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Regulation of the mTOR-Rac1 axis in platelet function
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Small GTPase proteins regulate cyto-
skeletal dynamics to orchestrate

diverse cellular functions in organismal
physiology, development and disease.
The Rho GTPase family member Rac1
is central to actin-driven processes in a
number of cell types, particularly plate-
lets, where Rac1 serves as an essential
mediator of lamellipodia formation and
thrombus stability. Despite the import-
ance of Rac1 to platelet function, little
is known about how Rac1 activity is
regulated in platelets. We recently
defined the tyrosine-kinase based signal-
ing cascade that activates mTOR to
regulate Rac1 activation downstream of
platelet integrin and glycoprotein recep-
tors. We demonstrated a critical role for
the mTOR-Rac1 axis in regulating plate-
let spreading, aggregation and aggregate
stability under shear. These studies
suggest that in addition to cancer and
transplant medicine, intervention of the
mTOR system may have implications for
hemostatic and thrombotic processes as
well as immunotherapies and intravascu-
lar stent design.

Platelets serve as the primary cellular
mediators of hemostasis and thrombosis.1

These anucleate cellular fragments —
formed from the proplatelet appendages
of megakaryocytic cells in the bone
marrow — circulate through blood as
guardians of vascular integrity. Upon
detecting molecular cues of vessel injury,
platelets halt bleeding by adhering to and
spreading out on extracellular matrix
substrate proteins and aggregating with
other platelets to form hemostatic plugs.
These events are performed through a
carefully regulated change in the shape of

platelets from smooth, biconcave disks
to spheres with filopodial extensions and
lamellipodial structures.

A reorganization of the cytoskeleton is
central to the shape changes that drive
platelet activation and aggregation, and
platelets express abundant Rho GTPase
proteins and regulators necessary for actin
cytoskeletal remodeling and platelet func-
tion.2 Over the past decade, Rho GTPases
have been determined to be critical for
platelet functions in hemostasis. For
instance, activation of RhoA through a
Gq-coupled signaling pathway mediates
Rho kinase and myosin light chain kinase
contractile events important for platelet
shape changes.3 RhoA also plays a role in
maintaining the integrin-mediated adhe-
sion of platelets to substrates under
conditions of physiological shear flow.4,5

Perhaps most notably from a shape change
perspective, Rac1 is required to remodel
the actin cytoskeleton and drive the
spreading and aggregation of platelets.6

Likewise, Rac1 regulators such as the
Rac1 guanine nucleotide exchange factor
(GEF) Vav1 also have key roles in platelet
function and hemostasis.7 Rap1 and its
GEF p115RhoGEF have also been shown
be critical in platelet shape change and
secretion processes.2 More recently, studies
from Cdc42-null mice have shown the
importance of this small GTPase in
platelet PAK kinase activation and sub-
sequent cytoskeletal remodeling events.8

Despite key roles for Rho GTPases
such as Rac1 in platelet function, little is
known about how small GTPase action is
organized and regulated in platelets. The
engagement of platelet integrins, glyco-
protein receptors or G-protein coupled
receptors (GPCRs) triggers a network of
tyrosine kinase activity followed by PLC
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activation and a wave of calcium mobil-
ization.2,9 These signaling events in turn
lead to the coordinated activation of
MAPKs, PI3Ks, Akt, PKC, and small
GTPases such as Rac1. While a system of
tyrosine kinases and effectors immediately
downstream of platelet integrins and
receptors has been extensively investigated,
little in known about how more distal
signals interact and communicate with one
another to regulate the spatial and tem-
poral activation of Rho GTPases as well as
their respective GEFs or GTPase activating
proteins (GAPs).

