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Summary. Background: Rapamycin, an inhibitor of mam-

malian target of rapamycin complex-1 (mTORC1),

reduces platelet spreading, thrombus stability, and clot

retraction. Despite an important role of mTORC1 in

platelet function, little is known about how it is regulated.

The objective of this study was to determine the signaling

pathways that regulate mTORC1 in human platelets.

Methods: Mammalian target of rapamycin complex-1

activation was assessed by measuring the phosphorylation

of its downstream substrate ribosomal S6 kinase 1

(p70S6K). Results: Thrombin or the protein kinase C

(PKC) activator phorbal 12-myristate 13-acetate stimu-

lated activation of mTORC1 in a PKC-dependent, Akt-

independent manner that correlated with phosphorylation

of tuberin/tuberous sclerosis 2 (TSC2) (Ser939 and

Thr1462). In contrast, insulin-like growth factor 1 (IGF-

1)–stimulated TSC2 phosphorylation was completely

dependent on phosphoinositide 3 kinase (PI3 kinase)/Akt

but did not result in any detectable mTORC1 activation.

Early (Ser939 and Thr1462) and late (Thr1462) TSC2

phosphorylation in response to thrombin were directly

PKC dependent, whereas later TSC2 (Ser939) and

p70S6K phosphorylation were largely dependent on para-

crine signaling through P2Y12. PKC-mediated adenosine

diphosphate (ADP) secretion was essential for thrombin-

stimulated mTORC1 activation, as (i) ADP rescued

p70S6K phosphorylation in the presence of a PKC inhibi-

tor and (ii) P2Y12 antagonism prevented thrombin-medi-

ated mTORC1 activation. Rescue of mTORC1 activation

with exogenous ADP was completely dependent on the

Src family kinases but independent of PI3 kinase/Akt.

Interestingly, although inhibition of Src blocked the ADP

rescue, it had little effect on thrombin-stimulated p70S6K

phosphorylation under conditions where PKC was not

inhibited. Conclusion: These results demonstrate that

thrombin activates the mTORC1 pathway in human

platelets through PKC-mediated ADP secretion and sub-

sequent activation of P2Y12, in a manner largely indepen-

dent of the canonical PI3 kinase/Akt pathway.

Keywords: P2Y12 purinoceptor; platelets; protease-activated

receptors; protein kinase C; target of rapamycin complex 1.

Introduction

Rapamycin (Sirolimus) and its analogs (CCI-779,

AP23573, and RAD001) are currently used in the clinic

as immunosuppressants to prevent rejection of organ

transplants, on drug-eluting stents to prevent restenosis

after angioplasty, and as treatment for some forms of

cancer. The target of rapamycin is the multiprotein com-

plex mammalian target of rapamycin complex 1

(mTORC1), which is composed of the Ser/Thr kinase

mTOR (FRAP), raptor (regulatory associated protein of

mTOR), mLST8 (GbL), Ti1/Tel2 complex, and the

negative regulators DEPTOR (Dep domain containing

mTOR interacting protein) and PRAS40 (proline-rich

Akt substrate 40) [1–3]. Activation of this complex ulti-

mately results in the phosphorylation of the mTOR sub-

strates p70S6K (ribosomal S6 kinase 1) and 4E-BP1

(eukaryotic translation initiation factor 4E-binding pro-

tein 1), leading to regulation of growth processes such as

transcription, protein synthesis, nutrient transport, and

autophagy.

Mammalian target of rapamycin complex-1 integrates

multiple inputs from mitogens and nutrient sensing,
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which converge predominantly on the TSC1 (hamartin/

tuberous sclerosis 1)/TSC2/Rheb axis [4]. Rheb is a small

GTPase that relays upstream signals to modulate

mTORC1 activity. Rheb is inhibited by the GAP activity

of the TSC1-TSC2 complex, which promotes the turnover

of GTP to GDP. The Rheb-GAP activity of TSC2 is in

turn inhibited by Akt-dependent phosphorylation on

Ser939 and Thr1462 in response to growth factor stimula-

tion. Loss of TSC1-TSC2, such as in the cancer-prone

syndrome tuberous sclerosis complex, results in Rheb

becoming constitutively loaded with GTP, rendering the

mTORC1 pathway active.

Historically, there has been little interest in the

mTORC1 pathway in platelets. As these short-lived,

anucleated cells do not possess a cell cycle and were

generally considered to have little capacity (or require-

ment) for protein synthesis. Recently, interest in

mTORC1 in platelets has been renewed for the follow-

ing reasons. First, a series by Weyrich et al. [5–7] dem-

onstrated that platelets can perform signal-dependent

protein synthesis using a constitutive transcriptome. Fur-

ther, rapamycin was found to inhibit synthesis of a sub-

set of protein products in activated platelets [6]. Second,

rapamycin has been demonstrated to inhibit platelet acti-

vation, thrombin-mediated platelet clot retraction, and

thrombus stability and remodeling [6,8,9]. And, third,

the observation was made that rapamycin-eluting stents

may have antiplatelet properties, as platelets do not

aggregate on the surfaces of such stents as they do in

non-coated stents [10,11].

