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Abstract

mTOR-dependent signaling.

and thrombus formation.

Background: Due to mTOR (mammalian/mechanistic target of rapamycin) gene-loss mice die during embryonic
development, the role of mTOR in platelets has not been evaluated using gene knockout technology.

Methods: A mouse model with megakaryocyte/platelet-specific deletion of mTOR was established, and be used to
evaluate the role of mTOR in platelet activation and thrombus formation.

Results: mTOR™~ platelets were deficient in thrombus formation when grown on low-concentration collagen-
coated surfaces; however, no deficiency in thrombus formation was observed when mTOR™~ platelets were perfused
on higher concentration collagen-coated surfaces. In FeCl;-induced mouse mesenteric arteriole thrombosis mod-
els, wild-type (WT) and mTOR™~ mice displayed significantly different responses to low-extent injury with respect
to the ratio of occluded mice, especially within the first 40 min. Additionally, mTOR™~ platelets displayed reduced
aggregation and dense granule secretion (ATP release) in response to low doses of the glycoprotein VI (GPVI) agonist
collagen related peptide (CRP) and the protease-activated receptor-4 (PAR4) agonist GYPGKF-NH,; these deficiencies
were overcame by stimulation with higher concentration agonists, suggesting dose dependence of the response.
At low doses of GPVI or PAR agonist, the activation of a,,3; in mTOR™" platelets was reduced. Moreover, stimulation
of mTOR™~ platelets with low-dose CRP attenuated the phosphorylation of S6K1, S6 and Akt Ser473, and increased
the phosphorylation of PKCS Thr505 and PKCe Ser729. Using isoform-specific inhibitors of PKCs (6, €, and a/(3), we
established that PKC&/e, and especially PKCS but not PKCa/3 or PKCE, may be involved in low-dose GPVI-mediated/

Conclusion: These observations indicate that mTOR plays an important role in GPVI-dependent platelet activation

Keywords: Platelets, mTOR, GPVI, Dense granule secretion (ATP release), Pkcd

Background and introduction

At the site of an injured vessel, platelets are recruited
and undergo rapid aggregation to form a hemostatic
or thrombotic plug. After recruitment, subendothelial
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matrix collagen interacts with platelet surface glycopro-
tein VI (GPVI) and stimulates the platelets at the site of
recruitment [1]. The process of platelet activation is com-
plex and involves several pathways and signaling mol-
ecules, and there are a limited number of studies that
directly demonstrate platelet-specific functions of key
modulators using gene knockout technology [2].
Mammalian target of rapamycin (mTOR), also called
mechanistic target of rapamycin, is a serine/threo-
nine kinase that is expressed in megakaryocytes, pro-
platelets, and circulating platelets [3]. mTOR interacts
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with other proteins and assembles into two complexes:
mTOR complex] (mTORC1) and mTOR complex2
(mTORC2). The upstream and downstream signals of
these two complexes, as well as their sensitivities to
rapamycin, are different. Rapamycin inhibits mTORCI,
but not mTORC?2, during acute treatment [4]; however,
in some cell types, mTORC2 signaling is reduced by
long-term treatment with rapamycin [5, 6]. Based on
its inhibition of these complexes, rapamycin is used as
an anti-fungal agent, immune-suppressive agent and
anti-tumor agent. Some new inhibitors of mTOR, such
as Torin2 and NVP-BEZ235, have also been developed
for the inhibition of mMTORC1 and mTORC2 [7, 8]. Evi-
dence using these inhibitors suggests that rapamycin
affects platelet aggregation, dense granule secretion,
spreading on fibrinogen and clot retraction, and throm-
bus formation [9-13]. However, because mTOR gene-
deletion mice die during early preimplantation [14], the
role of mTOR in platelets has not been evaluated using
gene knockout technology.

The mTORC1 and mTORC2 complexes have been
shown to phosphorylate and activate a variety of down-
stream signaling mediators, including S6K1, S6, and Akt
[4, 15, 16]. Additionally, mTOR interacts with mitogen-
activated protein kinases, including Erk, in various cell
types[17, 18] PKCs have been reported to be regulated
by mTOR in various cell types [4] and to mediate plate-
let aggregation, dense- and alpha-granule secretion, and
ay,P5 activation and spreading on fibrinogen [9, 10, 13,
19-34]. The expression of cPKCa, cPKCp, nPKCS and
nPKCBO in human platelets has been well established [33,
35, 36], though the expression of PKCr in human plate-
lets has been disputed [28, 33, 35-37]. Furthermore,
PKCe is expressed in human megakaryocytes, but not
in human platelets [28, 36, 38], while mouse platelets
express PKCe [28, 39]. The phosphorylation of Thr497
[27] in the activation loop of PKCa, Thr505 [35] in the
activation loop of PKCS, and Thr538 [40, 41] in the acti-
vation loop of PKCH, is thought to be critical for their
activity [42], and the phosphorylation of PKCp Thr641,
PKCP Ser660 [27], and PKCe Ser729 [20], has been
shown to be essential for activation [42].

In this study, we generated a mouse model with mega-
karyocyte/platelet-specific deletion of the mTOR gene.
Our results demonstrate that mTOR plays positive roles
in thrombus formation in vitro when perfused on low-
concentration collagen-coated surfaces and in vivo in
response to low-extent FeCl;-induced injury. The regu-
lation of thrombus formation in vitro was found to be
dependent on the collagen concentration and dependent
on the extent of FeCl;-induced injury in vivo. We also
demonstrate that mTOR plays a positive role in low-
dose GPVI-mediated platelet activation. These findings
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provide direct evidence for a pivotal role of mTOR in
platelets.

