materials and Meth-
ods. Immunofluorescence microscopy showed that parental
C2C12 cells fused to become multinucleated after culture in
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DM from day 1 (Fig. 2E), whereas differentiation of C2C12
cells in the presence of rapamycin or after infection with len-
tivirus expressing rictor shRNA was inhibited compared to that
of cells infected with lentivirus encoding control shRNA (Fig.
2E). In contrast, C2C12 cells transfected with raptor siRNA
differentiated normally to form MyHC-positive myotubes (Fig.
2E). To quantify alterations in MyHC-positive and multinucle-
ated cells, we randomly picked 20 microscope fields to count
the total cells, MyHC-positive cells, and multinucleated cells.
As shown in Fig. 2F, the effect of rictor downregulation in
reducing the proportion of MyHC-positive and multinucleated
cells was essentially identical to that of rapamycin treatment.
In contrast, the lentivirus-delivered and control shRNAs or
transfection with raptor siRNA had relatively little effect on
differentiation compared to that of control C2C12 cells.

Phosphomimetic AKT(S473D) rescues differentiation in
C2C12 cells when rictor is downregulated. To determine
whether phosphorylation of AKT(S*”?) is essential for C2C12
myogenesis, mutant phosphomimetic AKT(S473D) was con-
structed. C2C12 cells were transiently transfected with Myc-
tagged AKT(S473D) or vector control pUSEamp‘™), and
protein expression was confirmed by Western blotting with
anti-Myc tag antibody (Fig. 3A). The cells were then infected
with lentivirus expressing rictor sSiRNA for 24 h, the medium
was replaced with DM, and the cells were incubated for up to
4 days. C2C12 cells transfected with the control vector and
infected with lentivirus expressing rictor shRNA failed to dif-
ferentiate over 4 days. In contrast, C2C12 cells expressing
AKT(S473D) differentiated normally when infected with the
virus expressing rictor shRNA (Fig. 3B). In parallel experi-
ments, the proportion of MyHC-positive cells and multinucle-
ated myotubes was determined on days 1 to 4 (Fig. 3C). As
quantitated in Fig. 3D, downregulation of rictor suppressed
differentiation in C2C12 cells transfected with the control vec-
tor, whereas cells expressing mutant AKT(S473D) formed
MyHC-positive multinucleated myotubes from day 2. These
data support the notion that mTORC?2 plays a pivotal role in
myogenic differentiation in C2C12 myoblasts.

Expression of AKT(S473D) overcomes rapamycin-induced
block on myogenic differentiation. The results above suggest
that depletion of rictor suppressed phosphorylation of
AKT(S*"?) without suppressing signaling through mTORCI.
Also, expressing phosphomimetic AKT(S473D) restored myo-
genic differentiation even when rictor was downregulated. To
test whether expression of AKT(S473D) could overcome sup-
pression of myogenic differentiation caused by rapamycin,
C2C12 cells were transiently transfected with the vector or a
plasmid encoding AKT(S473D). After 24 h, the cells were
shifted from GM to DM with or without rapamycin (100 ng/ml)
and differentiation was examined at days 3 and 7. Rapamycin
significantly inhibited myogenic differentiation in parental and
vector-transfected C2C12 cells at either time point. In contrast,
although at day 3 there was little evidence of myotube forma-
tion, by day 7 cells expressing AKT(S473D) had differentiated
in the presence of rapamycin (Fig. 4A and B), forming MyHC-
positive multinucleated myotubes. The percentage of MyHC-
positive and multinucleated myotubes in the cells transfected
by AKT(S473D) and treated with rapamycin was significantly
higher than that in vector control and parental cells on day 7
(Fig. 4C).
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FIG. 3. Phosphomimetic mutant AKT(S473D) maintains C2C12 differentiation when rictor is downregulated. (A) C2C12 cells were transiently
transfected with a vector control or one of 11 plasmids encoding constitutively active AKT(S473D), respectively, for 24 h, and protein expression
was determined by immunoblotting with anti-Myc tag antibody. (B) Cells were then infected with lentiviruses encoding rictor shRNA or control
shRNA for 24 h and then incubated in DM for 1 to 4 days. Representative microscopic fields from days 2 and 4 are presented. (C) MyHC was
detected by immunofluorescence staining. (D) Quantitation of MyHC-positive (black bars) and multinucleated (open bars) cells was performed

as described for Fig. 2F.

