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How phospholipase D (PLD) s
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, mMTORC1 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-dependent
way. Short rapamycin treatment, specifically
inhibiting mTORC1, suppressed p70 but not
p85 phosphorylation, suggesting that p85
might be directly activated by phosphatidic
acid (PA). Vasopressin stimulation also
induced phosphorylation of Akt on S473
through PLD1-dependent activation of
MTORC2 complex. In this model of
myogenesis, MTORC2 had a positive role,
mostly unrelated to Akt activation, whereas
MTORC1 had a negative role, associated with
S6K1-induced Rictor phosphorylation. PLD
requirement for differentiation can thus be
attributed to its ability to trigger, via
MTORC?2 activation, the phosphorylation of
an effector which could be PK®&. 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 control myogenesis.

functions such as growth, proliferation, and
survival to the physiological conditions (1). It
exists in two complexes, mTORC1 and
MTORC2, which are differentially regulated,
have distinct effector substrates, and are
differentially sensitive to rapamycin, a bacterial
macrolide endowed with anti-proliferative and
immunosuppressant activities. Whereas activity
of MTORC1 complex is highly sensitive to acute
treatment by nanomolar concentrations 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 phospholipase D
(PLD)-mediated hydrolysis of phosphatidyl-
choline (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 properties, 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 exerts its
inhibitory 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 involvement
of this kinase in muscle remodeling. Thus,
muscle hypertrophy induced by exercise has

The mammalian target of rapamycinbeen shown to involve mTOR signaling (11-13).

(mTOR) is a serine/threonine protein kinase thaRapamycin

inhibits IGF-1-induced myotube

integrates signals provided by growth factorshypertrophy (14,15) and re-growth of myofibers
nutrient availability, energy levels or redox statu after denervation (11). Knocking out the mTOR

to adapt protein synthesis and major

celeffector S6K1 produces mice with smaller



myofibers, suggesting that mTOR, via S6K1(L'Isle-d'Abeau, France). ZSTK474 compound
activation, is required for muscle cell growthwas supplied by LC Laboratories. Negative
(16). Furthermore, mTOR regulates in vivocontrol siRNA was from Eurogentec (Angers,
muscle regeneration after tissue damage (17france). The following antibodies were used:
and the potent inhibition exerted by rapamyciranti-phospho-Thr1135-Rictor anti-phospho-
on in vitro myogenic differentiation has beenThr389/Thr412-S6K1, anti-phospho-Ser473-Akt,
known for more than a decade (18-20), althoughanti-S6K1, anti-Akt, anti-Raptor, anti-Rictor,
the precise mechanism by which mTORfrom Cell Signalling Technology ; anti-HA tag
inhibition affects the myogenic process remaingnd antia-tubulin monoclonal antibody supplied
controversial (4,20,21). by Sigma ; PLD1-specific polyclonal antibody
We and others have reported that PLDkindly provided by Dr S. Bourgoin (Université
particularly the PLD1 isoform, is positively Laval, Canada) ; anti-phospho-S657-RK{tom
involved in the regulation of  myogenic Millipore; anti-PKQx antibody from Abgent;
differentiation. A PLD agonist, the neuro- anti-IGF2 monoclonal antibody clone S1F2 from
hypophyseal ~ hormone  arginin-vasopressinJpstate Biotechnology, F5D anti-myogenin
(AVP), efficiently  stimulates in  vitro monoclonal antibody from Developmental
differentiation of myogenic L6 cells and primary Studies Hybridoma Bank, University of lowa,
human myoblasts, in the presence of reducedwa City, IA ; HRP-conjugated anti-mouse- or
serum concentration (22,23). Using L6anti-rabbit-IgG antibodies were from Jackson
myoblasts cultured in the presence of AVP, wémmunoresearch Laboratories (Soham, UK).
have previously observed that AVP induces @| D1, PLD2, PK@, Raptor and Rictor siRNAs
stimulation of PLD signaling necessary for thewere synthesized by Sigma-Aldrich. 5-fluoro-2-
myogenic response (24-26). Besides, PLDlndolyl-deschloro-halopemide (FIPI), a potent
mediated mTOR activation has been proposed t{@hibitor of both PLD isoforms, (28,29), was
support C2C12 cell differentiation through apgbtained from Sigma. Selective inhibitors of
kinase-independent enhancement of IGF-| p1 (CAY10593) and PLD2 (CAY10594) (30)
expression (27). However, which mMTORwere supplied by Cayman Chemical Company.
complex is involved, and whether the regulation Cell culture and transfection=6
of IGF-2 production by PLD1 and mTOR myoblasts of the C5 subclone (22) were
intervenes in other myogenic models remaineghaintained in Dulbecco’s modified Eagle’s
pending questions. medium (DMEM) containing 4.5 g/l glucose and
In the present work, we took 10% fetal bovine serum at %7 with 5% CQ.
advantage of the model of AVP-induced L6To induce differentiation, cells were grown to
cell differentiation, which avoids the use 0f100% confluence, and switched to differentiation
serum and thus allows to closely control theénedium (DMEM containing 1M AVP without
stimuli  supplied to the cells, to investigateSérum). L6 cells grown on 6-well plates to 40-
the role of regulation by PLD of both mTOR 50% confluence were transfected with 2ug of

complexes. We observed that mTORC1 anflasmidic  DNA ~ per ~well ~using Exgene

mTORC2 are both activated in a I:,I_D_transfectlon_ reagent (from Euromedex) for 48
d dent d ol it | .hours. Medium was changed after 24 hours of
epenaent way, and play OpPpPOSIE TOIeS It ynsiaction.  The hS6K1-pMT2  plasmid

regulating the myogenicresponse expressing both p85- and p70-S6K1 was a
generous gift of Dr. P.J.Coffer (Utrecht, The
EXPERIMENTAL PROCEDURES Netherlands). The Myc-tagged-Akt1-pCDNA3