Materials and methods

Reagents

Thrombin, ADP, apyrase, PGE1, and rapamycin were
from Sigma-Aldrich. Collagen and luciferase were from
Chrono-Log Corp. Human fibrinogen was from Enzyme
Research Laboratories (South Bend, IN, USA). APC-
conjugated fibrinogen, GYPGKF-NH, (a Protease-acti-
vated receptor-4 (PAR4) agonist peptide) and synthetic
collagen-related peptide (CRP) [43] were kindly donated
by Peter J. Newman (Blood Center of Wisconsin; Mil-
waukee, WI, USA). PE-conjugated anti-mouse CD41
(ayb), FITC-conjugated anti-mouse CD62 (P-selectin),
and antibodies to PKCS, PKCp, PKC6, and PKCe were
from BD Biosciences. FITC-conjugated anti-mouse GPVI
(JAQ1), FITC-conjugated anti-mouse CD42b (Xia. B2),
and PE-labeled JON/A antibodies were from Emfret Ana-
lytics (Eibelstadt, Germany). Antibodies to mTOR, Rictor
(D16H9), phospho-Akt Serd73, B-actin (SH10D10), S6K1,
phospho-PKC Substrate Motif [(R/KXpSX(R/K)] (be
usually thought to recognize substrates of cPKCs), and
phospho-Lyn Tyr507 were from Cell Signaling Technol-
ogy. Torinl and antibodies to phospho-PKC8 Thr505, S6,
phospho-S6 Ser235/236, phospho-Erk Thr202/Tyr204,
and Erk were kindly provided by Hanming Shen (profes-
sor at the National University of Singapore). Antibodies
to Raptor, phospho-PKCa Thr497, PKCqa, and phospho-
PKCp Ser660, were obtained from Abcam. Antibodies
to phospho-S6K1 Thr389, phospho-PKCe Ser729, and
phospho-PKCP Thr641, were from Santa Cruz Biotech-
nology. Antibodies to phospho-PKC8 Thr538 were kindly
provided by Hanming Shen/purchased from Santa Cruz
Biotechnology. Rottlerin was from Merck Biosciences
(Beeston, United Kingdom). Go 6976 was from Bio-
mol (Enzo Life Sciences). Calcein was from Invitrogen
(Eugene, OR, USA). Fluorescein-labeled phalloidin was
from Molecular Probes (Eugene, OR, USA). Other rea-
gents were of analytical grade. The §V1-1 (selective PKC§
peptide inhibitor, SENSYELGSL) [21, 44], eV1-2 (selec-
tive PKCe peptide inhibitor, EAV SLK PT) [45-48], were
synthesized and purified (>98%) by China Peptides Co.,
Ltd. (Shanghai, China). The peptides were conjugated to
the Tat-carrier peptide (YGR KKR RQR RR) [49] via a
cysteine-cysteine S—S bond at its N terminus.

Mice

mTORY mice [50] in a C57BL/6 genetic background
were mated with PF4-Cre + mice [51] to obtain mTORY
W'PF4-Cre+ mice. Further backcrossing with mTOR!f!
gave rise to mTORYPF4-Cre+ (mTOR™/~) mice, which
have mTOR deficiency in their platelets. PCR was used
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for genotyping the mice, while western blots were used
for confirming the deletion of mTOR in platelets. Gen-
otyping was performed by PCR, using the primer pair
PF4-Cre F/PF4-Cre R (predicted 450 bp product in PF4-
Cre positive mice) and primer pair mTORY? F/ mTORY
'R (expected product 349 bp in WT; 349/533 bp in
mTORY? and 533 bp in mTORY). The sequences of
these primers are as follows: PF4-Cre Forward: 5-CCC

ATACAGCACACCTTTTG-3/; PF4-Cre Reverse:
5-TGCACAGTCAGCAGGTT-3; mTOR" Forward:
5 - TTATGTTTGATAATTGCA GTTTTGGCTAGC

AGT-3; mTORY" Reverse: 5-TTTAGGACTCCTTCT
GTGACATAC ATTTCCT-3'. All experiments were per-
formed under the Guide for the Care and Use of Labo-
ratory Animal (The National Academy Press, 2011) and
were approved by the Board of Animal Study of Zhe-
jiang University. mTORYPF4-Cre* (mTOR™") and
PF4-Cre™ (Wild-type, WT) littermate mice at the age of
8-12 weeks were used for experiments.

Assessment of hematologic parameters

Hematologic parameters were determined on ethylenedi-
amine tetraacetic acid samples collected from mice using
an automatic cell counter (Sysmex F-820, Kobe, Japan).

Platelet preparation

Mice were anesthetized by intraperitoneal injection with
chloral hydrate. Whole blood was collected from the
inferior vena cava and anticoagulated with 1/8 vol ACD
(75 mM sodium citrate, 39 mM citric acid, and 135 mM
dextrose, pH 6.5). The blood was then diluted 1:1 with
Modified Tyrode’s buffer (20 mM HEPES, 137 mM NacCl,
13.8 mM NaHCO3, 2.5 mM KCl, 0.36 mM NaH,PO,,
5.5 mM glucose, pH 7.4) and centrifuged for 10 min at
180g; platelet-rich plasma (PRP) was collected in a fresh
tube. Platelet pellets were obtained by centrifugation of
the PRP at 700x g for 10 min, washing in HEPES-buffered
Tyrode containing 1/9 vol ACD and 50 ng/mL PGE1
and resuspension in modified Tyrode’s buffer (20 mM
HEPES, 137 mM NaCl, 13.8 mM NaHCO3, 2.5 mM KClI,
0.36 mM NaH,PO,, 5.5 mM glucose, pH 7.4) as previ-
ously described [52].

Aggregation and dense granule secretion (ATP release)

Platelet aggregation and dense granule secretion (ATP
release) experiments were performed as described previ-
ously [53]. Briefly, washed platelets and PRP were chal-
lenged with the indicated agonists at 37 °C while they
were stirred using an aggregometer (ChronoLog; Haver-
town, PA, USA), and dense granule secretion (ATP
release) was measured by ATP release and monitored
in parallel with aggregation by the addition of luciferin/
luciferase. Washed platelets (2.0 x 10%/mL) in modified
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Tyrode’s buffer were challenged with GYPGKE-NH,, col-
lagen, and CRP, while PRP was stimulated with ADP. The
platelets were incubated with the indicated inhibitors at a
temperature of 37 °C for 10 min before stimulation.

Flow cytometry

Flow cytometric analysis was performed and developed
as described previously [54]. Washed platelets were
diluted to 2.0 x 10’/mL in modified Tyrode’s buffer with
Ca®" and were pre-incubated with either FITC-conju-
gated CD62P, FITC-conjugated GPVI, PE-conjugated
CD41, PE-conjugated JON/A, APC-conjugated fibrino-
gen, FITC-conjugated CD42b, or isotype control antibod-
ies. In some experiments, agonists were used to stimulate
the washed platelets after incubation with antibodies as
indicated [54]. The samples were fixed by adding 2% (vol/
vol) formaldehyde. Flow cytometry was performed using
a FACS Calibur flow cytometer.

