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How phospholipase D (PLD) is involved in myogenesis
remains unclear. At the onset of myogenic differentiation of L6
cells induced by the PLD agonist vasopressin in the absence of
serum, mTORC1 complex was rapidly activated, as reflected by
phosphorylation of S6 kinasel (S6K1). Both the long (p85) and
short (p70) S6K1 isoforms were phosphorylated in a PLD1-de-
pendent way. Short rapamycin treatment specifically inhibiting
mTORCI1 suppressed p70 but not p85 phosphorylation, sug-
gesting that p85 might be directly activated by phosphatidic
acid. Vasopressin stimulation also induced phosphorylation
of Akt on Ser-473 through PLD1-dependent activation of
mTORC2 complex. In this model of myogenesis, nTORC2 had
a positive role mostly unrelated to Akt activation, whereas
mTORCI1 had a negative role, associated with S6K1-induced
Rictor phosphorylation. The PLD requirement for differentia-
tion can thus be attributed to its ability to trigger via mTORC2
activation the phosphorylation of an effector that could be
PKCa. Moreover, PLD is involved in a counter-regulation loop
expected to limit the response. This study thus brings new
insights in the intricate way PLD and mTOR cooperate to con-
trol myogenesis.

The mammalian target of rapamycin (mTOR)? is a serine/
threonine protein kinase that integrates signals provided by
growth factors, nutrient availability, energy levels, or redox sta-
tus to adapt protein synthesis and major cell functions such as
growth, proliferation, and survival to the physiological condi-
tions (1). It exists in two complexes, mMTORC1 and mTORC2,
that are differentially regulated, have distinct effector sub-
strates, and are differentially sensitive to rapamycin, a bacterial
macrolide endowed with anti-proliferative and immunosup-
pressant activities. Whereas activity of mTORC1 complex is
highly sensitive to acute treatment by nanomolar concentra-
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tions of rapamycin, only prolonged rapamycin treatment is able
to induce mTORC2 disruption and inactivation (2—4).

A recently identified regulatory signal impacting on mTOR
activity is the production of phosphatidic acid (PA) by phos-
pholipase D (PLD)-mediated hydrolysis of phosphatidylcholine
(5, 6). PLD, which can be activated by a variety of hormones,
growth factors, and cytokines, is present in most tissues under
two isoforms, PLD1 and PLD2, endowed with different proper-
ties, regulations, and functions (7). Phosphatidic acid has been
shown to specifically bind to mTOR protein on the FRB
domain, a regulatory site also responsible for the binding of
rapamycin in complex with protein FKBP12. The protein/
phospholipid interaction causes the activation of mTOR
kinase, and rapamycin has been proposed to exert its inhib-
itory effects on mTOR by competing with PA and blocking
PA-mediated activation (8 —10).

Signaling by mTOR has become a topic of particular interest
in the field of skeletal muscle biology due to the critical involve-
ment of this kinase in muscle remodeling. Thus, muscle hyper-
trophy induced by exercise has been shown to involve mTOR
signaling (11-13). Rapamycin inhibits IGF-1-induced myotube
hypertrophy (14, 15) and re-growth of myofibers after denerva-
tion (11). Knocking out the mTOR effector S6K1 produces
mice with smaller myofibers, suggesting that mTOR, via S6K1
activation, is required for muscle cell growth (16). Furthermore,
mTOR regulates in vivo muscle regeneration after tissue dam-
age (17), and the potent inhibition exerted by rapamycin on in
vitro myogenic differentiation has been known for more than a
decade (18-20), although the precise mechanism by which
mTOR inhibition affects the myogenic process remains contro-
versial (4, 20, 21).

We and others have reported that PLD, particularly the PLD1
isoform, is positively involved in the regulation of myogenic
differentiation. A PLD agonist, the neurohypophysial hormone
arginine-vasopressin (AVP), efficiently stimulates in vitro dif-
ferentiation of myogenic L6 cells and primary human myo-
blasts in the presence of reduced serum concentration (22, 23).
Using L6 myoblasts cultured in the presence of AVP, we
have previously observed that AVP induces a stimulation of
PLD signaling necessary for the myogenic response (24-26).
Besides, PLD1-mediated mTOR activation has been proposed
to support C2C12 cell differentiation through a kinase-inde-
pendent enhancement of IGF-2 expression (27). However,
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which mTOR complex is involved and whether the regulation
of IGF-2 production by PLD1 and mTOR intervenes in other
myogenic models remained pending questions.

In the present work we took advantage of the model of AVP-
induced L6 cell differentiation, which avoids the use of serum
and thus allows close control of the stimuli supplied to the cells,
to investigate the role of regulation by PLD of both mTOR
complexes. We observed that mTORC1 and mTORC2 are both
activated in a PLD-dependent way and play opposite roles in
regulating the myogenic response.

EXPERIMENTAL PROCEDURES

Materials and Reagents—ECL immunodetection reagent
was from Pierce. Bradford protein assay was from Bio-Rad.
Rapamycin was purchased from Coger (Paris, France).
Dioctanoyl-PA and egg yolk phosphatidic acid (sodium salts),
propranolol, AVP, wortmannin, mTOR inhibitor PP242, insu-
lin, and mouse recombinant IGF-2 were from Sigma. ZSTK474
compound was supplied by LC Laboratories. Negative control
siRNA was from Eurogentec (Angers, France). The following
antibodies were used: anti-phospho-Thr-1135-Rictor anti-
phospho-Thr-389/Thr-412-S6K1, anti-phospho-Ser-473-Akt,
anti-S6K1, anti-Akt, anti-Raptor, anti-Rictor (Cell Signaling
Technology); anti-HA tag and anti-a-tubulin monoclonal anti-
body (Sigma); PLD1-specific polyclonal antibody (kindly pro-
vided by Dr. S. Bourgoin, Université Laval, Canada); anti-phos-
pho-Ser-657-PKCa (Millipore); anti-PKCa antibody (Abgent);
anti-IGF2 monoclonal antibody clone S1F2 (Upstate Biotech-
nology), F5D anti-myogenin monoclonal antibody (Develop-
mental Studies Hybridoma Bank, University of Iowa, lowa City,
IA); HRP-conjugated anti-mouse- or anti-rabbit-IgG antibod-
ies (Jackson ImmunoResearch Laboratories (Soham, UK)).
PLD1, PLD2, PKCe, Raptor, and Rictor siRNAs were synthe-
sized by Sigma. 5-Fluoro-2-indolyldeschlorohalopemide, a
potent inhibitor of both PLD isoforms (28, 29), was obtained
from Sigma. Selective inhibitors of PLD1 (CAY10593) and
PLD2 (CAY10594) (30) were supplied by Cayman Chemical Co.