Despite the growing use of mTOR inhibitors in the

clinic and their effects on platelet function, little is known

of how mTORC1 activation in platelets is regulated. In

this study, we aimed to elucidate the signaling pathways

involved in the activation of mTORC1. We determined

that (i) the mTORC1 regulator TSC2 is phosphorylated

in platelets in response to agonist stimulation, but that

phosphorylation of TSC2 alone is not sufficient for

mTORC1 signaling and (ii) that mTORC1 activation by

thrombin requires PKC-mediated ADP secretion and

subsequent activation of P2Y12.

Materials and methods

Materials

pSer473 Akt, pThr202/Tyr204 ERK (extracellular signal-

regulated kinase), pSer65 4EBP1, pSer9 GSK3b (glycogen

synthase kinase 3), pThr389 p70S6K, pThr246 PRAS40,

PKC phospho-motif (used for analysis of pleckstrin phos-

phorylation), pThr1462 TSC2, and pSer939 TSC2 anti-

bodies were from Cell Signaling Technologies (New

England Biolabs, Hitchin, UK). p70S6K (H-9) and

p70S6K (C-18) were from Santa Cruz (Insight Biotech-

nology, Wembley, UK). FITC-conjugated PAC-1 anti-

body and PE-conjugated anti–P-selectin (CD62P) were

from BD Bioscience (Oxford, UK). MK-2206 2HCl was

from Selleckchem (Stratech, Newmarket, UK). AR-C

66096 tetrasodium salt, bisindolylmaleimide I (BIM I),

H89, MRS 2279, PD98059, rapamycin, SL 327, SQ

22536, U0126, U46619, VU 0155069, VU 0364739

hydrochloride, and wortmannin were from Tocris (Avon-

mouth, UK). Protease activated receptor (PAR)1 activat-

ing peptide (SFLLRN-NH2) was from Bachem (Weil am

Rhein, Germany). IGF-1 was from Immunological and

Biochemical Test Systems (Binzwangen, Germany). Cross-

linked collagen-related peptide (CRP-XL) was synthesized

by Prof. Richard Farndale (Department of Biochemistry,

University of Cambridge, UK). Microcystin-LR was from

Axxora (Nottingham, UK). Enhanced chemiluminescent

detection reagents were from GE Healthcare (Bucks,

UK). Peroxidase-conjugated secondary antibodies were

from Jackson Immunoresearch (Stratech, Newmarket,

UK). NuPAGE SDS-PAGE (sodium dodecyl sulfate-

polyacrylamide gel electrophoresis) sample buffer was

from Invitrogen (Paisley, UK). All other reagents were

from Sigma (Poole, UK) unless otherwise indicated.

Platelet isolation

Blood was drawn into 4% trisodium citrate (1:9) from

healthy drug-free volunteers in accordance with approved

guidelines and with ethical approval granted by the

local research ethics committee, University Hospitals Bris-

tol NHS Foundation Trust (E5736). Written, informed

consent was obtained in accordance with the Declaration

of Helsinki. Platelets were isolated from whole blood as

previously described [12] and resuspended at 4 9

108 mL�1 in modified HEPES-Tyrode buffer (145 mmol

L�1 NaCl, 3 mmol L�1 KCl, 0.5 mmol L�1 Na2HPO4,

1 mmol L�1 MgSO4, 10 mmol L�1 HEPES, pH 7.2,

0.1% [w/v] D-glucose, 0.02 U mL�1 apyrase, and 10 lmol

L�1 indomethacin).

Flow cytometry

Two-color analysis of the kinetics of platelet activation

was conducted with the FITC-conjugated PAC-1 anti-

body to assess integrin aIIbb3 activation and PE-conju-

gated anti-P-selectin (CD62P) to assess a-granule
secretion as previously described [13]. Aliquots of plate-

lets (2 9 107 mL�1) were treated with vehicle (0.2%

DMSO) or rapamycin (200 nmol L�1) for 15 min before

stimulation with thrombin (0.2 U mL�1) at time ‘zero.’

At different time points, a fixed volume of platelets was

removed and incubated with FITC–PAC-1 and PE–anti–
P-selectin for 30 s before the addition of 1% formalde-

hyde. Samples were analyzed on a BD LSR II (BD

Bioscience) using FACSDiva software (BD Bioscience,

Oxford, UK), and a total of 10 000 platelet events per

sample were collected. Data were analyzed using Flowing

Version 1.6 software (Cell Imaging Core, Turku Centre
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Fig. 1. Activation of mTORC1 by thrombin is delayed and correlates with the effect of rapamycin on later platelet activation events. Washed

platelets were preincubated with either vehicle (0.2% DMSO) or rapamycin (200 nmol L�1) for 15 min. For platelet activation kinetic assays

platelets were stimulated with 0.2 U mL�1 thrombin for indicated times before staining with FITC–PAC-1 and PE–anti–P-selectin. Samples

were fixed in 1% formaldehyde and analyzed by FACS analysis. Results are expressed as mean � SE of percentage maximal fluorescence of