Western blotting

Washed platelets were resuspended and adjusted to
2 x 108/mL in Tyrode’s buffer. Then, the platelets were
stimulated with the indicated agonists in a Chrono-Log
Aggregometer at 37 °C for 5.5 min. Immunoblotting was
carried out as described previously[55]. Lysates were pre-
pared and analyzed by SDS-PAGE, electrotransferred to
PVDF membranes, blocked with 5% (w/v) BSA in TBST
and probed with primary antibodies. The membranes
were washed in TBST and incubated with appropri-
ate secondary antibodies. Immunoreactive bands were
visualized with enhanced chemiluminescence detection
reagents using a Syngene G: BOX Chemi XR system and
quantified by Image J.

In vitro thrombus formation under flow conditions
Thrombus formation was assessed and developed as
described previously [56] using a BiofluxTM 200 sys-
tem (Fluxion, South San Francisco, CA). Briefly, Bioflux
plates were primed and coated overnight with 20 ug/mL
or 50 pg/mL of fibrillar collagen I and then blocked with
0.5% BSA/PBS (W/V) solution for 15 min. Whole blood
was labeled with mepacrine at 37 °C for 30 min and then
perfused in micro-channels at a shear force of 40 dynes/
cm? for 5 min, during which time platelet adhesion and
aggregation were monitored by fluorescent microscopy.
After perfusion, the adherent platelets were observed
with an inverted fluorescence microscope (Nikon Ti-S,
Tokyo, Japan). The coverage area of the platelets and the
fluorescence intensity were measured using Bioflux soft-
ware (Fluxion).
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Statistical analysis

The results are expressed as means & SEM. The paired or
unpaired Student ¢-test was used to evaluate the statisti-
cal significance of the data.

Results

Megakaryocyte- and platelet-specific mTOR-deficient

mice display normal hematopoietic parameters

but their platelets show impaired thrombus formation
when perfused on low-concentration collagen-coated
surfaces

mTOR gene knockout embryos of mice are severely
runted and die during early preimplantation [14]. There-
fore, we used Cre recombinase—mediated excision to
delete mTOR specifically in megakaryocytes and plate-
lets. To confirm platelet-specific gene deletion, we
used polymerase chain reaction to genotype mTORY
f mTORYPF4-Cre+ (mTOR"'~) and mTORY? PF4-
Cre+ (mTOR™/7) mice (Fig. 1a). Western blotting con-
firmed mTOR specifically-deficient in platelets (Fig. 1b).
The surface expression of platelet glycoproteins CD41
(aypPs), CD42b (GPIba) and GPVI was similar in the
knockout mice and PF4-Cre™ (Wild-type, WT) littermate
controls (Fig. 1c). Furthermore, mTOR ™/~ mice survived
at about 100% of the expected Mendelian frequency
(Additional file 1: Table S1). These results verify the suc-
cessful deletion of mTOR in mTOR ™/~ mice platelets and
also suggest that survival was not significantly affected by
megakaryocyte- and platelet-specific mTOR deletion.

To determine whether megakaryocyte- and platelet-
specific mTOR deletion affects the distribution of cells,
including platelets, in peripheral blood, blood from litter-
mate WT and mTOR ™'~ mice was collected. As shown in
Table 1, the platelet counts (PLTs), mean platelet volume
(MPV), platelet distribution width (PDW), red blood cell
count (RBCs), hemoglobin (HGB) and white blood cell
count (WBCs) were normal in mTOR™/~ mice (P> 0.05;
n=12).

To examine the activity of mTOR™/~ platelets under
flow conditions, we used a whole-blood microfluidic per-
fusion system. Platelets from mice blood were pre-incu-
bated and labeled using mepacrine and then perfused
on 20 pug/mL or 50 pg/mL type I fibrillar collagen-coated
surfaces. The accumulated platelet adhesion area and flu-
orescence intensity were quantified and as a measure of
thrombus formation. For 20 pug/mL type I fibrillar colla-
gen-coated surfaces, smaller thrombi were formed after
perfusion with blood from mTOR ™'~ mice than that from
WT mice (Fig. 1d—f). However, for higher concentra-
tion (50 pg/mL) collagen-coated surfaces, the defective
thrombus formation in mTOR™/~ blood was overcame

(Fig. 1g—i).
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These results suggest that, although the platelets in
mTOR™/~ mice were produced at normal levels, they
have the impaired ability to form thrombi on low-con-
centration collagen-coated surfaces, which was recov-
ered on higher-concentration collagen-coated surfaces.
To verify these results, we perfused reconstituted blood
containing the same concentration of calcein-labeled
platelets (2.0 x 108/mL) onto 20 pg/mL or 50 pg/mL type
I fibrillar collagen-coated surfaces. Similar results were
obtained as that in the whole blood experiments (Addi-
tional file 1: Figure S1).

FeCl;-induced mesenteric arteriole thrombosis mod-
els were used to investigate in vivo thrombus formation.
The ratio of occluded mice showed a significant differ-
ence (4/8 for WT vs 2/7 for mTOR™/™) for mice with a
lower extent of injury, especially within the first 40 min
(3/8 for WT vs 0/7 for mTOR™/~). Moreover, the occlu-
sion time of the injured mesentery arteriole was propor-
tionally longer for mTOR ™~ mice compared to WT mice
with a minor injury. Additionally, there was no significant
difference between mTOR™'~ mice and W'T mice with a
higher extent of injury.

In addition, WT and mTOR™'~ mice showed dose-
dependent responses to the injury. The difference in
mTOR™/~ mice was far greater than that in WT mice
in response to the different extent of injury. The dose
effect on the extent of injury in WT mice was observed
as follows: the ratio of occluded mice (4/8 for lower
extent injury vs 8/12 for higher extent injury, and 3/8 vs
8/12 within the first 40 min) and the occlusion time of
the mesentery arteriole response to the varying extent
of injury were different (P<0.05). For the mTOR™/~
mice: the ratio of occluded mice (2/7 for lower extent
injury vs 9/11 for higher extent injury, and 0/7 vs 9/11
within the first 40 min) and the occlusion time of the
mesentery arteriole after being subjected to varying
levels of injury were remarkably different (P<0.01)
(Additional file 1: Figure S2). These results suggest
that in vivo thrombus formation was proportional to
the extent of injury in WT and mTOR™~ mice, and
the dose-dependent effect was far greater in mTOR™~
mice than in WT mice in regard to the results of the
ratio of occluded mice and the occlusion time of the
mesentery arteriole.