Cell Culture and Transfection—L6 myoblasts of the C5 sub-
clone (22) were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) containing 4.5 g/liter glucose and 10% fetal
bovine serum at 37 °C with 5% CO,. To induce differentiation,
cells were grown to 100% confluence and switched to differen-
tiation medium (DMEM containing 1077 M AVP without
serum). L6 cells grown on 6-well plates to 40 —50% confluence
were transfected with 2 pg of plasmidic DNA per well using
Exgene transfection reagent (from Euromedex) for 48 h.
Medium was changed after 24 h of transfection. The hS6K1-
pMT?2 plasmid expressing both p85- and p70-S6K1 was a gen-
erous gift of Dr. P. J. Coffer (Utrecht, The Netherlands). The
Myc-tagged-Aktl-pCDNA3 vector and mutant pl110-PI3K
a-pEGFP vectors have been described previously (31).

Determination of PLD Activity—Cells were labeled with 2
wCi/ml [PH]palmitic acid for 2 h at 37°C in serum-free
medium. Butan-1-ol (1% final concentration) was added 15 min
before cell treatment by 10~7 M AVP for 10 min. Cells were then
collected, lipids were extracted, and phosphatidylbutanol was
separated by bidimensional TLC as described in Zeiller et al.
(32). TLC plates were then stained with Coomassie Brilliant
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Blue R, phosphatidylbutanol spots were scraped off, and radio-
activity was determined by liquid scintillation counting. Radio-
activity associated with phosphatidylbutanol was expressed as a
percentage of total phospholipid radioactivity.

Western Blots—Cells were lysed in ice-cold lysis buffer con-
taining 20 mm Tris/HCI, 100 mm NaCl, 10 mM sodium pyro-
phosphate, 10 mm glycerophosphate, 50 mm NaF, 1.5 mm
Na;VO,, 1% Triton, and protease inhibitor mixture (pH 7.6).
Lysates were kept on ice for 15 min and cleared by centrifuga-
tion at 13,000 X g for 15 min. Protein concentrations were deter-
mined by the Bio-Rad protein assay. Cell lysates were separated by
SDS/PAGE. Particular sample treatment and electrophoresis con-
ditions for PLD analysis have already been described (25). Proteins
were transferred onto PVDF membranes blocked with 5% BSA in
Tris-buffered saline, 0.1% Tween 20 and incubated with the vari-
ous antibodies following the manufacturer’s recommendations.
Immunoblots were revealed with the ECL detection system
(Pierce) and quantified with Image ] software.

Immunofluorescence Microscopy—Myogenin nuclear accu-
mulation was detected by immunofluorescence. The cells were
fixed by 3.7% formaldehyde for 20 min at room temperature
and permeabilized with 0.1% Triton for 10 min at room tem-
perature, and aspecific labeling was blocked in 1% BSA for 20
min. Anti-myogenin F5D monoclonal antibody was added
undiluted and incubated overnight at room temperature. After
washing with 1% BSA in PBS, fluorescein- or rhodamine-con-
jugated anti-mouse IgG antibody was added, diluted 1:1000 in
1% BSA, for 1 h. Nuclei were stained with 1 ug/ml 4.5-di-
amidino-2-phenylindole (DAPI) for 3 min. The cells were
examined by fluorescence microscopy with an Axiovert 200
microscope, an objective LD A-plan, 20X/0.30 PHI /40, an
Axiocam MRm camera, and Axiovision 4.1 image acquisition
software (Carl Zeiss, Gottingen, Germany). The total number
of nuclei in the considered fields was assessed on phase contrast
images or after nuclei staining with DAPIL

Short Interfering RNA (siRNA) Transfection—The siRNA
used were targeted to rat PLD1 sequence 5'-AAGTTAAGAG-
GAAATTCAAGC-3',rat PLD2 sequence 5'-GACACAAAGT-
CTTGATGAG-3’, rat PKCa sequence 5'-GAAGCAAGCAC-
AAGTTCAA-3', rat Raptor sequence 5'-GACAGTGGGCCT-
CTCAGGA-3’, and rat Rictor sequence 5'-GTTCGTTCCGA-
CACTATAA-3'. Transfection of siRNAs was performed using
Hiperfect reagent (Qiagene) with 50 nm siRNA for 48 h, and
medium was changed after 24 h of transfection.