Inhibition of the Rho-associated kinase ROCKI restores
myogenic differentiation in mTORC2-deficient or rapamycin-
treated C2C12 myoblasts. To determine whether ROCKI1 ki-
nase activity is involved in signaling downstream of AKT (16),
we asked whether the ROCK kinase inhibitor Y27632 can
overcome mTORC2 deficiency. C2C12 myoblasts were in-
fected with lentivirus encoding control or rictor shRNA or
mock infected. After 24 h, GM was replaced with DM con-
taining Y27632 (20 uM) and the cells were incubated for an
additional 3 to 7 days. Downregulation of rictor blocked myo-
tube formation at day 3, with cells retaining myoblast morphol-
ogy. In contrast, by day 3 in the presence of Y27632, cells
infected with rictor shRNA virus had become spindle shaped,
with some multinucleated cells, and by day 7 there was preco-
cious myotube formation only in the presence of Y27632,

where multinucleated myotube formation was similar to that in
mock infected C2C12 cells (Fig. 5A). In contrast, there were
relatively few multinucleated myotubes in C2C12 cells in which
rictor had been downregulated in the absence of Y27632 treat-
ment. The data suggest that mTORC?2 signals to induce dif-
ferentiation through negative regulation of ROCKI.

Results showing that downregulation of rictor suppresses
mTORC?2 signaling without altering mTORCI signaling (Fig.
2B) and the results obtained with Y27632 imply that
mTORC2, rather than mTORCI, plays a role in myoblast
fusion. It was thus of interest to determine whether Y27632
could induce myoblast fusion in the presence of rapamycin.
C2C12 cells were cultured in GM for 1 day, and the medium
was replaced with DM in the presence of rapamycin, Y27632,
or both agents. Differentiation was inhibited in the presence of
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FIG. 4. Phosphomimetic mutant AKT(S473D) overrides rapamycin-induced inhibition of myotube formation. (A) C2C12 cells were transfected
with a plasmid encoding AKT(S473D) or with a control vector or left untransfected (C2C12). After 24 h, GM was replaced with DM with
rapamycin (100 ng/ml; Rap™) or without rapamycin (Rap~) and the cells were incubated for 3 or 7 days. Representative microscopic fields are
presented. (B) MyHC was detected by immunofluorescence staining as described for Fig. 2E. (C) Quantitation of MyHC-stained cells and
multinucleated cells in the absence (R—) or presence (R+) of rapamycin was performed as described for Fig. 2F. Day 3 MyHC, open bars; day
3 multinucleated cells, diagonal hatching; day 7 MyHC, horizontal hatching; day 7 multinucleated cells, black bars.

rapamycin (Fig. 5B). However, in the presence of Y27632 or
both rapamycin and Y27632, cells continued to form multinu-
cleated myotubes, similar to parental control C2C12 cells (Fig.
5C). MyHC-positive and multinucleated myotubes were scored
for cultures treated with Y27632 or rapamycin or with both
agents and compared to parental C2C12 cells (Fig. 5D).
These results suggest that downregulation of ROCKI activ-
ity, which is a requirement for myogenic differentiation, is
prevented by rapamycin treatment through its effects on
mTORC2 signaling, whereas the expression of mutant AKT
(S473D) would induce downregulation of ROCKI activity even
in the presence of rapamycin. To test this, parental C2C12
cells or C2C12 cells transfected with a plasmid encoding
AKT(S473D) were transferred to DM with or without rapa-
mycin. ROCKI1 kinase activity was detected from 2 h to 10
days. As shown in Fig. SE, transferring C2C12 cells to DM
induced a rapid and sustained decrease in ROCKI1 activity that
was prevented by rapamycin. In contrast, in cells expressing
mutant AKT(S473D), there was an immediate drop in ROCK1
activity upon transfer to DM and then a sustained progressive