vector and mutant pl10-PI3 kinasepEGFP
Materials and reagentsECL immuno-  vectors have been described previously (31).
detection reagent was from Pierce. Bradford Determination of PLD activity€ells
protein assay was from Bio-Rad (Marnes-Lawere labelled with 2 uCi/mlI*H]-palmitic acid
Coquette, France). Rapamycin was purchase@dr 2 hours at 37°C in serum-free medium.
from Coger (Paris, France). Dioctanoyl-Butan-1-ol (1% final concentration) was added
phosphatidic acid (diC8-PA) and egg yolki5 minutes before cell treatment by’MAVP
phosphatidic acid (sodium salts), propranololfor 10 minutes. Cells were then collected, lipids
arginine  vasopressine (AVP), wortmannin,extracted, and Phosphatidylbutanol separated by
MTOR inhibitor PP242, insulin and mousepidimensional TLC as described in (32). TLC
recombinant IGF-2 were from Sigma-Aldrich plates were then stained with Coomassie Brilliant



Blue R, phosphatidylbutanol spots were scrape®’-GACAGTGGGCCTCTCAGGA-3, and rat
off and the radioactivity determined by liquid Rictor sequence 5-GTTCGTTCCGACACTAT
scintillation counting. Radioactivity associatedAA-3'. Transfection of siRNAs was performed
with phosphatidylbutanol was expressed asising Hiperfect reagent (Qiagene) with 50 nM
percentage of total phospholipid radioactivity.  siRNA for 48 hours, medium was changed after
Western blots—Cells were lysed in ice 24 hours of transfection.
cold lysis buffer containing 20 mM Tris/HCI, Reverse transcriptase and real-time
100 mM NaCl, 10 mM sodium pyrophosphate PCR- Total RNA was isolated from L6 cells
10 mM glycerophosphate, 50 mM NaF, 1.5 mMusing Trizol Reagent (Invitrogen). After
NagVO, , 1% Triton, and protease inhibitor quantification, 1ug of total RNA was reverse
cocktail (pH 7.6). Lysates were kept on ice fortranscribed in presence of 100 U Superscript Il
15 minutes and cleared by centrifugation afinvitrogen) using random hexamers and oligo
13,000g for 15 minutes. Protein concentration$dT). Real-time PCR was performed with Fast
were determined by the Bio-Rad protein assaystart DNA Master SYBR Green kit using Rotor-
Cell lysates were separated by SDS/PAGEGene 6000 (Corbett Research, Mortlake,
Particular sample treatment and electrophoresisustralia). Data were analyzed using
conditions for PLD analysis have already beemightCycler software (Roche Diagnostics) and
described (25). Proteins were transferred ontoormalized to the TATA binding protein (TBP)
PVDF membranes blocked with 5% BSA inhousekeeping gene transcripts. Alternatively, for
Tris-buffered saline/0.1% tween 20, andRT-PCR of IGF-2 mRNA, 1 ug total RNA was
incubated with the various antibodies followingprocessed with Access RT-PCR kit (Promega).
the manufacturer's recommendations. Immuno-Specific sense and antisense primers used for
blots were revealed with the ECL detectionamplification: myogenin sense CAATGCACTG
system (Pierce), and quantified with Image JGAGTTTGGTC, myogenin antisense CATATC
software. CTCCACCGTGATGC; PLD1 senseGGTC
Immunofluorescence microscopy— AGAAAGATAACCCAGG, PLD1 antisense
Myogenin nuclear accumulation was detected byfGAAGCGAGACAGCGAAATGG; PLD2 sense
immunofluorescence. The cells were fixed by TTGCTGGCTGTGTGTCTGGC, PLD2 anti-
3.7% formaldehyde for 20 minutes at roomsense GGACCTCCAGAGACACAAAG ; tro-
temperature, permeabilized with 0.1% Triton forponin | skeletal slow 1 sense, TGAGGA
10 minutes at room temperature, and aspecifi6GCGCTATGATATCG,; troponin | skeletal slow
labelling was blocked in 1% BSA for 20 1 antisense TTCACAGACTTGAGGTTGGC,;
minutes.  Anti-myogenin  F5D monoclonal IGF-2 sense GGAAGTCGATGTTGGTGCTT,
antibody was added undiluted and incubatedGF-2 antisense CGAGATCTTCATGAGGTA
overnight at room temperature. After washing byGTC.
1% BSA in PBS, fluorescein- or rhodamine- Adenoviral constructions and virus
conjugated anti-mouse IgG antibody was addegyroduction— Recombinant adenoviral genomes
diluted 1:1000 in 1% BSA, for 1 hour. Nuclei carrying the HA-tagged cDNA of interest
were stained with 1 pg/ml 4.5-diamidino-2- (hPLD1b, hPLD2 or GFP) were generated as
phenylindole (DAPI) for 3 minutes. The cells previously described (32). Infections were
were examined by fluorescence microscopy witlperformed at a M.O.I. (multiplicity of infection)
an Axiovert 200 microscope, an objective LD A-of 100 in complete medium. After 12 hours of
plan, 20x/0.30 PHIw/40, an Axiocam MRm incubation in the presence of viral particles, the
camera and Axiovision 4.1 image acquisitionmedium was changed and cells were cultured for
software (Carl Zeiss, Gottingen, Germany). Th&4—72 hours. Under these conditions, >75% of
total number of nuclei in the considered fieldsthe cells expressed GFP.
was assessed on phase contrast images, or after Statistical analysis—Data expressed as
nuclei staining with DAPI. meanstS.E.M. were analyzed by one-way
Short  interfering RNA  (siRNA) ANOVA and means were compared by a
transfection—-The siRNA used were targeted toprotected t-test. .05 was considered
rat PLD1 sequence 5-AAGTTA significant.
AGAGGAAATTCAAGC- 3, rat PLD2
sequence 5-GACACAAAGTCTTGATGAG-3,
rat PKQx sequence 5-GAAGCA
AGCACAAGTTCAA-3', rat Raptor sequence