Reverse Transcriptase and Real-time PCR—Total RNA was
isolated from L6 cells using TRIzol reagent (Invitrogen). After
quantification, 1 pug of total RN A was reverse-transcribed in the
presence of 100 units of Superscript II (Invitrogen) using ran-
dom hexamers and oligo(dT). Real-time PCR was performed
with the Fast Start DNA Master SYBR Green kit using Rotor-
Gene 6000 (Corbett Research, Mortlake, Australia). Data were
analyzed using LightCycler software (Roche Diagnostics) and
normalized to the TATA-binding protein (TBP) housekeeping
gene transcripts. Alternatively, for RT-PCR of IGF-2 mRNA, 1
pg total RNA was processed with Access RT-PCR kit (Pro-
mega). Specific Sense and Antisense Primers Used for Amplifi-
cation Were: myogenin sense (CAATGCACTGGAGTTTG-
GTC) and myogenin antisense (CATATCCTCCACCGTGA-
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FIGURE 1.PLD is required for S6K1 phosphorylation. A, left panel, as a control for the immunodetection of S6K1 isoforms, L6 myoblasts were transfected with
pMT2-S6K1, which expresses both p85- and p70-S6K1 (52), or empty pMT2 vector for 48 h, lysed, and analyzed by Western blotting for total and Thr-389/Thr-
412-phosphorylated S6K1. The blots show that both p70 and p85 isoforms can be detected by the anti-protein antibody and by the anti-phosphoprotein
antibody. Right panel, L6 myoblasts were serum-starved overnight and treated with 10~7 m AVP for the indicated times, and cell lysates were analyzed as above.
B, shown is a Western blot of cells transfected with 50 nm control siRNA, Raptor-siRNA, or Rictor-siRNA and stimulated for 40 min with 10-7 M AVP.Cand D, cells
were serum-starved overnight and pretreated or not with 0.5% 1-butanol (BuOH1) or 2-butanol (BuOH2) for 30 min before 40 min of stimulation by 10~7 m AVP
or 100 um dioctanoyl-PA (PA-diC8) or 100 um propranolol (propra). E, cells were transfected with 50 nm control siRNA or PLD1-siRNA or PLD2-siRNA for 48 h,
serum-starved overnight, and stimulated by AVP for 40 min. Quantitative RT-PCR was performed to assess the efficiency of PLD1 and PLD2 knockdown (left
diagram, means = S.E. of at least four determinations). The cell lysates were analyzed by Western blot (right panel). F, cells were infected with GFP-adenovirus
or PLD1-adenovirus or PLD2-adenovirus at a multiplicity of infection of 100 for 48 h, serum-starved overnight, and stimulated by AVP for 40 min. The cell lysates
were analyzed by Western blot (right panel). The efficiency of PLD overexpression was assessed in control Western blots of cells infected at various multiplicities
of infection and probed with either anti-PLD1 antibody or anti-HA tag antibody for recombinant PLD2 detection (left panel). G, cells were shifted to serum-free
medium and pretreated for 40 min with 100 nm rapamycin (rapa) before 40 min of treatment with 107 m AVP or 100 um propranolol (propra). The cell lysates
were analyzed by Western blotting for total and Thr-389/Thr-412-phosphorylated S6K1. The diagrams show the quantification of Rictor, Raptor, or phospho-
S6K1 isoforms in the Western blot above after normalization by either tubulin or the S6K1 proteins (mean = S.E. of three determinations except diagram G, right :
data of one experiment representative of two performed). *, significantly different from control cells, p < 0.05; **, p < 0.01.

TGC); PLD1 sense (GGTCAGAAAGATAACCCAGG) and
PLD1 antisense (GAAGCGAGACAGCGAAATGG); PLD2
sense (TTGCTGGCTGTGTGTCTGGC) and PLD2 antisense
(GGACCTCCAGAGACACAAAG); troponin I skeletal slow
1 sense (TGAGGAGCGCTATGATATCG) and troponin I
skeletal slow 1 antisense (TTCACAGACTTGAGGTTGGC);
IGF-2 sense (GGAAGTCGATGTTGGTGCTT) and IGF-2
antisense (CGAGATCTTCATGAGGTAGTC).

Adenoviral Constructions and Virus Production—Recombi-
nant adenoviral genomes carrying the HA-tagged cDNA of
interest (hPLD1b, hPLD2, or GFP) were generated as previ-
ously described (32). Infections were performed at a multiplic-
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ity of infection of 100 in complete medium. After 12 h of incu-
bation in the presence of viral particles, the medium was
changed, and cells were cultured for 24 —72 h. Under these con-
ditions, >75% of the cells expressed GFP.

Statistical Analysis—Data expressed as the means * S.E. were
analyzed by one-way analysis of variance, and means were com-
pared by a protected ¢ test. p = 0.05 was considered significant.

RESULTS

In Differentiating Conditions, mTORCI and S6KI1 Are Acti-
vated in a Phospholipase D-dependent Way—We first investi-
gated the effects of AVP, a PLD agonist that strongly enhances
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FIGURE 1—continued

the differentiation of L6 cells in low serum culture conditions,
on the phosphorylation status of protein substrates of the
mTORCI1 complex. AVP markedly stimulated the phosphory-
lation of both p70 and p85 isoforms of S6K1 on the mTORC1
target residues (Thr-389 on p70-S6K1 and the homologous
Thr-412 on p85-S6K1) (Fig. 1A). In addition, the mTORC]1 sub-
strate 4E-BP1 and S6 ribosomal protein, a substrate of S6K1,
were phosphorylated in response to AVP (not shown). The
induction of differentiation was thus accompanied by
mTORCI and S6K1 activation. As a confirmation of mTORC1
involvement in the response to AVP, we assessed the effects on
S6K1 phosphorylation of depletion of Raptor, a specific com-
ponent of mTORC1 complex. siRNA-induced Raptor silencing
(i.e. inactivation of mTORC1), but not Rictor silencing (i.e.
inactivation of mTORC?2), markedly decreased AVP-induced
phosphorylation of p70 and p85 S6K1 isoforms (Fig. 1B).