Collectively, these results suggest that mTOR posi-
tively regulates thrombus formation, both in vitro and
in vivo, when perfused on low-concentration colla-
gen-coated surfaces or after being subjected to less
severe FeCl;-induced injury, respectively. Moreover,
mTOR performs these functions in a dose-dependent
manner.
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Fig. 1 Deletion of mTOR protein in platelets. a Genotyping of mTOR"
! mTORY™ PF4-Cre 4- (mTOR™~) and mTORM PF4-Cre + (mTOR™)
mice using polymerase chain reaction. The top and bottom images
were cropped from different gels and full-length/original gels

were shown in Additional file 3: Part Ill. b Lysates from PF4-Cre™
(wildtype, WT, W) littermate, or mTOR™~ (KO, K) platelets were
immunoblotted with mTOR, Raptor, Rictor, and Actin antibodies,
these images (separated by horizontal white space) were cropped
from the different/same gels and full-length/original blots were
shown in Additional file 3: Part Ill. ¢ Flow cytometric analysis of the
surface expression of CD41 (ay,33,, CD42b (GPIbay), and GPVI of
resting WT and mTOR™~ murine platelets. Results are expressed

as mean fluoresce intensity (MFI) &= SEM (n = 3). d—f Representative
photomicrographs and quantification of the adhesion and
aggregation of WT or mTOR™~ platelets on 20 ug/mL or g-i 50 ug/
mL type | fibrillar collagen-coated surface. The fluorescent platelets
adhering to coated Bioflux micro flow chambers were recorded

by video (exposure time were fixed as 1.5 or 0.8 s, respectively).

The coverage surface area and total integrated fluorescence were
quantified by Bioflux software (Fluxion) as a measure of platelet
thrombi formation. Quantified results are expressed as the mean
percentage of surface coverage (left panels) or mean integrated
fluorescence intensity (right panels) & SEM (n > 3 per group, *
indicates P <0.05, paired Student's t test)

mTOR ™/~ platelets exhibit impaired aggregation and dense
granule secretion (ATP release) after stimulation with low
doses of the GPVI agonist CRP or the PAR4 agonist
GYPGKF-NH,

To further evaluate the effects of mTOR deletion on
platelet activity, we assessed the aggregation and dense
granule secretion (ATP release) of platelets after activa-
tion with low and high doses of: GPVI agonist CRP (col-
lagen-related peptide) (0.75 pg/mL and 4 pg/mL); PAR4
(protease-activated receptor-4) agonist GYPGKF-NH,
(0.75 mM and 3.2 mM); and ADP (4 pM and 30 pM)
(Fig. 2a—c). After activation with a low dose of CRP,
mTOR ™~ platelets displayed impaired activity in aggre-
gation (Fig. 2a, d) and dense granule secretion (ATP
release) (Fig. 2a, g); however, these deficiencies were
overcame by high-dose activation (Fig. 2a, d, h). This pat-
tern was also replicated for GYPGKF-NH,, though the
effect of mTOR deficiency was less obvious (Fig. 2b, e, i,
j). In contrast, the aggregation level of mTOR™~ plate-
lets that were induced by ADP (4 pM and 30 uM) was
similar to that of WT platelets (Fig. 2¢, f). These results
suggest that mTOR ™~ platelets are specifically impaired
in their response to activation by GPVI and PAR4 at low
concentrations.

mTOR~/~ platelets show impaired activation of ay,B;,

but normal a-granule secretion after induction with GPVI/
PARs agonists at low concentrations

To further characterize the deficiency in mTOR™/~
platelets, we used the oy p;-specific antibody JON/A

a

mTORY!

mTOR*-  mTOR"-

flox
wt

PF4-Cre

b

Owr
O mTOR™

Actin

mTOoR [— |
=

Rictor

Raptor’ .%

)
Actin CD41  CD42b GPVI

d 1 min 3 min

mTOR"-

-W'

n

(% area covered)
I~y
S
Integrated intensity
(Pixel,x 10%)

60 180 300 60 180 300
Perfusion time (s)

Platelet adhesion to collagen

Perfusion time (s)

5 min

3 min

g 1 min

WT

mTOR"

=2

< 20

60 180 300 60 180 300
Perfusion time (s)

Platelet adhesion to collagen
(% area covered)

Perfusion time (s)

or APC-fibrinogen to assess the activation of integ-
rin o,B; upon stimulation with increasing doses of
the PAR agonist thrombin and the GPVI agonist colla-
gen. mTOR ™"~ platelets showed impaired activation of
ayPs after stimulation with a low doses of thrombin or
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Table 1 Hematologic parameters in wild-type (WT) and
mMTOR™~ mice

Hematologic WT(n=12) mTOR ™/~ (n=12) P-value
parameter

PLTs (K/uL) 856.67 +46.78 922.50433.60 0.265
MPV, fl 5.16+0.058 523+£0.04 0.360
PDW, fl 5.97+0.08 6.10£0.08 0.219
RBCs (M/uL) 10.34+£0.34 10.26£0.25 0.844
HGB (g/dL) 1467 £0.54 14424042 0.718
WBCs (K/uL) 6.034+0.65 5044053 0.254

Whole blood from WT or mTOR™~ mice was collected and used for analyzing
the hematologic parameters

PLTs platelets, MPV mean platelet volume, PDW platelet distribution width, RBCs
red blood cells, HGB hemoglobin, WBCs white blood cells

The data are presented as means =+ SEM (P > 0.05 is nonsignificant for all
hematologic parameters)

collagen; however, the levels of activation of oy, were
not affected by mTOR deficiency, when stimulated at
higher concentrations (0.1 and 1 U/mL thrombin; 1.5
or 10 pg/mL collagen) (Fig. 3). However, the expression
of P-selectin was not influenced by mTOR deficiency
(Additional file 1: Figure S3), suggesting that the effect of
mTOR deficiency may be specific for integrin oy, 35

The spreading of mTOR™/~ platelets on 50 pg/mL
[Additional file 1: Figure S4, as well as 10 pug/mL (data not
shown)] fibrinogen were enhanced than WT platelets.
However, the clot retraction was delayed in mTOR™/~
platelets compared with the WT platelets (Additional
file 1: Figure S5). Taken together, these results sug-
gested that mTOR may play different roles in early and
late ayB5-mediated outside-in signaling (see Additional
file 1: Results and Discussion).