RESULTS isoform, regulates S6K1 phosphorylation on
In differentiating conditions, mTORCL1 critical positions, and as a consequence, S6K1
and S6K1 are activated in a phospholipase Dactivity in L6 cells induced to differentiate.
dependent wa - We first investigated the Because the activity of mTOR kinase is
effects of AVP, a PLD agonist that stronglyregulated by PA binding (5,6), we asked whether
enhances the differentiation of L6 cells in lowthe effects of PLD and PA level changes on
serum culture conditions, on the phosphorylatiol56K1 were solely mediated by mTORC1 action.
status of protein substrates of the mTORCITo this end, the cells were submitted to a short
complex. AVP markedly stimulated the treatment by rapamycin (40 minutes), in
phosphorylation of both p70 and p85 isoformsonditions known to suppress only mTORCL1
of S6K1 on the mTORC1 target residues (T38%ctivity (Fig.1G). This treatment totally
on p70-, and the homologous T412 on p85suppressed the activation of p70 phosphorylation
S6K1) ( Fig.1A). In addition, the mTORC1 by either AVP or propranolol, showing that PA-
substrate 4E-BP1 and S6 ribosomal protein, dependent p70-S6K1 phosphorylation was
substrate of S6K1, were phosphorylated irentirely mediated by mTORCL1. Instead, p85-
response to AVP (not shown). The induction ofS6K1 phosphorylation was incompletely
differentiation was thus accompanied byinhibited by rapamycin, showing that p85-S6K1
MTORC1 and S6K1 activation. As acan be in part activated by PA in a
confirmation of mTORCL1 involvement in the mTORC1/rapamycin independent way.
response to AVP, we assessed the effects on In differentiating conditions, mTORC2
S6K1 phosphorylation of depletion of Raptor, aand Akt are activated in a phospholipase D-
specific component of MTORC1 complex.dependent way- Upon AVP stimulation, the
SiRNA-induced Raptor silencing (i.e. phosphorylation of S473 on Akt was rapidly
inactivation of mMTORC1), but not Rictor increased, the peak of phosphorylation being
silencing (i.e. inactivation of mTORC?2), reached in 6-8 minutes. This Akt activation also

markedly decreased AVP-inducedinvolved the participation of PLD, since it was
phosphorylation of p70 and p85 S6K1 isoformgeproduced by treament of the cells by
(Fig.1B). exogenous PA or propranolol (Fig.2A). PLD

To determine whether the activation ofimplication was further supported by the effect
the mTORC1 pathway by AVP involved PLD, 1- of PLD isoforms overexpression, PLD1
butanol, which specifically prevents theinducing a marked increase in Akt
formation of PA, the normal product of PLD, phosphorylation, whereas PLD2 was less
was added to the cells. We observed that leffective (Fig.2B). In agreement, SiRNA-
butanol more efficiently inhibited S6K1 mediated depletion of PLD, especially PLD1,
phosphorylation than 2-butanol, an isomer notlecreased S473-Phospho-Akt in the presence of
recognized by PLD used as a control forAVP (Fig.2C).
aspecific alcohol effects, showing that AVP- It is well known that phosphorylation of
induced S6K1 phosphorylation requires PLDS473 position on Akt can be mediated by the
activity (Fig.1C). This was confirmed by using mTORC2 complex. To verify the participation of
compounds which mimick PLD activation. mTORC2 in PA stimulated Akt phosphorylation,
Addition to the cells of either exogenous PA, orsiRNA silencing experiments were performed.
propranolol, an inhibitor of PA phosphataseDepletion of Rictor, but not of Raptor, inhibited
which induces an accumulation of endogenouékt phosphorylation induced by AVP (Fig.2D),
PA, induced S6K1 phosphorylation (Fig.1D). Toor propranolol (not shown), showing that it was
identify the PLD isoform(s) which are mTORC2-dependent and mTORC1-independent.
responsible for the regulation of S6K1, selective Besides siRNA silencing, another means
silencing of either PLD1 or PLD2 isoform wasto deplete cells in mTORC2 complex is the use
performed by using siRNAs. Depletion of PLD1of longer term treatment by rapamycin (3). 24
strongly decreased S6K1 phosphorylationhour-rapamycin inhibited Akt phosphorylation
whereas PLD2 silencing was less efficient. Innduced by AVP or propranolol, in agreement
agreement, the adenovirus-induced overwith the conclusion that it was mediated by
expression of PLD1 strongly enhanced S6KINTORC?2 activation (Fig.2E).
phosphorylation, PLD2 overexpression being Regulation of mTOR by PLD,
less effective. (Fig.1E, F). These results stronglgnd myogenic differentiation —-We had
suggest that PLD, and especially the PLDJpreviously proposed that PLD activity is required