To determine whether the activation of the mTORC]1 path-
way by AVP involved PLD, 1-butanol, which specifically pre-
vents the formation of PA, the normal product of PLD, was
added to the cells. We observed that 1-butanol more efficiently
inhibited S6K1 phosphorylation than 2-butanol, an isomer not
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recognized by PLD used as a control for aspecific alcohol
effects, showing that AVP-induced S6K1 phosphorylation
requires PLD activity (Fig. 1C). This was confirmed by using
compounds that mimic PLD activation. The addition to the
cells of either exogenous PA or propranolol, an inhibitor of PA
phosphatase that induces an accumulation of endogenous PA,
induced S6K1 phosphorylation (Fig. 1D). To identify the PLD
isoform(s) that is responsible for the regulation of S6K1, selec-
tive silencing of either PLD1 or PLD2 isoform was performed by
using siRNAs. Depletion of PLD1 strongly decreased S6K1
phosphorylation, whereas PLD2 silencing was less efficient. In
agreement, the adenovirus-induced overexpression of PLD1
strongly enhanced S6K1 phosphorylation, PLD2 overexpression
being less effective. (Fig. 1, E and F). These results strongly sug-
gest that PLD, and especially the PLD1 isoform, regulates S6K1
phosphorylation on critical positions, and as a consequence,
S6K1 activity in L6 cells induced to differentiate.

Because the activity of mTOR kinase is regulated by PA bind-
ing (5, 6), we asked whether the effects of the PLD and PA level
changes on S6K1 were solely mediated by mTORC1 action. To
this end, the cells were submitted to a short treatment by rapa-
mycin (40 min) in conditions known to suppress only mTORC1
activity (Fig. 1G). This treatment totally suppressed the activa-
tion of p70 phosphorylation by either AVP or propranolol,
showing that PA-dependent p70-S6K1 phosphorylation was
entirely mediated by mTORCI. Instead, p85-S6K1 phosphory-
lation was incompletely inhibited by rapamycin, showing that
p85-S6K1 can be in part activated by PA in a mTORC1/rapa-
mycin-independent way.

Under Differentiating Conditions, mTORC2 and Akt Are
Activated in a Phospholipase D-dependent Way—Upon AVP
stimulation, the phosphorylation of Ser-473 on Akt was rapidly
increased, the peak of phosphorylation being reached in 6—8
min. This Akt activation also involved the participation of PLD,
as it was reproduced by treatment of the cells by exogenous PA
or propranolol (Fig. 24). PLD implication was further sup-
ported by the effect of PLD isoforms overexpression, PLD1
inducing a marked increase in Akt phosphorylation, whereas
PLD2 was less effective (Fig. 2B). In agreement, siRNA-
mediated depletion of PLD, especially PLD1, decreased Ser-
473-Phospho-Akt in the presence of AVP (Fig. 2C).

It is well known that phosphorylation of Ser-473 position on
Akt can be mediated by the mTORC2 complex. To verify the
participation of mMTORC?2 in PA-stimulated Akt phosphoryla-
tion, siRNA silencing experiments were performed. Depletion
of Rictor, but not of Raptor, inhibited Akt phosphorylation
induced by AVP (Fig. 2D) or propranolol (not shown), showing
that it was mTORC2-dependent and mTORC1-independent.

Besides siRNA silencing, another means to deplete cells in
mTORC2 complex is the use of longer term treatment by rapa-
mycin (3). 24-h rapamycin inhibited Akt phosphorylation
induced by AVP or propranolol, in agreement with the conclu-
sion that it was mediated by mTORC?2 activation (Fig. 2E).

Regulation of mTOR by PLD and Myogenic Differentiation—
We had previously proposed that PLD activity is required for in
vitro myogenic differentiation (24—26). In further support to
this conclusion, we observed in the present work that fluoro-2-
indolyldeschlorohalopemide, a potent synthetic inhibitor of
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both PLD isoforms (28, 29), almost totally suppressed AVP-
induced PA accumulation at 250 nm (Fig. 34) and dose-depen-
dently inhibited myogenin expression with an approximate
EC,, of 100 nM (Fig. 3B). Isoform-specific PLD inhibitors were
also studied (30). Each of the PLD1- and PLD2-specific inhibi-
tors used at 50 nm roughly inhibited by 50% AVP-induced PA
accumulation (Fig. 34). However, they had clearly different
effects on myogenin expression. The PLD1 inhibitor dose-de-
pendently inhibited this response with an approximate EC, of
5 nM, whereas the PLD2 inhibitor had no significant effect up to
500 nM (Fig. 3C). The observation that adenovirus-mediated
overexpression of the PLD1 isoform increased the percentage
of myogenin-positive nuclei in cells after 48 h in differentiation
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medium, further supported the positive involvement of PLD1
in the myogenic response (Fig. 3D).

In agreement with what was observed by numerous groups
with different myogenic cell types, we observed a complete
blockade of myogenic differentiation of L6 cells in the presence
of rapamycin. However, at variance with what was observed by
others in C2C12 cells (4), we observed a total inhibition of myo-
genic response at the very early steps of myogenin expression
(mRNA, protein) and nuclear accumulation, i.e. before the cell
fusion step (Fig. 4A4). This showed that either mTORCI or
mTORC2 complexes are required for the early myogenic
response. To discriminate between the role of each of the two
complexes, differentiation was assessed during their respective
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siRNA-mediated depletion. As shown in Fig. 4B, Raptor silenc-
ing (i.e. inactivation of mMTORC1) had a positive effect on either
myogenin expression or nuclear accumulation. Conversely,
Rictor silencing (i.e. inactivation of mTORC2) decreased the
early myogenic responses, showing that mTORC?2 is required
for myogenic differentiation, whereas mTORCI1 negatively reg-
ulates it. Consistent with this latter conclusion, we observed
that overexpression of the mTORCI1 effector S6K1 had negative
effects on the expression of myogenin and troponin, a sarcom-
eric protein marker of advanced differentiation (Fig. 4C).
Because a negative regulation of mTORC2 by mTORC1/S6K1
cascade through phosphorylation of Rictor on threonine 1135
has been reported (33, 34), we investigated the kinetics of phos-
phorylation changes of this residue in differentiating L6 myo-
blasts. AVP stimulation induced a rapid phosphorylation of
Thr-1135-Rictor, peaking at 6 —30 min (Fig. 4D). This response
was enhanced by S6K1 overexpression (Fig. 4E), consistent with
the interpretation that mTORC1/S6K1 exerted a negative
effect on differentiation by inhibiting mTORC2.