vehicle-treated platelets. **P < 0.01, indicating a significant difference from vehicle at the matching time point (A, B). Clot retraction assays

were started by adding platelets (3 9 108 mL�1) in the presence of 1 mg mL�1 fibrinogen and 1 mmol L�1 CaCl2 to thrombin (final concentra-

tion 1 U mL�1). Platelets were treated with vehicle (0.2% DMSO) or rapamycin for 15 min before starting the assay. Clot retraction was

recorded by digital camera and by measurement of the amount of fluid that could be removed. Data are expressed as a percentage of the

amount of fluid removed from the vehicle control. **P < 0.01, indicating a significant difference from vehicle (C). Washed platelets were incu-

bated with either SFLLRN (5 lmol L�1), thrombin (0.2 U mL�1), CRP-XL (5 lg mL�1), or U46619 (1 lmol L�1) for 15 min (D) or thrombin

(0.2 U mL�1) for the indicated times (E) before extraction. Phosphorylation of the indicated proteins was assessed by Western blotting of

either whole cell lysates or immunoprecipitates (IP). Membranes were reprobed for a-tubulin to confirm equal loading.
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for Biotechnology, Turku, Finland). Data are expressed

as a percentage of maximal fluorescence in vehicle condi-

tions.

Clot retraction

Clot retraction studies were performed in aggregometer

tubes. Assays were started by adding platelets

(3 9 108 mL�1) in the presence of 1 mg mL�1 fibrinogen

and 1 mmol L�1 CaCl2 to thrombin (final concentration

1 U mL�1). Platelets were treated with vehicle (0.2%

DMSO) or rapamycin for 15 min before starting the

assay. Clot retraction was observed for 120 min and the

extent of clot retraction recorded by digital camera and

by the amount of clear liquid that could be removed at

the end of the assay. Data are expressed as a percentage

of the amount of fluid removed from the thrombin-

treated vehicle control.

Protein extraction

Platelets were treated with vehicle (0.2% DMSO) or com-

pound for 15 min and stimulated as indicated. Platelet

suspensions were either lysed directly in 49 NuPAGE

sample buffer (whole cell lysate) or extracted with an

equal volume of ice-cold RIPA buffer (50 mmol L�1 HE-

PES, pH 7.4, 400 mmol L�1 NaCl, 2 mmol L�1 EDTA,

2% [v/v] IGEPAL CA-630, 1% [w/v] sodium deoxycho-

late, 0.2% [w/v] SDS, 40 mmol L�1 sodium b-glycerol
phosphate, 20 mmol L�1 sodium pyrophosphate, 2 mmol

L�1 benzamidine, 2 lmol L�1 microcystin-LR, 10 mmol

L�1 sodium orthovanadate, and 2 lg mL�1 each of pep-

statin, antipain, and leupeptin) for immunoprecipitation

of p70S6K.

Immunoprecipitation and immunoblotting

p70S6K was immunoprecipitated from RIPA lysates as

previously described [14]. Immunoprecipitates and whole

cell lysates were analyzed by SDS-PAGE/Western blot-

ting using 7% Tris-glycine and 8% Bis-Tris gels, respec-

tively, as previously described [15,16]. For quantification

of immunoblotting; densitometry was performed using

ImageJ software (NIH, Bethesda, MD, USA). Data are

expressed as a percentage of the maximal signal obtained

in the vehicle control (mean � SE).

Statistics

All data are presented as the mean � SE of at least three

independent observations. Data presented with statistical

analysis were tested using a one-way ANOVA or two-way

ANOVA as appropiate with either Dunnett or Bonferroni

post hoc tests.

Results

Activation of mTORC1 by thrombin is delayed and

correlates with the effect of rapamycin on later platelet

activation events

To confirm and extend previous observations for a role

of mTORC1 in platelet function, we examined the effect

of rapamycin on integrin aIIbb3 activation, P-selectin

expression, and clot retraction. In agreement with our

previous study [14], demonstrating that rapamycin is

unable to inhibit PAR-mediated platelet aggregation, we

observed that rapamycin had no significant effect on both

early thrombin-induced integrin aIIbb3 activation, as mea-

sured by PAC-1 binding (Fig. 1A) or P-selectin expres-

sion (Fig. 1B). In contrast, we saw a small decrease in

later integrin aIIbb3 activation (Fig. 1A, 20 min) and

almost full blockade of clot retraction (Fig. 1C), suggest-

ing that mTORC1 is mainly involved in later platelet

functional events.

A well-characterized signaling pathway leading to

mTORC1 activation is the insulin/PI3 kinase pathway.