for in vitro myogenic differentiation (24-26). In reported (33,34), we investigated the kinetics of
further support to this conclusion, we observed iphosphorylation changes of this residue in
the present work that FIPI, a potent synthetidifferentiating L6 myoblasts. AVP stimulation
inhibitor of both PLD isoformg28,29), almost induced a rapid phosphorylation of T21135-
totally suppressed AVP-induced PARictor, peaking at 6-30 min (Fig. 4D). This
accumulation at 250 nM (Fig.3A), and dose+tesponse was enhanced by S6K1 overexpression
dependently inhibited myogenin expression with(Fig. 4E), consistent with the interpretation that
an approximate EC50 of 100 nM (Fig.3B). mTORC1/S6K1 exerted a negative effect on
Isoform-specific PLD inhibitors were also differentiation by inhibiting mTORC2.
studied (30). Each of the PLD1- and PLD2- Since MTORC2 had a positive role in L6
specific inhibitors used at 50 nM roughly cell differentiation stimulated by AVP, the
inhibited by 50% AVP-induced PA accumulationinvolvement of the mTORC2 substrate Akt in
(Fig.3A). However, they had clearly differentthis response could be expected. The
effects on myogenin expression. The PLDIphosphorylation of Akt on S473 observed in
inhibitor  dose-dependently  inhibited thisthese conditions is known to induce, together
response with an approximate EC50 of 5 nMwith PDK1-mediated phosphorylation of T308,
whereas the PLD2 inhibitor had no significanta maximal activation of Akt which might
effect up to 500 nM (Fig.3C). The observationparticipate in the differentiative response of L6
that adenovirus-mediated overex-pression of theells in the presence of AVP. To evaluate the
PLD1 isoform increased the percentage ofole of Akt in this particular setting, the PI3
myogenin positive nuclei in cells after 48 hourskinase inhibitor wortmannin was added to the
in differentiation medium further supported thedifferentiation medium. 100 nM wortmannin is
positive involvement of PLD1 in the myogenic known to be sufficient to block Akt activation,
response (Fig.3D). but is too low to inhibit mMTOR kinase directly
In agreement with what observed by(35). At this concentration, wortmannin did not
numerous groups with different myogenic cellaffect myogenic differentiation as evaluated by
types, we observed a complete blockade ahyogenin nuclear accumulation, although it
myogenic differentiation of L6 cells in the totally suppressed S473 phosphorylation of Akt
presence of rapamycin. However, at variancéFig.5A). Only at a higher concentration (500
with what observed by others in C2C12 cells (4)nM) at which the compound is no longer
we observed a total inhibition of myogenicselective for PI3 kinase inhibition and affects
response at the very early steps of myogenimTOR, was wortmannin able to inhibit partially
expression (MRNA, protein) and nucleardifferentiation. Similarly, the more stable PI3
accumulation, i.e. before the cell fusion stefkinase inhibitor ZSTK474, which has IC50s of
(Fig.4A). This showed that either mTORC1 or16 nM and 370 nM on PI3K and mTOR,
mTORC2 complexes are required for the earlyespectively (36), had marginal effect on
myogenic response. To discriminate the role ofyogenin expression when used at 50 nM, and a
each of the two complexes, differentiation wadimited effect at 100 nM (Fig.5A) These
assessed during their respective siRNA-mediatesbservations suggested that Akt activation is not
depletion. As shown in Fig.4B, Raptor silencingrequired for the cells to differentiate. To further
(i.e. inactivation of mTORC1) had a positiveevaluate Akt role in differentiation, we
effect on either myogenin expression or nucleapverexpressed the wild-type Aktl isoform in L6
accumulation. Conversely, Rictor silencing (i.ecells submitted to differentiating conditions
inactivation of mTORC2) decreased the earlyFig.5B). We observed that Akt overexpression
myogenic responses, showing that mMTORC?2 iscarcely affected myogenin expression and
required for myogenic differentiation, whereasnuclear accumulation. In further support to the
mTORC1 negatively regulates it. Consistent witHack of major effects of Akt on initiation of
this latter conclusion, we observed thatdifferentiation, we also observed that
overexpression of the mTORCL1 effector S6Kloverexpression of either constitutively active, or
had negative effects on the expression okinase defective dominant-negative, mutants of
myogenin and troponin, a sarcomeric proteirPI3 kinase did not significantly modify the
marker of advanced differentiation (Fig.4C).differentiative response (Fig.5C).
Because a negative regulation of mTORC2 by Because it has been reported that
MTORC1/S6K1 cascade, through phosphorapamycin suppresses the production of IGF-2 by
rylation of Rictor on threonine 1135, has beerC2C12 cells, thereby preventing an autocrine



loop required for differentiation to take place, wedifferentiation via an effector which could be
examined the ability of IGF-2 and insulin to PKCa; rapamycin would block differentiation by
revert the Dblockade of L6 myoblastinducing mTORC2 disassembling and reduction
differentiation induced by rapamycin. Neitherof activity. To validate this model, we
factor could restore differentiation in the overexpressed PLD isoforms in conditions of
presence of rapamycin (Fig.5A), although Aktlowered mTORC2 activity, and observed the
was fully phosphorylated on S473 in theseconsequences on myogenic response. When the
conditions (not shown). Besides, in L6 cellscells were treated by rapamycin for 48 hours to
stimulated to differentiate in the presence otlown-regulate mTORC2, the overexpression of
AVP, we evaluated the expression of IGF-2 byPLD1, but not PLD2, enhanced the expression of
Western blotting and RT-PCR, and observednyogenin (Fig.7), supporting an important role
that rapamycin had no marked influence on IGFfor PLD1-mediated mTORC2 activation in
2 protein or mRNA levels (Fig.5D). The abovemyogenin expression, a prerequisite for
data were thus consistent with the idea that in oufifferentiation .
setting the blockade of differentiation induced by
rapamycin cannot be ascribed to an inhibition of
the IGF/PI3 kinase/Akt pathway, but ratherDISCUSSION
involves other target(s) of mTOR impinging on In the present work, we observed in L6
the expression of myogenin. myoblasts that induction of differentiation by
Among the few identified substrates of AVP was accompanied by stimulation of both
MTORC2, PK@ is especially interesting in the mTORC1 and mTORC2 complexes. mTORCL1
context of myogenic differentiation, since thisactivation was evidenced by phosphorylation of
process is known to require PKC (24). We thu$S6K1 at threonine 389/412, while mTORC2
investigated the effects of AVP stimulation of L6activation resulted in the phosphorylation of Akt
myoblasts on the phosphorylation of serine 6579n serine 473. PLD activity was involved in the
a PKQx residue targeted by mTORC2. Weactivation of both mTOR complexes, as shown
observed a rapid phosphorylation of S657py PLD overexpression and siRNA silencing
peaking at 20-30 min (Fig. 6A), compatible withexperiments, and by the ability of exogenous PA
the involvement of mTORC2. Accordingly, and propranolol, a compound that induces
siRNA-mediated Rictor depletion lowered P&C endogenous PA accumulation, to reproduce the
phosphorylation level (Fig.6B). We verified that effects of the PLD agonist AVP. AVP is present
inhibition of MTORC2 was able to decreasén human fetal muscle (38), and AVP receptors
S657-PK@ phosphorylation by using 24 h- are expressed in human skeletal muscle (39) and
rapamycin treatment, or PP242 inhibitor, whichmyoblasts (23). Moreover, circulating AVP
targets the kinase site of mTOR (37). In botHevels are increased during physical exercise
cases, we observed a marked inhibition of AVP{40), and AVP injection improves in vivo muscle
induced PK@ phosphorylation (Fig.6B).PKe ~regeneration (41). Based on t_hese_ observa'glons,
phosphorylation was also triggered by PA oAVP is likely to play a physiological role in
propranolol cell stimulation (not shown). In view Skelétal muscle development and homeostasis.
of the negative effects of the mTOR/S6K1 The involvement of PLD in the
cascade on differentiation (Fig. 4), we evaluate@ctivation of both mTOR complexes has been
the effects of S6K1 overexpression on'@Ported to occur in cancer cell lines by Foster
phosphorylation of the S657-PkiGosition, and and co-workers (9). These authors have shown,