Because mTORC?2 had a positive role in L6 cell differentia-
tion stimulated by AVP, the involvement of the mTORC2 sub-
strate Akt in this response could be expected. The phosphory-
lation of Akt on Ser-473 observed in these conditions is known
to induce, together with PDK1-mediated phosphorylation of
Thr-308, a maximal activation of Akt that might participate
in the differentiating response of L6 cells in the presence of AVDP.
To evaluate the role of Akt in this particular setting, the PI3K
inhibitor wortmannin was added to the differentiation
medium. 100 nM wortmannin is known to be sufficient to block
Akt activation but is too low to inhibit mTOR kinase directly
(35). At this concentration, wortmannin did not affect myo-
genic differentiation as evaluated by myogenin nuclear accu-
mulation, although it totally suppressed Ser-473 phosphoryla-
tion of Akt (Fig. 5A4). Only at a higher concentration (500 nm), at
which the compound is no longer selective for PI3K inhibition
and affects mTOR, was wortmannin able to inhibit partially
differentiation. Similarly, the more stable PI3K inhibitor
ZSTK474, which has IC,, values of 16 and 370 nm on PI3Ka and
mTOR, respectively (36), had a marginal effect on myogenin
expression when used at 50 nm and a limited effect at 100 nm
(Fig. 5A). These observations suggested that Akt activation is
not required for the cells to differentiate. To further evaluate
the Akt role in differentiation, we overexpressed the wild-type
Aktl isoform in L6 cells submitted to differentiating conditions
(Fig. 5B). We observed that Akt overexpression scarcely
affected myogenin expression and nuclear accumulation. In
further support of the lack of major effects of Akt on initiation
of differentiation, we also observed that overexpression of

Phospholipase D and mTOR in Myogenesis

either constitutively active or kinase-defective dominant-nega-
tive mutants of PI3K did not significantly modify the differen-
tiating response (Fig. 5C).

Because it has been reported that rapamycin suppresses the
production of IGF-2 by C2C12 cells, thereby preventing an
autocrine loop required for differentiation to take place, we
examined the ability of IGF-2 and insulin to raise the blockade
of L6 myoblast differentiation induced by rapamycin. Neither
factor could restore differentiation in the presence of rapamy-
cin (Fig. 5A4), although Akt was fully phosphorylated on Ser-473
in these conditions (not shown). Besides, in L6 cells stimulated
to differentiate in the presence of AVP, we evaluated the
expression of IGF-2 by Western blotting and RT-PCR and
observed that rapamycin had no marked influence on IGF-2
protein or mRNA levels (Fig. 5D). The above data were thus
consistent with the idea that in our setting the blockade of dif-
ferentiation induced by rapamycin cannot be ascribed to an
inhibition of the IGF/PI3K/Akt pathway but, rather, involves
other target(s) of mTOR impinging on the expression of
myogenin.

Among the few identified substrates of mTORC2, PKCa is
especially interesting in the context of myogenic differentia-
tion, as this process is known to require PKC (24). We thus
investigated the effects of AVP stimulation of L6 myoblasts on
the phosphorylation of serine 657, a PKCa residue targeted by
mTORC2. We observed a rapid phosphorylation of Ser-657,
peaking at 20-30 min (Fig. 6A4), compatible with the involve-
ment of mMTORC2. Accordingly, siRNA-mediated Rictor deple-
tion lowered PKCa phosphorylation levels (Fig. 6B). We
verified that inhibition of mMTORC2 was able to decrease Ser-
657-PKCa phosphorylation by using a 24-h rapamycin treat-
ment or PP242 inhibitor, which targets the kinase site of mMTOR
(37). In both cases, we observed a marked inhibition of AVP-
induced PKCa« phosphorylation (Fig. 6B). PKCa phosphoryla-
tion was also triggered by PA or propranolol cell stimulation
(not shown). In view of the negative effects of the mTOR/S6K1
cascade on differentiation (Fig. 4), we evaluated the effects of
S6K1 overexpression on phosphorylation of the Ser-657-PKCa
position and observed a marked inhibitory effect (Fig. 6C).
Finally, to determine whether PKCa was involved in myogenic
differentiation, we down-regulated its expression by siRNA-
induced depletion. We observed a strong inhibition of differen-
tiation, as evaluated by myogenin protein content, showing that
PKCu is required for L6 cells to differentiate (Fig. 6D).

We could thus propose a model in which PLD positively reg-
ulates the activity of the mTORC2 complex, which in turn
triggers differentiation via an effector that could be PKCa;
rapamycin would block differentiation by inducing mTORC2