reduction in activity that was relatively refractory to rapamycin
treatment. The delay in decreased ROCKI activity paralleled
the delay in myogenic differentiation observed in C2C12 myo-
blasts that were transfected with the AKT(S473D) plasmid
(Fig. 4A). In contrast to the results obtained with ROCK1, the
activity of ROCK2 did not change during myoblast differenti-
ation and ROCK2 activity was not inhibited by rapamycin
treatment under GM or DM growth conditions (data not
shown).

DISCUSSION

The observations that rapamycin potently inhibits myogenic
differentiation and that expression of rapamycin-resistant
mTOR(S2035I) allowed differentiation in the presence of
rapamycin (29) implied that signaling through mTORCI1 was
critical in myogenesis, as the rapamycin-FKBP12 complex is
considered to selectively target signaling by the mTORC1 com-
plex. However, prolonged inhibition of mTORCI by rapamy-
cin may cause redistribution of mTOR from the mTORC2
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24 h. The medium was replaced with DM with (Y™"; 20 pM) or without (Y ) the ROCK inhibitor Y27632. Cells were photographed after 3 or 7
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determined as described in Materials and Methods. Control C2C12 myoblasts (O, [J) or cells transfected with AKT(S473D) (A, X) were shifted
to DM with rapamycin (100 ng/ml; broken lines) or without rapamycin (solid lines), and ROCKI activity was determined over 10 days. The results

shown are representative of two experiments.

complex, leading to decreased phosphorylation of AKT(S*7).
We found previously that expression of constitutively active,
rapamycin-insensitive S6K1 or downregulation of 4E-BP1
failed to support C2C12 differentiation in the presence of rapa-
mycin (data not shown). The present data also tend to refute
the role of mTORCI in myoblast differentiation. In C2C12
myoblasts, we observed that rapamycin induced a significant
and prolonged decrease in pAKT(S*”), suggesting, perhaps,
destabilization of the mMTORC2 complex and decreased signal-
ing to AKT. Consistent with the idea that AKT signaling is
essential for myoblast differentiation (34, 35), the AKT inhib-
itor API-2 blocked C2C12 differentiation. Rapamycin also ap-
peared to destabilize the mTORC2 complex by inhibiting the
interaction of mTOR and rictor in cytosolic and nuclear com-
plexes. To test the role of mTORC2 in myogenesis, we used
shRNA approaches to downregulate rictor. Notably, down-
regulation of rictor abrogated the phosphorylation of AKT

(S*7%) while having no significant effect on mTORCT signaling.
Similar to the effect of rapamycin, the downregulation of rictor
completely prevented C2C12 myotube formation, decreased
the frequency of MyHC-positive cells, and blocked induction
of MyHC under DM conditions. Thus, abrogating rictor func-
tion induces a phenotype similar to that induced by rapamycin
treatment in that both block MyHC induction. Abrogating
rictor decreases AKT(S*”?) phosphorylation to a greater extent
than does rapamycin. In contrast to the effect of downregulat-
ing rictor, the siRNA used to silence raptor did not block
myotube formation. However, marked suppression of raptor
did not completely abrogate signaling, as phosphorylation of
both S6K1 and S6 was still detected.

The mTORC2 complex phosphorylates AKT(S*”?) but po-
tentially regulates other pathways, such as protein kinase Co
and the actin cytoskeleton, which may also play roles in myo-
blast fusion. To test the significance of AKT(S*?) phosphory-
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lation, we expressed phosphomimetic mutant AKT(S473D).
Expression of this mutant protein abrogated the inhibitory
activity of downregulating rictor in C2C12 myoblasts, allowing
myogenic differentiation. These results argue that the target of
mTORC?2 critical for terminal myogenesis is AKT. Expression
of AKT(S473D) also overcame the block on differentiation in
the presence of rapamycin, although the process of myotube
formation was somewhat delayed in the presence of rapamy-
cin. Regulation of AKT activity is complex. Phosphorylation of
T3%8 by PDKI1 increases activity by ~100-fold, whereas phos-
phorylation of S*’? increases activity a further 10-fold. Our
data showing that downregulation of rictor did not inhibit
mTORCI signaling suggest that S*”* phosphorylation is not
required for AKT to inactivate the TSC complex or phosphor-
ylate PRAS40. In contrast, phosphorylation of S** appears
critical for AKT signaling to other pathways involved in myo-
genic differentiation.