observed a marked inhibitory effect (Fig.6C).Py expressing dominant negative PLD mutants,
Finally, to determine whether PKC was that PA, which can be produced by either of the

: : P P PLD isoforms, is required for the assembly of
involved in myogenic differentiation, we down- . .
regulated its expression by SiRNA-induced?0th MTORC1 and mTORC2, in agreement with

depletion. We observed a strong inhibition ofP"€Vious studies showing that PA binds to the

differentiation, as evaluated by myogenin proteir{nTOR protein, common 1o the tW.O. complexe:?,
content, showing that PKCis required for L6 at the FRB site (9,10,42). In addition, Foster's

; : : group proposed that PA also participates in
cells to (meieorltfgt&g%}%ggse a model in WhichmTORCl activation by preventing the binding of

PLD positively regulates the activity of the Lhe PRﬁ‘SL‘O ;nh_lbflltory prottr:aln (|9) PA_hats_ alsof
mTORC2 complex, which in turn triggers een shown to influence the oligomerization o

MTORC1 and mMTORC2 complexes, with



potential consequences on their activities (43predominently cytosolic, whereas the p85
Another proposed mechanism of mTORisoform carrying a nuclear localization signal
activation by PA involves the displacement ofsequence might be mainly present in the nucleus,
the inhibitory protein FKBP38 by competition where it ensures a specific role in the control of
for the same binding site (5). However, the rolanitogenesis (51-53).
of FKBP38 in mTOR regulation has been As widely described, myogenic
recently questionned (44). Thus, although alifferentiation is dependent on mTOR, based on
tridimensional model of PA/mTOR interaction its total suppression by the mTOR inhibitor
has been established (10), the mechanism o&pamycin (18,19) and rescue by overexpression
MTOR activation remains unclear. In particular,of rapamycin-resistant mTOR mutant (20,21).
there is no evidence of a transconformation oHowever, the link between mTOR and the
the FRB domain under PA binding (10). Basednyogenic response is still a matter of
on the report that localization of mMTORC2controversy. mTOR might be required to insure
complex into the raft fraction of endothelial cellthe activation of p38-MAP kinase (19), of cyclin-
plasma membrane is required for its activity, amdependent kinase-5 (54). Besides, Chen's group
intriguing possibility is that PA drives the has reported that initial C2C12 myogenic cell
targeting of mTORC2 to lipid rafts (45). differentiation is controlled by mTOR in a
Interestingly, a link between PLD and mTORkinase-independent way, through regulation of
activation has been recently described in musclésF-2  expression, rapamycin blocking the
tissue. Mechanical stimulation of murine muscldifferentiation process by preventing the
activates mTOR signaling independently of theautocrine stimulatory effect of IGF-2 (20). The
PI3K/Akt pathway, by a mechanism requiringkinase-independent myogenic function of mTOR
PLD and PA (46). has been disputed (21). In contrast, a late-stage
Concerning the involvement of PLD in fusion step might be regulated in a kinase-
the regulation of the mTORCL1 substrate S6K1 imependent way by mTOR, through a yet-to-be
differentiating L6 cells, additional levels of identified secreted factor (55). Moreover, the
complexity are emerging. S6K1 kinase existsnitial observations of mTOR implication in
under two forms, which are produced byrapamycin effect on myogenesis implied that
translation of a single mRNA with usage of twosignaling through mTORC1 was critical in the
different translational start sites (47). It isprocess, as rapamycin was considered to
noticeable that the kinetics of activation of theselectively target this complex. The later
two S6K1 isoforms were different, p85 reachingrecognition that persistent inhibition by
a maximal phosphorylation at 10 minutes, vs. 40apamycin can affect the assembly of mMTORC2
minutes for p70 (Fig.1A), suggesting thatcomplex (3) raised the question of whether
different mechanisms could be involved. Indeedrapamycin exerted its inhibitory effect on
whereas PLD activates the p70-SK1 isoforndifferentiation by modulating mTORC2 (4).
entirely through mTORCL1 activation, as shown We had previously shown that PLD
by complete suppression of AVP- oractivity and PA production are required for
propranolol-induced p70 phosphorylation bymyogenic differentiation. Here, we confirm this
rapamycin  treatment, the p85 isoformfinding by showing that adenovirus-mediated
phosphorylation is incompletely sensitive toPLD1 overexpression enhances differentiation,
rapamycin inhibition, and is thus in partwhereas a PLD1-specific synthetic inhibitor, or
independent of MTORCL1. A direct activation ofan isoform-aspecific PLD inhibitor, both potently
S6K1 by PA, bypassing mTORC1, has beemprevent differentiation. We therefore examined
proposed by others, although the possibility of ¢he hypothesis that modulation of mTOR
differential sensitivity of the two isoforms was complexes is responsible for the positive effects
not considered (48). The present results suggest PLD on differentiation. We observed, by
that p85 can be the S6K1 isoform submitted tasing selective siRNA silencing, that only
direct activation by PLD-produced PA. The twomTORC2 complex is positively involved in
S6K1 isoforms thus appear to be differentiallydifferentiation, in agreement with what described
regulated in skeletal myoblasts, as describely others in C2C12 cells (4) and human primary
previously in cardiomyocytes (49,50). In line myoblasts (56), and that, in the opposite,
with a differential regulation of the two forms, mTORC1 complex has a negative effect on
their subcellular localization has been reported tdifferentiation. This latter observation is
be different, the p70 isoform being consistent with the reported negative regulation