Identification of mTOR-dependent signaling molecules
that are modulated in response to low-dose CRP

To provide a molecular basis for reduced GPVI-mediated
mTOR ™/~ platelet activation, we firstly investigated the
phosphorylation of S6K1, S6, and Akt Ser473, each of
which has been reported to be regulated by mTORC1
and mTORC2 [4, 15, 16]. The phosphorylation of S6K1
Thr389, S6 Ser235/236 (Fig. 4a—d), and Akt Serd73
(Fig. 4e—f) was significantly decreased in mTOR-deficient
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platelets in response to low-dose CRP (0.75 pg/mL),
which verifies the impaired downstream signaling in
mTOR™/~ platelets after GPVI stimulation. Our study
shows that the phosphorylation of the S6 and Akt Ser473
in mTOR™/~ platelets was decreased to approximately
30% of that of WT platelets in GPVI signaling. Moreover,
the phosphorylation of S6 and Akt Ser473 was ablated
in some samples of mTOR™/~ platelets after GPVI
stimulation.

Furthermore, apyrase (1 U/mL) decreased the phos-
phorylation of S6 and Akt Ser473 in mTOR™~ platelets
after induction with low-concentration collagen (0.8 pg/
mL). The phosphorylation level of S6/Akt Ser473 in
mTOR ™~ platelets decreased to a level similar to that of
resting mTOR ™/~ platelets when pre-incubated with apy-
rase. These findings occurred independently of whether
there was substantive S6/Akt Ser473 phosphorylation in
mTOR ™/~ platelets when pre-incubated without apyrase.
Conversely, apyrase played a less dramatic role on the
phosphorylation of S6 in WT platelets than in mTOR ™/~
platelets (for unknown reasons), although apyrase
decreased the phosphorylation level of Akt Ser473 in WT
platelets. The phosphorylation level of S6/Akt Serd73 in
apyrase + collagen WT platelets was higher than that in
resting WT platelets (Additional file 1: Figure S6). A simi-
lar decrease in the phosphorylation of S6 Ser235/236 and
Akt Serd73 was also observed in mTOR-deficient plate-
lets in response to low-dose PAR4-agonist GYPGKE-
NH, (0.75 mM) (data not shown). These results confirm
mTOR deficiency impaired the downstream signaling in
platelets after GPVI stimulation.

We also examined effects on the phosphorylation of
Lyn, which is activated by GPVI-mediated signals [57].
Lyn phosphorylation was similar in mTOR™'~ and WT
platelets after induction with low-dose CRP (data not
shown) which verifies the specificity of the GPVI-medi-
ated mTOR-dependent signal.

mTOR also interacts with mitogen-activated protein
kinases, including Erk, in various cell types [17, 18].
Consistently, the phosphorylation of Erk Thr202/Tyr204
was significantly decreased in mTOR-deficient plate-
lets in response to low-dose CRP or PAR4 agonist (data
not shown). Moreover, a similar decrease in the phos-
phorylation of these downstream signaling molecules in

(See figure on next page.)

Fig.2 mTOR™" platelets exhibit impaired aggregation and dense granule secretion (ATP release) after stimulation of GPVI with low-dose CRP or
stimulation with the PAR agonist GYPGKF-NH,. a Washed platelets from mTOR™~ mice and WT littermates were challenged with CRP (0.75 ug/mL
or 4 pug/mL) or b the PAR4 agonist GYPGKF-NH, (0.75 mM or 3.2 mM), and their aggregation and simultaneous ATP release were measured; ¢ PRP
was stimulated with ADP (4 uM or 30 uM) and platelet aggregation were measured; d—j The calculated percentages of aggregation and ATP release.
Results are presented as means = SEM from at least three experiments (*P < 0.05, **P < 0.01, paired Student’s t test). The arrows show “aggregation” or
"ATP Release," indicating 90% light transmission or 70% ATP release, respectively




Wang etal. J TransIMed ~ (2021) 19:201 Page 7 of 16

& ADP
L 4 30 pM
)
=
<
£
g mTOR™*
w
= TOR"
& WT -
= WT
=
oo
e
Y min min
CRP b PAR4 agonist GYPGKF-NH,
a
0.75 pg/ml 4 pg/ml 0.75 mM 3.2 mM
5] D
) (F]
= =
8 mTOR" S
= =
£ £
w» w
= =
g £ "
= = mTOR
N -
E" WT wr gn
=Y min min =Y min T min wT
mTOR-/- mTOR'/‘
A A
o mTOR" >}
= =
5] P
7 ]
w 172}
%) ]
E WT E mTOR™"
E WT E WT e
e
mTOR" R
d Owr e Owr f Owr
100 100 100
O mTOR" O mTOR™ O mTor™"
S 801 s S 801 S 80;
= = =
2 60 2 60 2 601
2 & e
5('3 401 § 401 E? 401
£ 204 £ 204 = 204
0- 0-
0.75pg/ml  4pg/ml 0.75mM  3.2mM 4uM 30pM
CRP GYPGKF-NH, ADP
9 .Owr h 0. OWT i g O WT i g Owr
_"| @ mTOoR™ _ 7|8 mTOR™ _ " |B mTOR™ _ |8 mTOR™
X S S N
< 60 < 60 = 601 = 60
) -5} Q ]
2 g z z
240 2 40 3 401 < 40
& & & &
o - -9 -9
= 0] pEE i = 20 = 20
= 20 E : 20 g20 > 20
0- 0- 0-

0.
0.75pug/ml CRP 4pg/ml CRP 0.75mM GYPGKF-NH,  3.2mM GYPGKF-NH,




Wang et al. J Trans| Med (2021) 19:201

0O wr
B mTOR™-

DN
>

[

ﬁg.ﬂ ["Iiélﬂnﬂ

No 0.02 0.1 1 0.75 1.5 10
Thrombin (units/ml) Collagen (pg/ml)
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response to low-dose collagen (0.8 pg/mL) was observed
in WT platelets after treatment with the mTOR inhibi-
tor Torinl, although almost no change was observed for
mTOR ™'~ platelets after the same treatment (Additional
file 1: Figure S7). These results verify the impaired down-
stream signaling molecules in mTOR™/~ platelets after
low-dose GPVI stimulation.