Akt activation downstream of PI3 kinase leads to TSC2

phosphorylation on Ser939 and Thr1462, which sup-

presses the inhibitory effect of TSC2-GAP on Rheb, lead-

ing to increased mTORC1 activation [17,18]. To

investigate the involvement of this pathway in mTORC1

activation in platelets, we examined the phosphorylation

of TSC2 in human platelets. Stimulation of platelets with

various agonists including thrombin, CRP-XL, and the

thromboxane A2 analog U46619 stimulated TSC2 phos-

phorylation on Ser939 and Thr1462 and concomitant

phosphorylation of p70S6K on Thr389 (Fig. 1D). Throm-

bin stimulation further resulted in phosphorylation of

Akt (Ser473) and its downstream substrate, the mTORC1

component PRAS40 (Thr246). Timecourse experiments

established that stimulation with thrombin resulted in

rapid phosphorylation of TSC2 on both Ser939 and

Fig. 2. Akt-independent, PKC-dependent phosphorylation of p70S6K. Washed platelets were incubated with vehicle (0.2% DMSO), wortman-

nin (100 nmol L�1), MK-2206 (1 lmol L�1), BIM I (10 lmol L�1), or rapamycin (200 nmol L�1) for 15 min before stimulation with thrombin

(0.2 U mL�1) for 15 min (A) or with vehicle (0.2% DMSO), wortmannin (100 nmol L�1), AR-C 66096 (1 lmol L�1), or BIM I (10 lmol L�1)

for 15 min before stimulation with thrombin (0.2 U mL�1) for 1 or 15 min (B). Phosphorylation of the indicated proteins was assessed by wes-

tern blotting of either whole cell lysates or immunoprecipitates (IP). Membranes were reprobed for a-tubulin to confirm equal loading. The bar

graphs depict quantification of pTSC2 at Ser939 and Thr1462 (ratio phosphorylated/loading control) and pp70S6K at Thr389 (ratio phosphor-

ylated/total) expressed as a percentage of the maximal signal induced by thrombin in control conditions. *P < 0.05, **P < 0.01, ***P < 0.001,

indicating a significant difference from vehicle control (A) or between vehicle control and inhibitor-treated samples at the matching time point

(B). Results are expressed as mean � SE.
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Thr1462, reaching maximal phosphorylation at 15 min

(Fig. 1E, Figure S1A). In contrast, phosphorylation of

the mTORC1 substrates p70S6K on Thr389 and 4EBP1

on Ser65 was significantly delayed compared to TSC2

phosphorylation, reaching a peak after 15 min. PRAS40

phosphorylation increased in parallel with activation of

Akt, as monitored by increases in pSer473. These results

demonstrate that thrombin stimulates TSC2 phosphoryla-

tion and activation of mTORC1. Furthermore, mTORC1

is likely to be involved in late rather than early thrombin-

mediated platelet activation events due to the observa-

tions that (i) rapamycin has no effect on early integrin

aIIbb3 activation or a-granule secretion, (ii) thrombin-

induced clot retraction is blocked by rapamycin, and (iii)

phosphorylation of mTORC1 substrates by thrombin is

delayed.

Thrombin-mediated TSC2 Ser939 and TSC2 Thr1462

phosphorylation and activation of mTORC1 is largely Akt

independent

Inhibitors of PI3 kinase (wortmannin) or Akt (MK-2206)

reduced thrombin-stimulated TSC2 phosphorylation to

between 20% and 40% of maximal phosphorylation

(Fig. 2A). Interestingly, p70S6K phosphorylation was only

partially inhibited by wortmannin and was unaffected by

MK-2206 under conditions where phosphorylation of Akt

and its downstream substrate PRAS40 were completely

absent (Fig. 2A). In contrast, the generic PKC inhibitor

BIM I blocked both TSC2 and p70S6K phosphorylation.

Rapamycin blocked p70S6K phosphorylation, confirming

that it is an mTORC1 substrate. In view of TSC2 phos-

phorylation being rapid and sustained, we determined the

effects of PI3 kinase and PKC inhibition on early (1 min)

and late (15 min) TSC2 phosphorylation (Fig. 2B). Wort-

mannin only partially inhibited early Ser939 TSC2 phos-

phorylation and failed to inhibit early Thr1462 TSC2

phosphorylation, a result that was mirrored by the P2Y12

antagonist AR-C 66096. In contrast, BIM I ablated both

early and late phosphorylation. The reduction of late TSC2

phosphorylation by wortmannin and AR-C 66096 was also

observed in pleckstrin and extracellular signal-regulated

kinase (ERK) phosphorylation (Fig. 2B, Figure S1B, C).

Together, these results demonstrate that thrombin stimu-

lates TSC2 phosphorylation and activation of mTORC1 in

a PKC-dependent manner that is in part independent of

the PI3 kinase/Akt pathway.

IGF-1 stimulates Akt-dependent TSC2 Ser939 and TSC2

Thr1462 phosphorylation but does not activate mTORC1

The mitogen IGF-1 is a classic agonist of the PI3 kinase/

Akt pathway leading to activation of mTORC1 in many

cell types [19,20]. In platelets, IGF-1 stimulated transient

phosphorylation of TSC2 on Ser939 and Thr1462, which

closely followed phosphorylation of Akt Ser473 and the

Akt substrate PRAS40 (Fig. 3A). Interestingly, despite

robust TSC2 phosphorylation, we were unable to detect

activation of mTORC1 by observation of either pThr389

p70S6K (Fig. 3A) or pSer65 4E-BP1 (data not shown),

suggesting that TSC2 phosphorylation is not sufficient to

activate mTORC1. In contrast to thrombin, IGF-1–stim-

ulated TSC2 phosphorylation was completely dependent

on PI3 kinase/Akt and ablated by both wortmannin and

MK-2206 (Fig. 3B). These results demonstrate that IGF-

1 stimulates Akt-dependent TSC2 phosphorylation but

that this is insufficient to activate mTORC1 in human

platelets.