exerted by mTORC1 on mTORC2 throughinhibition resulting from mTORC2 disassembly.
S6K1-mediated T1135 phosphorylation of RictorThus, there seem to exist a number of differences
(33,34), and with our observation of a negativédbetween L6 and C2C12 myogenic cell models,
effect of S6K1 overexpression on differentiation regarding the signaling set in motion at the onset
In further support to this model, we verified thatof differentiation. In particular, the role of Akt
AVP stimulation of L6 cells induced a rapid seems to bemuch less critical in initiation of L6
phosphorylation of Rictor on T1135, the residudifferentiation, and the autocrine activation of
targeted by S6K1, and that this effect wadifferentiation by IGF-2 is not the target of
reproduced by S6K1 overexpression. rapamycin in L6, in agreement with the
The fact that PLD can activate bothpreviously reported suppression of  L6A1
mTOR complexes which act in an opposite waynyoblast differentiation by rapamycin in the
on differentiation raises the question of how PLDpresence of IGF-1 (18).
action can result in a positive response. Since As for the mTORC2 effector(s) involved
MTORC2 is known to activate mTORCL1 via thein L6 cell differentiation, other proteins
Akt-mediated phosphorylation and inactivationidentified as targets of mTORC2 (57) could be
of two negative regulators, the TSC complex andonsidered, especially PKC because of the
the PRAS40 protein (35,57), mTORCIlimportance of PKCs in myogenic response (24).
activation might be viewed as a negativewe observed a rapid phosphorylation of the HM
feedback loop limiting the extent of mMTORC2-motif of PKCa, a mTORC2 target (59), in
stimulated differentiation. Thus, activation ofresponse to AVP stimulation. This response was
mTORC2 appears to be a possible pathwasttenuated by S6K1 overexpression, and by
through which PLD activity participates, togethergeneral mTOR inhibitors, as expected for a
with other signals, in myogenic differentiation. mTORC2-mediated  event. Besides, we
The ability of PLD overexpression to revert inestablished that PKC is required for
part the inhibition of myogenin expressionmyogenesis, by showing that its depletion
induced by prolonged rapamycin treatment, i.estrongly inhibits myogenin expression. Since
by mTORC2 disassembling, is consistent withprevious studies have demonstrated that
this proposal. _ mTORC2-dependent phosphorylation of RKC
It is not clear which effector(s) js essential for the stability and activity of the
downstream mTORC2 are involved inprotein (60), we can propose that mTORC2 is
differentiation. In C2C12 cells, Akt seems to beipyolved in myogenic differentiation through its
the candidate, because ectopic expression gkects on PK@. It is interesting to note that
constitutively active Akt rescues differentiation KCua is an activator of PLD1 (61), and could

of cells depleted in Rictor, and, although Withthereby participate in a positive feedback loop. In
much de_Iay and mcomplet_ely, of cells treated b3éupport to this assumption, we had observed a
(rjggamycmb(4). In A\r/1P-st|ml_JIated| Li cellsk, WE significant decrease in PLD response to AVP
Id not observe such a major role for AKL, asfer pgc down-regulation induced by a 24h
shown by limited effects of PI3K inhibitomsn ;57\ TpA-treatment (25). Another possible
differentiation, by an absence _of correlation ifferentiation promoting pathway downstream
between Akt-S473 p'hosphorylatu')n status ang,toRrc2 might involve actin cytoskeleton
the extent Of. myogenic response in the PreéSentBarrangements. mMTORC2 has indeed been
of wortmannin or rapamycin plus insulin, and by.enqreq to regulate actin polymerization (59,62),

the modest effects of Akt or PI3K 5,4 \ve have reported that PLD is involved in the

overexpression on ear!y myogenesis steps. W mation of stress fibres in differentiating L6
line with these observations, it has been report yoblasts (25)

that overexpression of a dominant-negative Akt Because PLD activity in mammalian

mutant in primary mouse myoblasts had NnQ.gq ig ensured by two different isoforms, PLD1

noticeable effect on the levels and timing ofy, PLD2, which exhibit different regulations

expression of dlﬁerentlayon _markers and _Ce”and subcellular locations, the question of the
fusion (58). Moreover, in view of the mild

inhibition of Akt function in L6 myotubes under respective role of the two isoforms in mTOR
regulation and myogenic differentiation can be
MTORC2 blockade by pharmacological gu'at yogenic o 1att

inhibi di q he ki ) 3 _raised. The issue of whether one of PLD
inhibitors directed at the kinase site (37), itisoforms is more related to mTOR regulation has