The FoxOla transcription factor is required for myoblast
fusion in primary myoblasts (3), and dominant negative mutant
FoxOla reduces fusion without changing the expression of the
myogenic gene for MyoD or myogenin. In HEK293 cells, AKT
phosphorylates FoxOla (2, 4, 30), leading to its cytoplasmic
localization; however, several reports suggest that AKT is not
the kinase responsible for modulating FoxOla in myogenic
cells (3, 20). Rather, the Rho-associated kinase ROCKI has
been implicated in FoxO1a posttranslational modification (20).
However, the role of ROCK1 in myogenesis is controversial.
RhoA signaling upstream of ROCK kinases has been reported
to be a positive regulator of myogenic differentiation, as inac-
tivation of RhoA decreases the expression of MyoD and de-
creases differentiation (6). RhoA or ROCKI can inhibit myo-
genesis by preventing cell fusion and myotube formation,
whereas inhibition of RhoA/ROCK signaling in differentiating
myocytes promoted differentiation (7, 20). These differences
have, in part, been resolved recently (15). Inhibition of the
RhoA/ROCK signaling pathway in proliferating myoblasts
downregulated serum response factor activity and MyoD ex-
pression, resulting in decreased myogenic potential. However,
inhibition of RhoA/ROCK signaling in differentiating myo-
cytes promoted differentiation (15), consistent with previous
studies (7, 20). ROCK?2 is upregulated during skeletal muscle
myogenesis, whereas ROCKI activity is downregulated during
C2C12 differentiation (20, 24). We determined whether block-
ing ROCK activity could restore myogenic differentiation in
the presence of mTORC?2 inactivation. The ROCK inhibitor
Y26732 induced precocious myotube formation in cells with
downregulated rictor and overcame the effect of rapamycin,
allowing full differentiation. Transfer of C2C12 myoblasts to
DM induced a rapid and progressive decrease in ROCK1 ac-
tivity, as previously reported (20). In contrast, ROCK2 activity
did not change during myoblast differentiation and was not
altered by rapamycin treatment. Importantly, this decrease in
ROCKI activity was completely prevented by rapamycin treat-
ment. In cells transfected with mutant AKT(S473D), this de-
crease in ROCKI activity was progressive although somewhat
delayed, which correlated with the delay in differentiation.
However, the downregulation of ROCKI1 activity in cells ex-
pressing AKT(S473D) was quite refractory to treatment with
rapamycin.

mTOR catalytic activity has been shown to be essential for

REGULATION OF MYOGENESIS BY mTORC2 4699

fusion, which results in mature myotubes (18, 23). Taken to-
gether, our results strongly imply a role for mTOR in the
mTORC2 complex, rather than in the rapamycin-sensitive
mTORCI1 complex, in the terminal differentiation of C2C12
myoblasts to form myotubes. Full activation of AKT leads to
downregulation of ROCKI1 kinase activity and potentially ac-
tivation of FoxO1la and downregulation of the myogenic inhib-
itor 1d3 (15). That expression of phosphomimetic AKT(S473D)
supports differentiation in the absence of mMTORC2 activity sug-
gests that AKT is the critical downstream target in this process.
Expression of AKT(S473D) or use of Y26732 inhibits ROCK1
activity, overcomes rapamyin-induced inhibition of myogenic
differentiation, and suggests that it is the effect of rapamycin on
the mTORC2 complex, rather than its primary target,
mTORCI, that disrupts the ability of C2C12 myoblasts to form
myotubes.
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