PKC-dependent ADP secretion is essential for thrombin-

stimulated mTORC1 activity

The strong inhibitory effect of BIM I on thrombin-stimu-

lated TSC2 and p70S6K phosphorylation suggests an
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Fig. 3. IGF-1–stimulated TSC2 phosphorylation is insufficient to

activate mTORC1. Washed platelets were stimulated with IGF-1

(100 nmol L�1) for the indicated times (A) or incubated with vehicle

(0.2% DMSO), wortmannin (100 nmol L�1), MK-2206 (1 lmol

L�1), BIM I (10 lmol L�1), or rapamycin (200 nmol L�1) for

15 min before stimulation with IGF-1 (100 nmol L�1) for 15 min

(B). Phosphorylation of the indicated proteins was assessed by Wes-

tern blotting of either whole cell lysates or immunoprecipitates (IP).

Membranes were reprobed for a-tubulin to confirm equal loading.
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important role for PKC in activation of the mTORC1

pathway. Diverse signaling pathways have been described

that can directly or indirectly modulate mTORC1 activity

[21–24]. Of these, ERK, p90RSK and phospholipase D are

activated downstream of PKC in human platelets [25,26].

To evaluate the role of these pathways in PKC-mediated

TSC2 phosphorylation and mTORC1 activation, we incu-

bated platelets with pharmacological inhibitors of the

MEK/ERK pathway and PLD. Inhibition of MEK

(U0126 and PD98059) or PLD (VU 0155069 [PLD1] and

VU 0364739 HCl [PLD2]) had no significant effect on

TSC2 phosphorylation (Fig. 4A), demonstrating that

ERK, RSK, and PLD do not contribute to thrombin-medi-

ated TSC2 phosphorylation. Although U0126 resulted in a

significant reduction in p70S6K phosphorylation, this was

not observed with the structually unrelated compound

PD98059, indicating that this effect of U0126 is likely to be

off-target. This is supported by the finding that the MEK

inhibitor SL 327 had no significant effect on p70S6K phos-

phorylation (data not shown). Both PLD inhibitors had no

effect on p70S6K phosphorylation. Together, these results

establish that ERK, p90RSK, and PLD do not contribute

to thrombin-mediated mTORC1 activation. An alternative

mechanism by which PKC can regulate platelet function is

by contributing to platelet granule secretion [27], thereby

releasing ADP, which further supports platelet function

through the P2Y1 and P2Y12 receptors. The P2Y12 antago-

nist AR-C 66096, but not the P2Y1 antagonist MRS 2279,

largely prevented thrombin-stimulated TSC2 and p70S6K

phosphorylation (Fig. 4B). In contrast, blocking the other

major amplification pathway, integrin aIIbb3 activation

with Abciximab or RGDS had no effect. The inhibitory

effect of the PKC inhibitor on p70S6K phosphorylation

was completely restored by the addition of ADP, whereas

TSC2 phosphorylation was only partially rescued

(Fig. 4C). Together, these results indicate that PKC con-

tributes to TSC2 phosphorylation and activation of

mTORC1 by promoting ADP secretion and subsequent

activation of P2Y12.

Phorbal 12-myristate 13-acetate stimulates TSC2

phosphorylation and activation of mTORC1 in a PKC-

dependent, Akt-independent manner

To evaluate whether activation of PKC is sufficient for

TSC2 phosphorylation and activation of mTORC1, we

stimulated platelets with the PKC activator phorbal 12-

myristate 13-acetate (PMA). Figure 5A demonstrates that

PMA stimulated rapid TSC2 phosphorylation, which was

sustained for 60 min, whereas p70S6K phosphorylation

was much more delayed (as observed in response to

thrombin in Fig. 2A). Although Akt Ser473 phosphoryla-

tion was detected on long exposures of the film, only very

low levels of PRAS40 phosphorylation could be detected

(Fig. 5A), suggesting that PMA is a weak activator of

Akt. Indeed, inhibitor studies confirmed that PKC, and

not the PI3 kinase/Akt pathway, was involved in PMA-

mediated TSC2 phosphorylation and mTORC1 activity

(Fig. 5B). Earlier, we demonstrate that P2Y12 was

essential for thrombin-stimulated mTORC1 activity

(Fig. 4B). PMA is a very poor platelet secretagogue and,

unsurprisingly, antagonism of P2Y12 with AR-C 66096

had no effect on either TSC2 or p70S6K phosphorylation

(Fig. 5B). This suggests that under non-physiological/

PMA-stimulated conditions, active PKC is directly

responsible for TSC2 and p70S6K phosphorylation and

does not require ADP secretion.