Seems .unlikely that the 'drastig effect Ofbeen extensively discussed (5,6). It appears that,
rapamycin on myogenesis is mediated by Akt



depending on the particular system considereg¢omplex. In addition, PLD1 might directly
either PLD isoform can ensure mTOR activationimpinge on the longer p85 isoform of S6K1,
In the present work, we observed that, in Lossibly through PA binding, suggesting that this
model, mTOR activation and myogenicisoform might have a specific role in
differentiation were both more sensitive to PLD1differentiating myoblasts, which deserves further
than to PLD2 expression changes or inhibition. investigations. In view of the role played by the
On the whole, it appears that PLD, andPLD/mTOR pathway in major muscle functions,
more specifically the PLD1 isoform, is involved including myogenic differentiation, PLD may
in an intricate regulation of the mTOR system inconstitute a critical factor for muscle tissue
differentiating L6 myogenic cells (Fig.10). This maintenance and regeneration, and be considered
regulation participates in the control of myogenicas a potential therapeutic target in disorders
response, both positively through mTORCZ2affecting this tissue.
complex, and negatively, through mTORC1
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FIGURE LEGENDS

Fig. 1.PLD is required for S6K1 phosphorylation. (A) Left panel: as a control for the
immunodetection of S6K1 isoforms, L6 myoblasts weaesfected with pMT2-S6K1, that expresses
both p85- and p70-S6K1 (52), or empty pMT2 vediar 48 hours, lysed and analyzed by Western
blotting for total and T389/T412-phosphorylated 36Khe blots show that both p70 and p85
isoforms can be detected by the anti-protein adfitend by the anti-phosphoprotein antibody. Right
panel: L6 myoblasts were serum starved overnigittaated with 10M AVP for the indicated time,
cell lysates were analyzed as above. (B) Westatoblcells transfected with 50 nM control siRNA,
Raptor- or Rictor-siRNA and stimulated for 40mirsiteith 10°M AVP. (C) and (D) Cells were
serum-starved overnight and pretreated or not WBBo 1-butanol (BuOH1) or 2-butanol (BuOH2)
for 30 minutes before 40 minute-stimulation by’ MVAVP, or 100 uM diC8-PA, or 100 uM
propranolol (propra). (E) Cells were transfectethvO nM control siRNA, or PLD1-siRNA or
PLD2-siRNA for 48 hours, serum starved overnight] atimulated by AVP for 40 minutes.
Quantitative RT-PCR was performed to assess timezf€y of PLD1 and PLD2 knockdown (left
diagram: meansS.E.M. of at least 4 determinations). The cell fgsavere analyzed by Western blot
(right panel). (F) Cells were infected with GFP+ao\rus, or PLD1-adenovirus, or PLD2-adenovirus
at a multiplicity of infection (MOI) of 100, for 4Bours, serum starved overnight, and stimulated by
AVP for 40 minutes. The cell lysates were analylagdVestern blot (right panel). The efficiency of
PLD overexpression was assessed in control Weltets of cells infected at various MOIs, probed
with either anti-PLD1 antibody, or anti-HA tag d@udy for recombinant PLD2 detection (left panel).
(G) Cells were shifted to serum-free medium andtprated for 40 minutes with 100 nM rapamycin
(rapa), before 40 minute treatment with’2@ AVP or 100 uM propranolol (propra). The cell &ges
were analyzed by Western blotting for total and ¥3812-phosphorylated S6K1.

The diagrams show the quantification of Rictorpt®g or phospho-S6K1 isoforms in the
Western blot above, after normalization by eithiutin or the S6K1 proteins. ( means + S.E.M. of 3
determinations except diagram G right : data of@xperiment representative of two performed).
*significantly different from control cells, P<0.0%: P<0.01.

Fig.2. mTORC2 and Akt are activated in a phospholipse D-dependent way(A) Cells were
serum-starved overnight and stimulated for thecaugid time with 10M AVP, or 100 UM diC8-PA,
or 100 uM propranolol (propra). Cells lysates waibjected to Western blotting analysis for totat Ak
protein and S473-phospho-Akt. As a positive contia effect of insulin is shown in the upper blot,
lane on the right. (B) Cells were infected with GAHPLD1- or PLD2-adenovirus for 48 hours, serum-
starved overnight, treated with"iM AVP for 7 minutes, and analyzed by Western bigt(C) and
(D) Cells were transfected with 50 nM control siRNk PLD1-siRNA, or PLD2-siRNA, or Raptor-
siRNA, or Rictor-siRNA for 48 hours, serum-stan@arnight, treated with 10M AVP for 7
minutes, and analyzed by Western blotting. (E) e#ated with 100 nM rapamycin (rapa) for 24
hours were stimulated with T0M AVP or 100 uM propranolol (propra) for 7 and ®ihutes
respectively, and subjected to Western blottindyasiga

The diagrams show the quantification of phospho3S4kt in the Western blot above, after
normalization by Akt protein amount ( means + S.Edf3 determinations; *significantly different
from control cells, P<0.05).

Fig.3. PLD activity is required for in vitro myogenic differentiation. (A) [*H]-palmitic acid -

labeled cells were pre-treated for 15 min by 1%ufiabol and various PLD inhibitors: non isoform-
specific FIPI, PLD1-specific I-PLD1, PLD2-specifie®>LD2. Tritiated phosphatidylbutanol formed
was quantified after 10 min stimulation by 181 AVP. PLD activity is expressed as the percentaige
radioactivity in phosphatidylbutanol relative tai@activity in total phospholipids (* different fro
AVP-stimulated cells, P<0.05)B) L6 cells were cultured in the presence of’ MAVP for 48

hours, with varying concentrations of PLD inhibiteiPl. Cells were lyzed and proteins were
subjected to Western blot analysis of myogeninesgion. (C) L6 cells were cultured in the presence
of 10° M AVP for 48 hours , with varying concentratiorfsRi_D1-specific inhibitor (left panel), or
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PLD2-specific inhibitor (right panel). Cells werngzéd and proteins were subjected to Western blot
analysis of myogenin expression ( means + S.E.N3. adterminations; *significantly different from
cells + AVP, P<0.05). (D) Immunofluorescence micasy of nuclear myogenin in non-infected L6
cells (NI), cells infected with adenovirus codimy GFP (Ad-GFP), hPLD1 (Ad-PLD1) or hPLD2
(Ad-PLD2) and cultured in the presence of AVP f8rhd Total nuclei were visualized by DAPI
staining. Differentiation was assessed by the npeacentage of myogenin-positive nuclei,
determined in 10 fields. * significantly differefitom control cells, P< 0.001. Bar = 40 pm.