FIGURE 3. PLD activity is required for in vitro myogenic differentiation. A, [*H]palmitic acid-labeled cells were pretreated for 15 min by 1% 1-butanol and
various PLD inhibitors: non isoform-specific fluoro-2-indolyldeschlorohalopemide (FIPl), PLD1-specific I-PLD1, and PLD2-specific I-PLD2. Tritiated phosphati-
dylbutanol (Pbut) formed was quantified after 10 min of stimulation by 10~ 7 m AVP. PLD activity is expressed as the percentage of radioactivity in phosphati-
dylbutanol relative to radioactivity in total phospholipids (*, different from AVP-stimulated cells, p < 0.05). B, L6 cells were cultured in the presence of 10~7 m
AVP for 48 h with varying concentrations of PLD inhibitor fluoro-2-indolyldeschlorohalopemide. Cells were lysed, and proteins were subjected to Western blot
analysis of myogenin expression. C, L6 cells were cultured in the presence of 10”7 m AVP for 48 h, with varying concentrations of PLD1-specific inhibitor (left
panel) or PLD2-specific inhibitor (right panel). Cells were lysed, and proteins were subjected to Western blot analysis of myogenin expression (mean = S.E. of
three determinations; *, significantly different from cells + AVP, p < 0.05). D, shown is immunofluorescence microscopy of nuclear myogenin in non-infected
L6 cells (NI) and cells infected with adenovirus coding for GFP, hPLD1 (PLDT), or hPLD2 (PLD2) and cultured in the presence of AVP for 48 h. Total nuclei were
visualized by DAPI staining. Differentiation was assessed by the mean percentage of myogenin-positive nuclei, determined in 10 fields. *, significantly different
from control cells, p < 0.001. Bar = 40 pum.
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disassembling and reduction of activity. To validate this model, response. When the cells were treated by rapamycin for 48 h to
we overexpressed PLD isoforms in conditions of lowered down-regulate mTORC2, the overexpression of PLD1, but not
mTORC?2 activity and observed the consequences on myogenic  PLD2, enhanced the expression of myogenin (Fig. 7), support-
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FIGURE 5. The IGF/PI3K/Akt pathway is notinvolved in the first steps of AVP-induced L6 cell differentiation. A, L6 myoblasts were treated with 100 or 500
nm wortmannin (wort) or 20 nMm rapamycin (rapa) in the presence of 40 nm IGF-2 or 100 nm insulin (Ins) and stimulated with 107 m AVP for 48 h. Immunofluo-
rescence staining of nuclear myogenin was performed. The percentage of myogenin-positive nuclei relative to total number of nuclei evaluated on phase
contrast images was calculated on 10 fields (bar = 20 um). Shown are control Western blots of Ph-Ser-473-Akt, verifying that 100 nm wortmannin blocked Akt
activation under our conditions. The effect of the PI3K inhibitor ZSTK474 on myogenin protein expression was evaluated by Western blotting in L6 cells
stimulated for 48 h by AVP. *, significantly different from control cells, p < 0.05. B, cells were transfected with Akt or empty vector for 48 h and stimulated with
10~ 7 M AVP for 48 h, and nuclear myogenin immunostaining was performed and quantified relative to DAPI-stained total nuclei. Bar = 40 um. As a control of
Akt overexpression, Western blotting analysis of Akt protein was performed on cell lysates. C, cells were transfected with empty vector or kinase-dead PI3K
(PI3K-KD) or constitutively active PI3K (PI3K-CA) for 48 h and stimulated with 10~7 m AVP for 48 h, and nuclear myogenin immunostaining was performed and
quantified relative to DAPI stained total nuclei. Bar = 40 um. D, L6 myoblasts were treated or not with 100 nm rapamycin (Rapa) in the presence or absence of
10~7 M AVP for 2 or 4 days. Cell lysates were analyzed for IGF-2 content by Western blotting (upper blot, representative result of IGF2 cell content at day 2).
Diagrams show the quantitation of IGF2 bands, normalized by tubulin (means = S.E. of three independent experiments). Alternatively, RNA was extracted, and
IGF-2 mRNA content was evaluated by RT-PCR (lower blots). NT, not transfected.

of Akt on serine 473. PLD activity was involved in the activation
of both mTOR complexes, as shown by PLD overexpression
and siRNA silencing experiments, and by the ability of exoge-
nous PA and propranolol, a compound that induces endoge-

ing an important role for PLD1-mediated mTORC?2 activation
in myogenin expression, a prerequisite for differentiation.

DISCUSSION
In this work we observed in L6 myoblasts that induction of

differentiation by AVP was accompanied by stimulation of both
mTORCI1 and mTORC2 complexes. mMTORC1 activation was
evidenced by phosphorylation of S6K1 at threonine 389/412,
whereas mTORC?2 activation resulted in the phosphorylation

nous PA accumulation, to reproduce the effects of the PLD
agonist AVP. AVP is present in human fetal muscle (38), and
AVP receptors are expressed in human skeletal muscle (39) and
myoblasts (23). Moreover, circulating AVP levels are increased

FIGURE 4. Myogenic differentiation is regulated in an opposite way by mTORC1 and mTORC2. A, cells were cultured for 48 h in the presence of 10~ MAVP
with or without 100 nm rapamycin; myogenin mRNA level was measured by quantitative RT-PCR, myogenin protein content was evaluated by Western blotting
analysis, and myogenin nuclear accumulation was evaluated by immunofluorescence microscopy. Bar = 40 um. B, L6 cells were transfected with control siRNA,
Raptor siRNA, or Rictor siRNA for 48 h and then stimulated by AVP for additional 48 h. The percentage of myogenin positive nuclei was measured by
immunofluorescence microscopy; shown are the means of three independent experiments, with 10 fields considered in each condition. *, significantly
different from control cells, p < 0.02. Bar = 40 um. The amount of myogenin was evaluated by Western blotting. C, mRNA levels of myogenin and troponin
were measured by RT-qPCR, and myogenin protein levels were evaluated by Western blotting in L6 myoblasts overexpressing S6K1 or transfected with the
empty vector. ¥, significantly different from control cells, p < 0.05. D, the levels of phospho-Thr-1135-Rictor were evaluated by Western blotting in L6 cells
stimulated for different times by AVP. E, the levels of phospho-Thr-1135-Rictor were evaluated in L6 cells overexpressing or not S6K1. ¥, significantly different
from control cells, p < 0.05.
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*, significantly different from control cells, p < 0.05. NT, not transfected.

during physical exercise (40), and AVP injection improves in
vivo muscle regeneration (41). Based on these observations,
AVP is likely to play a physiological role in skeletal muscle
development and homeostasis.