P2Y12 contributes to mTORC1 activity through a PI3 kinase–

independent pathway

The principal signaling pathways activated downstream of

the P2Y12 receptor are Gai-mediated inhibition of adenyl-

ate cyclase activity leading to protein kinase A (PKA)

inhibition and activation of both Src kinases and PI3

kinase [28,29]. In addition, diacylglycerol (DAG) kinase

and potassium channels have been reported to be regu-

lated downstream of P2Y12 [29,30]. Pharmacological mi-

metics of these effect (inhibition of adenylate cyclase with

SQ 22536, PKA inhibition with H89, or blocking DAG

kinase with R59949) did not restore activation of

mTORC1 in thrombin-stimulated platelets in the presence

of BIM I (Fig. 6A). We next investigated whether the res-

cue by ADP could be mimicked by mediators that activate

Gaz and/or the PI3 kinase pathway, respectively [16,31].

Although epinephrine and IGF-1 partially rescued BIM-

mediated inhibition of Akt Ser473 phosphorylation, they

failed to significantly reverse the effect of BIM on p70S6K

phosphorylation (Fig. 6B). Interestingly, there appeared

to be a trend for epinephrine to induce some restoration

of the BIM-mediated inhibition of p70S6K phosphoryla-

tion; however, this did not translate into full rescue and

did not reach significance. Conversely, epinephrine

induced a significant partial rescue of TSC2 phosphoryla-

tion at both Ser939 and Thr1462. Thus, activation of Gaz
or the PI3 kinase pathway alone is insufficient to fully res-

cue BIM-mediated inhibition of mTORC1 activity. In

contrast, we found that the Src kinase inhibitor SU6656

blocked ADP-mediated rescue of p70S6K phosphoryla-

tion (Fig. 7A). Src therefore contributes to p70S6K phos-

phorylation downstream of ADP under conditions where

PKC activity is compromised. Interestingly, SU6656 had

little effect on thrombin-stimulated p70S6K phosphoryla-

tion and did not further reduce p70S6K phosphorylation

in the presence of wortmannin (Fig. 7B), suggesting that

PKC can bypass the requirement for Src downstream of

P2Y12. Taken together, these results demonstrate that

thrombin stimulates mTORC1 activity through PKC-

mediated secretion of ADP and subsequent stimulation of

P2Y12. Under conditions where PKC activity is absent,

thrombin stimulates mTORC1 activity through ADP-

mediated activation of the Src family of kinases.
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Discussion

Despite growing evidence that activation of mTORC1

can alter platelet function, little is known about how this

signaling complex is regulated. In other cell types, it is

well characterized that growth factor–mediated activation

of PI3 kinase and subsequent phosphorylation of Akt

leads to phosphorylation of TSC on Ser939 and

Thr1462, reducing its GAP activity on Rheb and ulti-

mately resulting in the activation of mTORC1 and phos-

phorylation of its downstream substrates [32]. Here, we

demonstrate for the first time that in platelets, TSC2

and mTORC1 substrates are phosphorylated in response

to a wide range of agonists. Further, we find that the

regulation of TSC2 and mTORC1 is highly complex and

differs between platelet stimuli. We found that TSC2 is

phosphorylated at Ser939 and Thr1462 in response to

physiological platelet agonists, the growth factor IGF-1,

and the PKC activator PMA. Phosphorylation of TSC2

mediated by IGF-1 is solely dependent on PI3 kinase/

Akt; conversely, phosphorylation induced by PMA is

independent from PI3 kinase/Akt, despite weak Akt acti-

vation under these conditions. Regulation by the physio-

logical platelet agonist thrombin is more complex. We

found that early (1 min) phosphorylation of TSC2 was

completely blocked by the PKC inhibitor BIM I, not

rescued by the addition of exogenous ADP (data not

shown), and only partially inhibited by loss of PI3

kinase or P2Y12 signaling (Fig. 2B). Whereas late

(15 min) phosphorylation of TSC2, although completely

blocked by the PKC inhibitor BIM I, was partially res-

cued by the addition of exogenous ADP (Fig. 4C). Fur-

ther, loss of PI3 kinase/Akt or P2Y12 signaling resulted

in attenuation of late TSC2 phosphorylation. Interest-

ingly, under these conditions, both wortmannin and AR-

C 66096 reduced phosphorylation of the PKC substrate

pleckstrin (Figs 2B and 4B), suggesting an intricate inter-

play between the PI3 kinase pathway and PKC activa-

tion. Indeed, both P2Y12 and PI3 kinase have been

implicated in sustaining pleckstrin phosphorylation

[30,33,34]. Thus, early TSC2 phosphorylation occurs

through PAR-mediated Gaq activation of PKC, whereas

sustained phosphorylation requires concomitant P2Y12

-mediated GaI activation of PI3 kinase/PKC signaling

(Fig. 8). Our initial experiments showed that loss of PI3

kinase signaling resulted in a partial loss in thrombin-

stimulated p70S6K phosphorylation. In contrast, inhibi-

tion of PKC prevented p70S6K phosphorylation by

blocking PKC-mediated secretion of ADP and subse-

quent P2Y12 activation. However, ADP alone is unable

to induce phosphorylation of p70S6K, suggesting that

PAR and P2Y12 are necessary but individually insuffi-
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Fig. 5. PMA stimulates TSC2 and p70SK phosphorylation indepen-

dently of PI3 kinase/Akt. Washed platelets were stimulated with

PMA (100 nmol L�1) for the indicated times (A) or incubated with

vehicle (0.2% DMSO), wortmannin (100 nmol L�1), MK-2206

(1 lmol L�1), BIM I (10 lmol L�1), or AR-C 66096 (1 lmol L�1)

for 15 min before stimulation with PMA (100 nmol L�1) for 15 min

(B). Blots were performed on whole cell lysates with the exception of

p70S6K which was immunoprecipitated from RIPA lysates. Mem-

branes were reprobed for a-tubulin as a loading control.