Fig.4. Myogenic differentiation is regulated in anopposite way by mTORC1 and mTORC2(A)
Cells were cultured for 48 hours in the presencBI3fM AVP with or without 100 nM rapamycin :
myogenin mMRNA level was measured by quantitativeHTIR, myogenin protein content was
evaluated by Western blotting analysis, and myagantclear accumulation by immunofluorescence
microscopy. Bar = 40um. (B) L6 cells were transddotvith control sSiRNA, Raptor siRNA, or Rictor
SiRNA for 48 hours, and then stimulated by AVPddditional 48 hours. The percentage of myogenin
positive nuclei was measured by immunofluorescemceoscopy ; shown are the means of 3
independent experiments, with 10 fields consid@mexhch condition. * significantly different from
control cells, P< 0.02. Bar = 40 pum. The amounhgbgenin was evaluated by Western blotting. (C)
MRNA levels of myogenin and troponin were measime&T-qPCR, and myogenin protein levels
were evaluated by Western blotting in L6 myoblastsrexpressing S6K1 or transfected with the
empty vector. *significantly different from controglls, P<0.05. (D) The levels of phospho-T1135-
Rictor were evaluated by Western blotting in Ldsxstimulated for different times by AVP. (E) The
levels of phospho-T1135-Rictor were evaluated ircelis overexpressing or not S6K1. *significantly
different from control cells, P<0.05.

Fig.5. The IGF/PI3K/Akt pathway is not involved in the first steps of AVP-induced L6 cell
differentiation. (A) L6 myoblats were treated with 100 or 500 nMrte@annin, or 20 nM rapamycin

in the presence of 40 nM IGF-2 or 100 nM insugingd stimulated with 10M AVP for 48 hours.
Immunofluorescence staining of nuclear myogenin pexformed. The percentage of myogenin
positive nuclei relative to total number of nuaealuated on phase contrast images was calculated o
ten fields (Bar = 20 um). Shown are control Wastdots of Ph-S473-Akt, verifying that 100 nM
wortmannin blocked Akt activation in our conditioi$he effect of the PI3 kinase inhibitor ZSTK474
on myogenin protein expression was evaluated bytéfeslotting in L6 cells stimulated for 48 h by
AVP. *significantly different from control cells,<®.05. (B) Cells were transfected with Akt or

empty vector for 48 hours, stimulated with”I@ AVP for 48 hours, and nuclear myogenin
immunostaining was performed and quantified retatov DAPI stained total nuclei. Bar = 40 pm. As

a control of Akt overexpression, Western blottimglgsis of Akt protein was performed on cell
lysates. (C) Cells were transfected with empty seair kinase-dead PI3 kinase (PI3K-KD), or
constitutively active PI3 kinase (PI3K-CA) for 48urs, stimulated with 10M AVP for 48 hours,

and nuclear myogenin immunostaining was perfornmetiquantified relative to DAPI stained total
nuclei. Bar = 40 um. (D) L6 myoblats were treatedat with 100 nM rapamycin in the presence or
absence of I0M AVP for 2 or 4 days. Cell lysates were analyfmdGF-2 content by Western
blotting (upper blot: representative result of IGE! content at day 2). Diagrams show the
quantitation of IGF2 bands, normalized by tubutireéins £S.E.M. of three independent experiments).
Alternatively, RNA was extracted and IGF-2 mRNA tamt evaluated by RT-PCR (lower blots).

Fig.6. PKCa is phosphorylated on Serine 657 in response to AV&imulation, and is required

for differentiation. (A) The levels of phospho-S657-PK@Qvere evaluated by Western blotting in L6
cells stimulated for different times by AVP. (B)f&fts on AVP-induced PKe&Cphosphorylation of
mTORC2 down-regulation induced by Rictor-siRNA {lp&nel), or 24 h-100 nM rapamycin
treatment, or 40 min treatment by mTOR inhibito2BP at 250 nM (right panel). (C)
Phosphorylation of PK&€ on S657 was evaluated in cells overexpressingo®6K1. (D) The effects
of siRNA-mediated PK@ depletion on myogenin protein expression was etatlin AVP
stimulated L6 cells by Western blotting. The cohtfoPKCa silencing efficiency is shown.
*significantly different from control cells, P<0.05
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Fig.7. PLD overexpression overcomes rapamycin-inded inhibition of L6 myoblast
differentiation. L6 myoblast were infected with adenoviruses enmpdsFP (Ad-GFP), or PLD1
(Ad-PLD1), or PLD2 (Ad-PLD2), and then treated with nM rapamycin (rapa), in the presence of
107 M AVP for 48 hours. Cells lysates were analyzed/gstern blotting for myogenin expression.
Myogenin bands were quantitated and normalizedubulin amounts. *significantly different from
control cells, P<0.05.

Fig.8. Proposed model for the implication of PLD-mdiated modulation of the mTOR system in
myogenic differentiation of L6 cells.1: PA produced by the action of PLD binds to, antivates,
MTORCL1. In turn, this complex activates S6K1, irtipalar the p70 isoform. 2: PA may also act
directly upon the p85 S6K1 isoform. 3: PA alsowatits mTORC?2. 4: this complex then ensures the
phosphorylation of Akt on S473, and through thévatibn of another effector, possibly PiKC
promotes myogenin expression and early myogerierdifitiation. Akt activation might rather
influence late steps of myotube maturation. 5: mOQRXxerts a negative effect on mTORC2,
mediated by S6K1, possibly acting by Rictor phospladion on T1135.
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