The involvement of PLD in the activation of both mTOR
complexes has been reported to occur in cancer cell lines by
Foster and co-workers (9). These authors have shown, by
expressing dominant negative PLD mutants, that PA, which
can be produced by either of the PLD isoforms, is required for
the assembly of both mTORC1 and mTORC2, in agreement
with previous studies showing that PA binds to the mTOR pro-
tein, common to the two complexes, at the FRB site (9, 10, 42).
In addition, Foster’s group (9) proposed that PA also partici-
pates in mTORCI1 activation by preventing the binding of the
PRAS40 inhibitory protein. PA has also been shown to influ-
ence the oligomerization of mTORC1 and mTORC2 com-
plexes, with potential consequences on their activities (43).
Another proposed mechanism of mTOR activation by PA

22618 JOURNAL OF BIOLOGICAL CHEMISTRY

involves the displacement of the inhibitory protein FKBP38 by
competition for the same binding site (5). However, the role of
FKBP38 in mTOR regulation has been recently questioned (44).
Thus, although a tridimensional model of PA/mTOR interac-
tion has been established (10), the mechanism of mTOR acti-
vation remains unclear. In particular, there is no evidence of a
trans-conformation of the FRB domain under PA binding (10).
Based on the report that localization of mTORC2 complex into
the raft fraction of endothelial cell plasma membrane is
required for its activity, an intriguing possibility is that PA
drives the targeting of mTORC?2 to lipid rafts (45). Interest-
ingly, a link between PLD and mTOR activation has been
recently described in muscle tissue. Mechanical stimulation of
murine muscle activates mTOR signaling independently of the
PI3K/Akt pathway by a mechanism requiring PLD and PA (46).

Concerning the involvement of PLD in the regulation of the
mTORCI1 substrate S6K1 in differentiating L6 cells, additional
levels of complexity are emerging. S6K1 kinase exists under two
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FIGURE 7. PLD overexpression overcomes rapamycin-induced inhibition
of L6 myoblast differentiation. L6 myoblasts were infected with adenovi-
ruses (Adenos) encoding GFP or PLD1 or PLD2 and then treated with 20 nm
rapamycin (rapa) in the presence of 107 m AVP for 48 h. Cells lysates were
analyzed by Western blotting for myogenin expression. Myogenin bands
were quantitated and normalized for tubulin amounts. *, significantly differ-
ent from control cells, p < 0.05.

forms that are produced by translation of a single mRNA with
usage of two different translational start sites (47). It is notice-
able that the kinetics of activation of the two S6K1 isoforms
were different, p85 reaching a maximal phosphorylation at 10
min versus 40 min for p70 (Fig. 14), suggesting that different
mechanisms could be involved. Indeed, whereas PLD activates
the p70-SK1 isoform entirely through mTORCI1 activation, as
shown by complete suppression of AVP- or propranolol-in-
duced p70 phosphorylation by rapamycin treatment, the p85
isoform phosphorylation is incompletely sensitive to rapamy-
cin inhibition and is thus in part independent of mTORC1. A
direct activation of S6K1 by PA, bypassing mTORC]1, has been
proposed by others, although the possibility of a differential
sensitivity of the two isoforms was not considered (48). The
present results suggest that p85 can be the S6K1 isoform sub-
mitted to direct activation by PLD-produced PA. The two S6K1
isoforms thus appear to be differentially regulated in skeletal
myoblasts, as described previously in cardiomyocytes (49, 50).
In line with a differential regulation of the two forms, their
subcellular localization has been reported to be different, the
p70 isoform being predominantly cytosolic, whereas the p85
isoform carrying a nuclear localization signal sequence might
be mainly present in the nucleus, where it ensures a specific role
in the control of mitogenesis (51-53).

As widely described, myogenic differentiation is dependent
on mTOR, based on its total suppression by the mTOR inhibi-
tor rapamycin (18, 19) and rescue by overexpression of rapamy-
cin-resistant mTOR mutant (20, 21). However, the link
between mTOR and the myogenic response is still a matter of
controversy. mTOR might be required to ensure the activation
of p38-MAP kinase (19) of cyclin-dependent kinase-5 (54).
Besides, Chen and Erbay (20) reported that initial C2C12 myo-
genic cell differentiation is controlled by mTOR in a kinase-
independent way through regulation of IGF-2 expression, rapa-
mycin blocking the differentiation process by preventing the
autocrine stimulatory effect of IGF-2. The kinase-independent
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myogenic function of mTOR has been disputed (21). In con-
trast, a late-stage fusion step might be regulated in a kinase-de-
pendent way by mTOR through a yet-to-be identified secreted
factor (55). Moreover, the initial observations of mTOR impli-
cation in rapamycin effect on myogenesis implied that signaling
through mTORCI1 was critical in the process, as rapamycin was
considered to selectively target this complex. The later recog-
nition that persistent inhibition by rapamycin can affect the
assembly of mTORC2 complex (3) raised the question of
whether rapamycin exerted its inhibitory effect on differentia-
tion by modulating mTORC2 (4).

We had previously shown that PLD activity and PA produc-
tion are required for myogenic differentiation. Here, we con-
firm this finding by showing that adenovirus-mediated PLD1
overexpression enhances differentiation, whereas a PLD1-spe-
cific synthetic inhibitor or an isoform-aspecific PLD inhibitor
both potently prevent differentiation. We, therefore, examined
the hypothesis that modulation of mTOR complexes is respon-
sible for the positive effects of PLD on differentiation. We
observed by using selective siRNA silencing that only mTORC2
complex is positively involved in differentiation, in agreement
with what was described by others in C2C12 cells (4) and
human primary myoblasts (56), and that, in the opposite,
mTORCI1 complex has a negative effect on differentiation. This
latter observation is consistent with the reported negative reg-
ulation exerted by mTORC1 on mTORC2 through S6K1-me-
diated Thr-1135 phosphorylation of Rictor (33, 34) and with
our observation of a negative effect of S6K1 overexpression on
differentiation. In further support to this model, we verified
that AVP stimulation of L6 cells induced a rapid phosphoryla-
tion of Rictor on Thr-1135, the residue targeted by S6KI,
and that this effect was reproduced by S6K1 overexpression.