PKCs also have been reported to be regulated by
mTOR or mTORC?2 in other cell types [4] and to medi-
ate platelet aggregation, dense- and alpha- granule
secretion, oy,P; activation, and spreading on fibrino-
gen [9, 10, 13, 19-34]. Furthermore, the expression of
c¢PKCa, cPKCB, nPKC8 and nPKCB have been observed
in human platelets in many studies [9, 10, 13, 19-34].
The phosphorylation of Thr497 [27] in the activa-
tion loop of PKCa, Thr505 [35] in the activation loop
of PKCS§, and Thr538 [40, 41] in the activation loop of
PKCH, is thought to be critical for kinase activity [42].
c¢PKC and nPKC must be phosphorylated at both their
turn motif and hydrophobic motif to achieve catalytic
competence. The phosphorylation of PKCB Thr641,
PKCp Ser660 [27], and PKCe Ser729 [20] is also essen-
tial for activation [42]. Thus, to comprehensively exam-
ine the role of PKCs in platelet activation by low-dose
CRP, we assessed the phosphorylation of an array of
PKCs in WT and mTOR-deficient platelets. The phos-
phorylation of PKCa Thr497 (Fig. 5a, b), PKCp Thr641
and Ser660 (Fig. 5c, e) and PKCO Thr538 (Fig. 5f, g)
were unaffected in low-dose CRP-activated mTOR™/~
platelets. Moreover, the cPKC activity, which was
detected by a phosphorylated cPKC substrate antibody;,
showed little change in mTOR-deficient platelets when
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induced by a low concentration of collagen (data not
shown).

However, the phosphorylation of PKC8 Thr505
(Fig. 5h, i) and PKCe Ser729 (Fig. 5j, k) was enhanced
by low-dose CRP in mTOR-deficient platelets. Torinl
increased the phosphorylation of PKC8 Thr505 and
PKCe Ser729 in WT platelets after low-dose collagen
stimulation with GPVI (Additional file 1: Figure S7).
Moreover, the increased phosphorylation of PKC§
Thr505 and PKCe Ser729 in mTOR™/~ platelets after
stimulation with low-dose collagen was restored by the
addition of Torinl, which also supports the possibility
that PKCS and PKCe are regulated by mTOR (Addi-
tional file 1: Figure S7). Furthermore, ADP restored
the decreased phosphorylation of S6 Ser235/236, Akt
Ser473, as well as increased phosphorylation of PKC§
Thr505 and PKCe Ser729 in mTOR™/~ platelets when
stimulated with GPVI agonist collagen at a low dose
(Additional file 1: Figure S7).

To further examine the potential role of PKCs on
mTOR-regulated platelet activation, we assessed the
effects of treating platelets with the PKCS inhibitor
rottlerin and the PKCa/PKCp1 inhibitor Go 6976.
Rottlerin potentiated the aggregation of WT plate-
lets and restored the full aggregation and dense gran-
ule secretion (ATP release) of mTOR™/~ platelets in
response to low-dose collagen (0.5 pg/mL) (Fig. 6a—c),
while Go 6976 did not restore them (Fig. 6d—f). How-
ever, Go 6976 exhibited a trend of decrease aggre-
gation and dense granule secretion (ATP release)
(Fig. 6d—f).

PKC isoform-specific peptide inhibitors, such as
dV1-1, eV1-2, BV1-1, aC2-4, BC2-1, and PC2-4, are
reported to inhibit the interaction of PKCs with their
specific RACK adaptor proteins, which essentially
block them from translocating to their specific tar-
get substrates [21, 41, 44—48, 58—60]. Moreover, pep-
tides §V1-1 [21] and OV1-1 [41] were used in studying
the role of PKC isoforms in platelets. The use of pep-
tide eV1-2 [20] also has been mentioned in a study of
platelets, although the data were not shown. The PKC§
peptide inhibitor 6V1-1 rescued the aggregation of
mTOR ™~ platelets in response to low-dose collagen,
whereas the PKCe peptide inhibitor had a similar but
minimal role in rescuing the aggregation of mTOR™/~
platelets in response to low-dose collagen (Additional
file 1: Figure S8).

These results suggest that PKCd/e, especially PKCS,
may be involved in low-dose GPVI agonist-induced
mTOR-dependent signaling but PKCa/p and PKCH are
not involved.
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Fig. 4 mTOR deficiency impairs low-dose CRP induced phosphorylation of S6K1, S6, and Akt Ser473. Platelets from WT (W) or mTOR™~ (KO,

K) mice were stimulated with CRP at the indicated low concentration under aggregating conditions for 5.5 min. Lysates of platelets were
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Akt; these images (separated by horizontal white space) were cropped from the different/same gels and full-length/original blots were shown
in Additional file 3: Part Ill. Phosphoprotein levels were normalized to S6K1 levels for panel b, to S6 levels for panel ¢, and to Akt levels for panels
e. Relative values were standardized to 1 in unstimulated WT samples and represent means & SEM from at least three independent experiments
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Discussion

Whether the inhibitor of mTORCI-Sirolimus (rapamy-
cin) enhances or impairs thrombus formation is a subject
of debate [13, 61, 62]. Many studies using rapamycin sug-
gest that mTOR plays a positive role in thrombopoiesis at
different stages of thrombocytopoiesis in vivo or in vitro
[61-64]. However, rapamycin has also been reported as
an option for the therapy of idiopathic thrombocyto-
penic purpura in clinical trials [13]. Since genetic dele-
tion of mMTOR in mice affects the animal’s survival [14],
it is difficult to resolve these discrepancies using standard
knockout methods. Therefore, we established megakary-
ocyte/platelet-specific mTOR deletion mice. Our results
confirm the role of mTOR in low-dose-induced platelet

aggregation and in in vitro thrombus formation (Addi-
tional file 1: Figure S9, as well as see Additional file 2).

Whole-blood/reconstituted-blood ~ from mTOR™/'~
mice displayed deficiencies in thrombus formation
when perfused in lower concentration (20 pg/mlL)
collagen-coated flow chambers. These deficiencies in
mTOR™~ bloods were overcame when perfused in
higher concentration (50 pg/mL) collagen-coated flow
chambers.

These results demonstrate that mTOR functions as a
positive regulator of thrombus formation when perfused
in vitro on low-concentration collagen-coated surfaces,
and that mTOR plays this role in a collagen dose-depend-
ent manner.
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Similar to the results found in thrombus formation injury, and mTOR performs this function in a dose-
in vitro, mTOR positively regulates thrombogenesis dependent manner, which is dependent on the extent
in vivo after being subjected to less severe FeCl;-induced of FeCl;-induced injury. Platelet-specific deletion of
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the Raptor gene, a component of mTORC1, has also
been shown to impair thrombus formation in vivo [65].
The deletion of mMTOR would be assumed to affect both
mTORC1 and mTORC2 signaling. Nonetheless, our
results could be explained by effects on one or both com-
plexes. Our results also showed that in vivo thrombus
formation in WT and mTOR ™~ mice were proportional
to the extent of injury, and the dose-dependent effect
was far greater in mMTOR ™~ mice than in WT mice. This
dose-dependent effect in the FeCl;-induced mesenteric
arteriole thrombosis models has been reported previ-
ously [66—68]. However, tail bleeding times did not differ
significantly between the mTOR ™'~ mice and WT mice
(data not shown); the mechanism of this discrepancy is
currently unknown, though the outcomes of tail injury
models are known to be variable [69]. Therefore, much
work needs to be done to increase our understanding of
the detailed mechanisms of thrombus formation in vivo
and in vitro and hemostasis.