Fig. 4. PKC-mediated ADP secretion and subsequent P2Y12 activation are essential for thrombin-induced p70S6K phosphorylation. Washed

platelets were incubated with vehicle (0.2% DMSO), BIM I (10 lmol L�1), U0126 (10 lmol L�1), PD98059 (50 lmol L�1), VU 0155069

(10 lmol L�1), VU 0364739 HCl (10 lmol L�1), MRS 2279 (10 lmol L�1), AR-C 66096 (1 lmol L�1), abciximab (10 lg mL�1), or RGDS

(1 mmol L�1) for 15 min before stimulation with thrombin (0.2 U mL�1) for 15 min (A, B). Washed platelets were incubated with vehicle

(0.2% DMSO) or BIM I (10 lmol L�1) for 15 min before stimulation with thrombin (0.2 U mL�1), ADP (10 lmol L�1), or both for 15 min

(C). Phosphorylation of the indicated proteins was assessed by Western blotting of either whole cell lysates or immunoprecipitates (IP). Mem-

branes were reprobed for a-tubulin to confirm equal loading. The bar graphs depict quantification of pTSC2 at Ser939 and Thr1462 (ratio

phosphorylated/loading control) and pp70S6K at Thr389 (ratio phosphorylated/total) expressed as a percentage of the maximal signal induced

by thrombin in vehicle conditions. *P < 0.05, **P < 0.01, indicating a significant difference from vehicle control (A, B, C). In order to assess

whether significant rescue of the effect of BIM-1 on thrombin stimulation was achieved, sample phosphorylation was compared to phosphory-

lation in thrombin + BIM-1–treated samples. †P < 0.05, ††P < 0.01, indicating a significant difference from thrombin + BIM-1–treated samples

(C). Results are expressed as mean � SE.
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cient to activate mTORC1. Several signaling pathways

have been classically demonstrated to be activated down-

stream of P2Y12, but we ruled out roles for adenylyl

cyclase, PKA, and DAG kinase. Further, activators of

PI3 kinase such as IGF-1 and epinephrine failed to

match the level of rescue induced by ADP, suggesting

that rescue of PI3 kinase activation pathways alone does

not lead to a concurrent rescue of mTORC1 activation.

As recent reports suggest that Src family members are

activated in ADP stimulated platelets [28,35], we also

studied the effect of Src kinase inhibitors. We found that

SU6656 completely prevented ADP-mediated rescue of

p70S6K phosphorylation, demonstrating that Src kinases

play an essential role in thrombin-stimulated mTORC1

under conditions where PKC is blocked. Interestingly, a

recent study described a role for Src in mTORC1 activa-

tion in cells expressing hyperactive Src [36], supporting

the idea that Src can promote mTORC1 activation

under certain conditions. Despite the importance of

P2Y12-mediated activation of Src kinases in the ADP-

mediated rescue of mTORC1 activity, thrombin-mediated

mTORC1 activity was surprisingly unaffected by SU6656

and SU6656 did not further reduce p70S6K phosphory-

lation in the presence of wortmannin. This is an interest-

ing finding, as it demonstrates clear redundancy between

signaling pathways that mediate mTORC1 activity, with

a role for Src kinases only becoming apparent only

under conditions where PKC activity is impaired.

Together, these results show that thrombin is likely to

stimulate mTORC1 activation through synergy between

PKC and a P2Y12-stimulated pathway other than PI3

kinase/Src.

A well-established pathway of growth factor–mediated

mTORC1 activity is Akt-mediated phosphorylation of the

negative mTORC1 regulator PRAS40 at Thr246, resulting

in its dissociation from mTORC1 and Akt-mediated inac-

tivation of Rheb-GAP TSC2 [37]. Interestingly, our

results demonstrate that the PI3 kinase/Akt/PRAS40

pathway is redundant in mTORC1 activation in human

platelets. This is supported by the following findings: (i)

although inhibition of Akt did result in the loss of throm-

bin-mediated PRAS40 phosphorylation, p70S6K phos-

phorylation was unaffected, (ii) PMA-stimulated
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Fig. 6. P2Y12 contributes to mTORC1 activity through a PI3 kinase–
independent pathway. Washed platelets were incubated with vehicle