The fact that PLD can activate both mTOR complexes, which
act in an opposite way on differentiation, raises the question of
how PLD action can result in a positive response. Because
mTORC2 is known to activate mTORCI1 via the Akt-mediated
phosphorylation and inactivation of two negative regulators,
the TSC complex and the PRAS40 protein (35, 57), mTORC1
activation might be viewed as a negative feedback loop limiting
the extent of mTORC2-stimulated differentiation. Thus, acti-
vation of mMTORC?2 appears to be a possible pathway through
which PLD activity participates together with other signals in
myogenic differentiation. The ability of PLD overexpression to
raise in part the inhibition of myogenin expression induced by
prolonged rapamycin treatment, i.e. by mTORC2 disassem-
bling, is consistent with this proposal. It is not clear which effec-
tor(s) downstream mTORC?2 is involved in differentiation. In
C2C12 cells, Akt seems to be the candidate, because ectopic
expression of constitutively active Akt rescues differentiation of
cells depleted in Rictor and, although with much delay and
incompletely, of cells treated by rapamycin (4). In AVP-stimu-
lated L6 cells we did not observe such a major role for Akt, as
shown by the limited effects of PI3K inhibitors on differentia-
tion, by an absence of correlation between Akt-Ser-473 phos-
phorylation status and the extent of myogenic response in the
presence of wortmannin or rapamycin plus insulin, and by the
modest effects of Akt or PI3K overexpression on early myogen-
esis steps. In line with these observations, it has been reported
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5, mTORC1 exerts a negative effect on mTORC2, mediated by S6K1, possibly acting by Rictor phosphorylation on Thr-1135.

that overexpression of a dominant-negative Akt mutant in pri-
mary mouse myoblasts had no noticeable effect on the levels
and timing of expression of differentiation markers and cell
fusion (58). Moreover, in view of the mild inhibition of Akt
function in L6 myotubes under mTORC2 blockade by pharma-
cological inhibitors directed at the kinase site (37), it seems
unlikely that the drastic effect of rapamycin on myogenesis is
mediated by Akt inhibition resulting from mTORC2 disassem-
bly. Thus, there seem to exist a number of differences between
L6 and C2C12 myogenic cell models regarding the signaling set
in motion at the onset of differentiation. In particular, the role
of Akt seems to be much less critical in initiation of L6 differ-
entiation, and the autocrine activation of differentiation by
IGEF-2 is not the target of rapamycin in L6, in agreement with
the previously reported suppression of L6A1 myoblast differ-
entiation by rapamycin in the presence of IGF-1 (18).

As for the mTORC?2 effector(s) involved in L6 cell differen-
tiation, other proteins identified as targets of mTORC2 (57)
could be considered, especially PKCq, because of the impor-
tance of PKCs in myogenic response (24). We observed a rapid
phosphorylation of the HM motif of PKCca, a mTORC2 target
(59), in response to AVP stimulation. This response was atten-
uated by S6K1 overexpression and by general mTOR inhibitors,
as expected for a mTORC2-mediated event. Besides, we estab-
lished that PKCea is required for myogenesis by showing that its
depletion strongly inhibits myogenin expression. Because pre-
vious studies have demonstrated that mTORC2-dependent
phosphorylation of PKCa is essential for the stability and activ-
ity of the protein (60), we can propose that mTORC2 is involved
in myogenic differentiation through its effects on PKCe. It is
interesting to note that PKCe is an activator of PLD1 (61) and
could thereby participate in a positive feedback loop. In support
to this assumption, we had observed a significant decrease in
PLD response to AVP after PKC down-regulation induced by a
24-h 107 M 12-O-tetradecanoylphorbol-13-acetate treatment
(25). Another possible differentiation promoting pathway
downstream mTORC2 might involve actin cytoskeleton rear-
rangements. mTORC2 has indeed been reported to regulate
actin polymerization (59, 62), and we have reported that PLD is
involved in the formation of stress fibers in differentiating L6
myoblasts (25).

Because PLD activity in mammalian cells is ensured by two
different isoforms, PLD1 and PLD2, which exhibit different
regulations and subcellular locations, the question of the
respective role of the two isoforms in mTOR regulation and
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myogenic differentiation can be raised. The issue of whether
one of PLD isoforms is more related to mTOR regulation has
been extensively discussed (5, 6). It appears that, depending on
the particular system considered, either PLD isoform can
ensure mTOR activation. In the present work we observed that
in L6 model, mTOR activation and myogenic differentiation
were both more sensitive to PLD1 than to PLD2 expression
changes or inhibition.

On the whole it appears that PLD and, more specifically the
PLD1 isoform, is involved in an intricate regulation of the
mTOR system in differentiating L6 myogenic cells (Fig. 8). This
regulation participates in the control of myogenic response
both positively, through mTORC2 complex, and negatively,
through mTORC1 complex. In addition, PLD1 might directly
impinge on the longer p85 isoform of S6K1, possibly through
PA binding, suggesting that this isoform might have a specific
role in differentiating myoblasts, which deserves further inves-
tigations. In view of the role played by the PLD/mTOR pathway
in major muscle functions, including myogenic differentiation,
PLD may constitute a critical factor for muscle tissue mainte-
nance and regeneration and be considered as a potential ther-
apeutic target in disorders affecting this tissue.
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