Over the past several years, studies in
nucleated cell systems have shown that
Rac1 activity is influenced by the mam-
malian target of rapamycin, or mTOR,
system in a variety of cellular contexts.10

mTOR is a serine/threonine protein kinase
well known for regulating cell growth
and differentiation at the level of protein
translation.11 Mitogenic signals of nutrient
availability lead mTOR to phosphorylate
the 70 kD ribosomal protein S6 kinase
(S6K1) as well as the eukaryotic transla-
tion initiation factor 4E-BP1 to integrate
protein translation processes at ribosomes
with cell growth and proliferation.12 Phar-
macological inhibitors of mTOR such as
rapamycin (Sirolimus) are potent anti-
proliferative agents and commonly used
to prevent organ rejection in transplant
medicine. mTOR inhibitors also serve as
antineoplastic agents and are in deve-
lopment for the treatment of several
malignancies.13 While mTOR inhibitors
potently block cell proliferation, mTOR
inhibition also has effects on chemotaxis,
cell migration and invasion processes that
drive cancer metastasis.10 Accordingly,
mTOR inhibitors such as rapamycin
block the growth factor- and nutrient-
directed migration of intestinal cells14 and
smooth muscle cells.15 While the exact
mechanisms by which mTOR contributes
to cell migration are not understood,
mTOR inhibitors have been shown to
block the migration of ovarian cancer and
colon cancer cells in part by inhibiting
Rho GTPase activation in these cells.16,17

These studies, together with others
showing an association of S6K1 with
Rac1 and actin in nucleated cells,18,19 led
us to hypothesize that mTOR controls
Rac1 activation in platelets. While earlier

studies had shown that mTOR in platelets
has specific functions in clot retraction
and thrombus remodeling,20 the role of
mTOR in platelet activation and aggrega-
tion pathways had remained largely
ignored. Pioneering work by the Weyrich
group demonstrates that platelets syn-
thesize proteins in an mTOR-dependent
manner upon activation by fibrinogen
and other substrate ligands.20 Such studies
notably showed that platelets synthesize
Bcl-3, a B-cell lymphoma oncoprotein
with ties to tyrosine kinase activity, in an
mTOR-dependent manner to regulate clot
retraction and thrombus consolidation.21

Additional clues pointing to a role for
mTOR in platelet activities come from
studies of intravascular stents which allude
that rapamycin may have antiplatelet and
antithrombotic properties. Rapamycin is
commonly added to the coating of intrava-
scular stents as an antiproliferative agent
to prevent restenosis in coronary arteries
associated with intravascular stent inser-
tion. Interestingly, some studies of rapa-
mycin-eluting stents have noted that the
surfaces of such stents may have anti-
platelet properties, as platelets do not
aggregate on the surfaces of such stents
as they do in non-coated stents.22 While
this work shows that mTOR inhibitors
such as rapamycin may have antiplatelet
properties, they do not offer a mechanism
of how mTOR relates to platelet throm-
botic functions.

To better understand how Rac1 is acti-
vated in platelets in response to integrin
activation, we examined the coordinated
activation of Src family tyrosine kinases
(SFKs), the mTOR pathway effector S6K1
and Rac1 in platelets in response to
binding to fibrinogen.23 We determined
that platelet SFKs activate mTOR and its
effector S6K1 upstream of Rac1 as plate-
lets form lamellipodia and spread on a
surface of fibrinogen (Fig. 1). Imaging
and biochemical analyses revealed that
S6K1, Rac1 and the Rac1 GEF TIAM1
colocalize and interact at the leading
lamellipodial edge of platelets, suggesting
that the mTOR system can work with
Rac1 and Rac1 GEFs to drive platelet
spreading. Inhibition of mTOR with a
variety of pharmacological agents blocked
platelet Rac1 activation, spreading and
aggregation. Interestingly, Rac1 inhibition

markedly increased S6K1 phosphorylation
in platelets, suggesting that Rac1 may also
mediate a negative feedback system that
limits S6K1 activation. Continuous Rac1
and mTOR activity was also required to
keep platelet aggregates stable under shear
flow conditions.