(0.2% DMSO) or BIM I (10 lmol L�1) in the absence/presence of

SQ 22536 (100 lmol L�1), H89 (10 lmol L�1), or R59949 (1 lmol

L�1) for 15 min before stimulation with thrombin (0.2 U mL�1) (A)

or thrombin (0.2 U mL�1) and ADP (10 lmol L�1), epinephrine

(10 lmol L�1), or IGF-1(100 nmol L�1) for 15 min (B). Blots were

performed on whole cell lysates with the exception of p70S6K, which

was immunoprecipitated from RIPA lysates. Membranes were rep-

robed for a-tubulin as a loading control. The bar graphs depict quan-

tification of pTSC2 at Ser939 and Thr1462 (ratio phosphorylated/

loading control) and pp70S6K at Thr389 (ratio phosphorylated/total)

expressed as a percentage of the maximal signal induced by thrombin

in control conditions. **P < 0.01, indicating a significant difference

from vehicle control(A, B). In order to assess whether significant res-

cue of the effect of BIM-1 on thrombin stimulation was achieved

sample phosphorylation was compared to phosphorylation in throm-

bin + BIM-1–treated samples. †P < 0.05, ††P < 0.01, indicating a sig-

nificant difference from thrombin + BIM-1–treated samples (A, B).

Results are expressed as mean � SE.
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phosphorylation of p70S6K occurred in the apparent

absence of significant PRAS40 phosphorylation, and (iii)

IGF-1 stimulated phosphorylation of Akt and PRAS40

without concomitant p70S6K phosphorylation. The role

of TSC2 phosphorylation in mTORC1 activation is more

controversial. The inability of IGF-1 to activate

mTORC1 despite phosphorylating Akt/TSC2 suggests

that TSC2 phosphorylation is not sufficient for mTORC1

activation. However, we cannot rule out that (i) TSC2

phosphorylation must exceed a critical threshold to per-

mit mTORC1 activation, something that Akt alone can-

not achieve, (ii) PKC phosphorylates additional residues

on TSC2 that are important in mTORC1 activation, (iii)

Akt and PKC phosphorylate different pools of TSC2, of

which only the PKC pool couples to mTORC1, and (iv)

PKC provides an additional signal that is also required

for mTORC1 activation. The observations that (i) throm-

bin-induced TSC2 phosphorylation was partially inhibited

by loss of Akt signaling without loss of p70S6K phos-

phorylation and (ii) that p70S6K phosphorylation was

fully rescued by the addition of ADP on BIM I–treated
platelets without full rescue of TSC2 phosphorylation,

which suggests that TSC2 may be dispensable for throm-

bin-mediated mTORC1 activation. Although controver-

sial, there is a precedent for this in the literature with

activation of mTORC1 by amino acids and noxious stim-

uli requiring Rheb, but not TSC2 [38], and activation of

mTORC1 in glioma cells by AMOG (adhesion molecule

on glial cells) being independent of both Rheb and TSC2

[39]. However, we clearly cannot rule out the possibility

that lower levels of TSC2 phosphorylation are still suffi-

cient to maximally support thrombin-stimulated

mTORC1 activity. Indeed, without the possibility to use

a pharmacological approach to target TSC2 in platelets,

we cannot exclude its role in mTORC1 activation in

platelets.

In conclusion, we demonstrate that TSC2 is activated

downstream of PKC and Akt and that Akt/PRAS40 sig-

naling is dispensable for mTORC1 activation in human

platelets. We also propose a novel model of thrombin-

mediated mTORC1 activation in which PKC and P2Y12

play a key role. Interestingly, there is clear redundancy in
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Fig. 7. Involvement of Src in P2Y12-mediated mTORC1 activation

under conditions of PKC inhibition. Washed platelets were incu-

bated with vehicle (0.2% DMSO) or BIM I (10 lmol L�1) in the

absence/presence of SU 6656 (20 lmol L�1) for 15 min before stimu-

lation with thrombin (0.2 U mL�1) or thrombin (0.2 U mL�1) and

ADP (10 lmol L�1) (A). Washed platelets were incubated with vehi-

cle (0.2% DMSO) or wortmannin (100 nmol L�1) and/or SU6656

for 15 min before stimulation with thrombin (0.2 U mL�1) for

15 min (B). Blots were performed on whole cell lysates with the

exception of p70S6K, which was immunoprecipitated from RIPA

lysates. Membranes were reprobed for a-tubulin as a loading con-

trol. The bar graphs depict quantification of pTSC2 at Ser939 and

Thr1462 (ratio phosphorylated/loading control) and pp70S6K at

Thr389 (ratio phosphorylated/total) expressed as a percentage of the

maximal signal induced by thrombin in control conditions.

*P < 0.05, **P < 0.01, indicating a significant difference vehicle con-

trol (A, B). In order to assess whether significant rescue of the effect

of BIM-1 on thrombin stimulation was achieved, sample phosphory-

lation was compared to phosphorylation in thrombin + BIM-1–trea-
ted samples. ††P < 0.01, indicating a significant difference from

thrombin + BIM-1–treated samples (A). Results are expressed as

mean � SE.
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this system as the role for Src kinases only becomes

apparent under conditions where PKC activity is

impaired.
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