Our results demonstrate that mTOR™/~ platelets
show impaired thrombus formation when perfused on
low-concentration collagen-coated surfaces, although
mTOR™~ mice display normal hematopoietic param-
eters. The platelet counts were normal in the mTOR ™/~
mice, which is similar to findings in Raptor~/~ mice
[65], though the results differ in that mTOR deletion
had no observable effect on the mean platelet volume
(MPV), whereas Raptor~/~ mice displayed a reduced
MPV. The differences between these results may be
explained by a combination of different mechanisms
for the inhibition of mTOR in vivo, including a reduc-
tion in the translation activity and an increase in the
lifespan [4, 70-74], or to the compensatory activa-
tion of PI3K signaling [75]. Other groups have also
reported that mTOR**PMx1-Cre* (mTOR™/~) [76]
or Rosa26-CreERT2*, TSC1!¥/1XP (TSC1~/7) [77] mice
are deficient in platelet production. The discrepancies
may be explained by the differences in the conditional
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knockout models: normal platelet counts were observed
for Raptorﬂ/ﬂCreER +TAM (Raptor-deficient) mice [71]
and Raptorﬂ/ﬂ PF4-Cre + (Raptor~'~) [65], while other
groups report that Raptor'™®!**’Mx1-Cre* (Raptor™'")
mice show deficient platelet production [78]. PF4-Cre
mice were used to generate megakaryocyte/platelet-
specific knockout mice [51], whereas Mx1-Cre was
induced by polyinosinic-polycytidylic acid [79] and
used to generate knockout cells during development,
including hematopoietic stem cells [78]. Further work
on the complex mechanisms of mMTORC1 and mTORC2
may help to elucidate the role of mTOR at different
stage of thrombopoiesis.

The dose-dependent deficiency in mTOR™~ platelets
during thrombus formation in vitro, particularly when
grown on low-concentration collagen-coated surfaces,
may be explained by platelet function (Additional file 1:
Figure S9, as well as see Additional file 2).

Our results also demonstrate that isolated mTOR™/~
platelets display impaired thrombus formation after
blood perfusion on micro-flow chambers which were
coated with low-concentration fibrillar collagen. Con-
sistently, GPVI- and PAR4-mediated aggregation was
impaired in mTOR ™/~ platelets upon activation with low
concentrations of the agonists CRP and GYPGKF-NH,,
while the aggregation level of mTOR™~ platelets that
were induced by ADP was approximately consistent to
that of WT platelets. No deficiency in aggregation was
detected in mTOR™/~ platelets when higher doses of
these agents were tested, which suggests that the phe-
notype of mTOR™/~ platelets is dose-dependent. Simi-
lar to our findings, Musumeci and colleagues showed a
dose-dependent difference in DUSP3-deficient platelets:
the platelet aggregation was impaired for low-dose CRP-
induced DUSP3-deficient platelets, but no deficiency in
aggregation was detected for higher dose CRP-induced
DUSP3-deficient platelets [80]. Moreover, the levels
of oyyB; activation were decreased in mTOR™/~ plate-
lets compared to WT platelets upon stimulation with
low-dose GPVI-dependent collagen or PAR-dependent
thrombin. However, there was almost no difference
between the mTOR ™/~ and WT platelets in the activation
of oy,PB; after stimulation with higher concentrations.
Additionally, mTOR™/~ platelets displayed increased
spreading while reducing clot retraction; however, this
discrepancy in the literature may be explained by dif-
ferent molecular mechanisms between these processes
[81-83] (see Additional file 1: Results and Discussion).
However, future work is needed to pinpoint mTOR-reg-
ulated molecules in outside-in signaling. Our data also
revealed that mTOR plays a negative role in regulating
platelet spreading on collagen-coated surfaces, which is
similar to the results of spreading on fibrinogen. These
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results suggest that mTOR may plays different roles in
early and late outside-in signaling.

Platelets contain several types of secretory granules,
most notably a-granules, dense granules, and lysosomes.
a-granules contain P-selectin, fibrinogen, and other pro-
teinaceous components; lysosomes contain proteolytic
enzymes; and dense granules contain ATP, ADP, calcium,
serotonin, and other molecules. Our results suggest that
the regulation of dense granule secretion (ATP release)
is an essential role of mTOR in platelets that are stimu-
lated by GPVI agonists. This conclusion is based upon
the following observations: (1) The expression of P-selec-
tin was almost not influenced by mTOR deficiency in
platelets after induction by agonists; (2) the defect in
the aggregation of mTOR™/~ platelets induced by lower
dose GPVI-dependent collagen was rescued by supple-
mentation with ADP, while the aggregation of WT plate-
lets induced by low-dose GPVI-dependent collagen was
decreased to a level similar to that of mTOR-deficient
platelets when apyrase was applied (data not shown);
and (3) ADP restored the decreased phosphorylation
of S6 Ser235/236, Akt Serd73, as well as the increased
phosphorylation of PKCS Thr505 and PKCe Ser729 in
mTOR ™/~ platelets, although it is unclear why the phos-
phorylation levels of these molecules were not signifi-
cantly increased in WT platelets after exogenous ADP
was added (Additional file 1: Figure S7).

Our results demonstrate that the phosphorylation of
Erk Thr202/Tyr204 was significantly decreased in mTOR-
deficient platelets or in WT platelets after treatment
with the mTOR inhibitor, Torinl, when stimulated with
GPVI/PARs agonist (data not shown). There is synergistic
crosstalk between mTOR and MAPKs in other cell types
[84]. For example, some studies observed MAPKs regu-
lated mTOR (mTORC1) [63, 85, 86], while other studies
found that mTOR (mTORC?2) regulated MAPKs [87-89].
Interestingly, PKCs have been also been reported to be
regulated by mTOR or mTORC2 in other cell types [4],
and it is documented that MAPKs play important roles
in regulation by PKCs in platelet activation [2]. Based on
the literature mentioned above as well as our results, we
hypothesize that mTOR or mTORC2 regulates Erk (pos-
sibly through PKCs).