These results have led us to hypothesize
potential mechanisms by which mTOR
could regulate Rac1 activity in platelets.
These proposed models of Rac1 activation
in platelets are currently a topic of investi-
gation by our group and others. As a first
possibility, Rho GTPase activities, actin
remodeling and lamellipodia formation
may require mTOR-dependent protein
translation and synthesis processes. As
platelets are known to continuously syn-
thesize proteins, it is possible that pro-
tein translation and protein synthesis are
coupled to platelet spreading and aggrega-
tion processes. Indeed, Rosenwald et al.
demonstrated that continuous protein
synthesis is needed for ADP-stimulated
platelet aggregation.24 We found that in
the presence of the ADP scavenger
apyrase, collagen-triggered platelet aggre-
gation is abrogated by mTOR inhibitors
but not effected by puromycin, a trans-
lational inhibitor that globally blocks
protein synthesis. Future studies utilizing
pharmacological agents which block pro-
tein translation more specifically at the
level of mTOR and its effectors S6K1 and
4E-BP1 may provide further insight into
the role of mTOR-dependent translation
in platelet function.

Second, mTOR signaling systems may
be tied to specific Rac GEFs or GAPs.
Surprising, little is known regarding how
the mTOR system affects Rac1 GEFs
such as Vav1. Work in neurons and cancer
cells shows that S6K1 associates with the
Rac GEF T-cell lymphoma invasion and
metastasis protein TIAM1.25 We similarly
found that S6K1 and TIAM1 associate in
a protein complex and colocalize at the
leading lamellipodial edge in platelets.23

Whether or not TIAM1 has a major role
in platelet Rac1 function, however, remains
to be determined. Intriguingly, studies of
G-protein-mediated activation of Rac1
have shown that mTOR is tied to the
activities of the phosphatidylinositol 3,4,
5-trisphosphate-dependent Rac exchanger
1 protein P-Rex1, an mTOR-associated
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Rac GEF important for immune cell
function and ErbB2 signaling in breast
cancer cells.26-28 Accordingly, P-Rex1 could
link platelet GPCR activities of PAR and
puronergic P2Y receptors to Rac activa-
tion, implicating mTOR as an intermedi-
ary. In the course of our studies, we
found that Rac1 associates P-Rex1 in
platelets; however, data from P-Rex1-null
mice suggests that P-Rex1 plays at
most a minor role in platelet cytoskeletal
remodeling.29

Finally, mTOR may work directly with
Rac1 to control actin-mediated processes
in platelets. Indeed, recent work by Saci
et al. demonstrates that mTOR and Rac1
interact and that their activities are tied
in the regulation of cell growth.30 This
work suggests that rather than working
directly with S6K1, Rac1 may partner
with mTOR itself or the mTOR complex
1 and 2 (mTORC1 and mTORC2) com-
ponents Raptor and Rictor, respectively.

Our results show for the first time that
mTORC1 and mTORC2 protein com-
plexes are present and intact in platelets;23

however, more work is needed to deter-
mine the specific functions of mTORC1
and mTORC2 complexes in platelets.
Such studies will likely take advantage of
pharmacological agents that specifically
target mTORC1 or both mTORC1 and
mTORC2.31 Intriguingly, Moore et al.
have recently shown that mTORC2 is a
key regulator of Akt serine 473 phosphor-
ylation in platelets.32 mTORC2 was also
recently shown to play a role in the RhoA-
dependent chemotaxis of neutrophils.33

How mTOR-dependent mechanisms of
immune cell modulation overlap with
actin remodeling and directed cell migra-
tion process in platelets vs. other peri-
pheral blood cells such as neutrophils
remains to be determined. Interestingly,
mTOR activity is in large part directed
by the small GTPase Rheb. The tuberous

sclerosis protein TSC2, a Rheb GAP that
regulates the GTP bound state of Rheb
to control mTOR activity,34 also coordi-
nates Rac1 and Cdc42 activities through
mTOR to mediate the migration of colon
cancer cells and fibroblasts.34 As TSC2 is
at the center of a number of signaling
networks, TSC2 may serve as a master
regulator of platelet function through the
concerted effects of PI3K, mTOR, PKC
and PDK systems.34 Future work will
determine how a TSC2-Rheb-mTOR
network may influence Rac1 and platelet
activation.
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