Analysis of signaling molecules demonstrated that
mTOR deficiency impaired the phosphorylation of S6
Ser235/236 and Akt Ser473 in platelets after low-dose
CRP/collagen stimulation with GPVI. The phosphoryla-
tion of the S6 Ser235/236 and Akt Ser473 in mTOR ™'~
platelets was decreased to around 30% of that of WT
platelets, and the phosphorylation of these substrates was
ablated in some samples of mTOR ™'~ platelets pre-incu-
bated without apyrase.
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Moreover, a similar decrease in the phosphorylation
of these downstream signaling molecules in response
to low-dose collagen (0.8 pg/mL) was observed in WT
platelets after treatment with the mTOR inhibitor Torinl,
while almost no change was observed for mTOR™~
platelets after the same treatment. As observed from
the sample bands, Torinl may have exerted an effect on
mTOR™/~ platelets regarding the phosphorylation of
these downstream signaling molecules; however, there
was no significant difference between mTOR™'~ plate-
lets pre-incubated with Torinl and mTOR™~ platelets
pre-incubated without Torinl. Torinl ablated the phos-
phorylation of S6/Akt Ser473 in W'T platelets, which is
similar to findings provided by Moore and colleagues [9].
A reason for these phenomena is that as a chemical inhib-
itor, Torin1 also plays a nonspecific role on other kinases.
For example, Torinl exhibits a weaker influence on PI3K/
Akt [90]. We further confirmed the mTOR deficiency
ablated phosphorylation of the substrates when apyrase
was used to hydrolyze the released ADP. These findings
occurred independently of substantive S6/Akt Serd73
phosphorylation in mTOR™/~ platelets in the absence
of exogenous apyrase. Additionally, exogenous ADP
restored the decreased phosphorylation of S6 Ser235/236
and Akt Ser473 in mTOR™'~ platelets when stimulated
with low-concentration GPVI agonist collagen. In addi-
tion, mTOR exerted almost no effect on ADP-induced
platelet activation. Please see Additional file 1: Figure S7,
S6 and Fig. 2c in order.

These results suggest that the released ADP activated
P,Ys, can bypass mTOR complexes and phosphorylate
Akt Ser473 or S6 Ser235/236 (possibly through ERK [63,
72, 73, 75, 85, 86]) in mTOR ™'~ platelets when induced
by low concentrations of GPVI-agonist/PAR4-agonist
(PAR4 agonist GYPGKF-NH, data not shown); these
phosphorylation events can be amplified by an ADP
secretion cascade. This may be the primary, or even the
sole reason, why phosphorylation of the substrates is not
typically ablated in mTOR™'~ platelets when pre-incu-
bated without apyrase. Interestingly, previous reports
using blockers of ADP-receptor or apyrase have impli-
cated that the direct activation of S6K1/S6 [10, 13, 91]
and Akt Ser473 (as well as Erk, [92, 93]) by GPVI or PARs
signaling mainly exists in normal platelets when stimu-
lated with GPVI/PARs. In addition, it is well known that
the ADP secretion induced by agonists and the subse-
quent activation of P,Ys would amplify phosphorylation
signaling (including Akt Ser473, Erk) [2, 92, 94]. However,
whether other molecules beyond ADP secretion-P2Ys
are involved is unknown. These interesting phenomena
as well as their mechanisms should be studied in future
work.
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These results also are consistent with the deficiency in
mTOR signaling.

We further assessed the effect of mTOR deficiency on
the phosphorylation of several PKC isoforms, which are
classified by the structure of their regulatory domains.
The expression of the cPKC (classical PKC) isoforms
¢PKCa and cPKCp, and the nPKC (novel PKC) isoforms
nPKC8 and nPKCB have been observed in human plate-
lets in many studies [33, 35, 36]. Additionally PKCe is
expressed in human megakaryocytes but not in human
platelets [28, 36, 38], though mouse platelets also express
PKCe [28, 39]. We therefore assessed the effects of CRP
on each of these platelet-expressed PKCs. Our results
demonstrate that the phosphorylation of both PKC8 and
PKCe was enhanced after low-dose CRP stimulation.
PKC enzymes have been proposed to regulate steps in
the process of platelet activation, such as the mobiliza-
tion of calcium ion, oyPs-mediated signaling; exocyto-
sis or the secretion of granules; filopodia formation; and
adhesion to the extracellular matrix [20, 23, 25, 29, 33, 35,
36, 95]. Additionally, it has been suggested that cPKCs
positively regulate platelet activation and thrombus for-
mation, while the nPKC isoforms have been proposed to
execute a negative regulatory role on platelet activation,
at least in some cases [24, 96].

To verify the role of PKCd in mTOR-dependent col-
lagen response, we assessed the effects of the PKCS§
inhibitor rottlerin. Our results demonstrate that rottlerin
restored full aggregation and dense granule secretion
(ATP release) of mTOR-deficient platelets in response
to low-dose collagen. The selective PKCS peptide inhibi-
tor also restored the aggregation of mTOR ™/~ platelets in
response to low-dose collagen, and exerted smaller but
similar role on the dense granule secretion of mTOR ™~
platelets. We also found that €V1-2 minimally rescued
the aggregation of mTOR-deficient platelets in response
to low-dose collagen. Given that PKCe has widely been
reported to be a negative regulator of ADP/P2Ys-medi-
ated platelet activation [20, 97], these results are consist-
ent with current understanding of eV1-2's.

These results suggest that PKC8/e, especially PKCS
but not PKCa/p and PKC8, may be involved in low-dose
GPVI-mediated mTOR-dependent signaling (Additional
file 1: Figure S9 as well as see Additional file 2).

Conclusions

In conclusion, we demonstrated that depending on the
collagen concentration or extent of injury, mTOR func-
tions as a positive regulator in thrombus formation
in vitro when perfused on low-concentration collagen-
coated surfaces or in vivo after being subjected to less
severe FeCl;-induced injury. mTOR was also found to
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exert a positive role in low-dose activation of GPVI in
platelets in a dose-dependent manner, although the
effect of mTOR deficiency was less dramatic, different
experimental designs yielded similar results. Further
work is required for a more complete understanding of
the network of signaling mediators that are involved in
this complex process.
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