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Key Points

• Circulating, resting
platelets maintain
proteostasis by
constitutive translation
driven by plasma
growth factors and
hormones.

• Constitutive protein
synthesis is required
for platelet reactivity
and regulates the
balance of hemostasis
and thrombotic
potential.
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Mechanisms of proteostasis in anucleate circulating platelets are unknown and may regulate

platelet function. We investigated the hypothesis that plasma–borne growth factors/hormones

(GFHs) maintain constitutive translation in circulating platelets to facilitate reactivity.

Bio-orthogonal noncanonical amino acid tagging (BONCAT) coupled with liquid

chromatography–tandem mass spectrometry analysis revealed constitutive translation of a

broad-spectrum translatome in human platelets dependent upon plasma or GFH exposure, and

in murine circulation. Freshly isolated platelets from plasma showed homeostatic activation of

translation-initiation signaling pathways: phosphorylation of p38/ERK upstream kinases,

essential intermediate MNK1/2, and effectors eIF4E/4E-BP1. Plasma starvation led to loss of

pathway phosphorylation, but it was fully restored with 5-minute stimulation by plasma or

GFHs. Cycloheximide or puromycin infusion suppressed ex vivo platelet GpIIb/IIIa activation

and P-selectin exposure with low thrombin concentrations and low-to-saturating

concentrations of adenosine 5′-diphosphate (ADP) or thromboxane analog but not convulxin.

ADP–induced thromboxane generation was blunted by translation inhibition, and

secondary-wave aggregation was inhibited in a thromboxane-dependent manner.

Intravenously administered puromycin reduced injury-induced clot size in cremaster muscle

arterioles, and delayed primary hemostasis after tail tip amputation but did not delay neither

final hemostasis after subsequent rebleeds, nor final hemostasis after jugular vein puncture.

In contrast, these mice were protected from injury-induced arterial thrombosis and

thrombin-induced pulmonary thromboembolism (PE), and adoptive transfer of translation-

inhibited platelets into untreated mice inhibited arterial thrombosis and PE. Thus, constitutive

plasma GFH-driven translation regulates platelet G protein–coupled receptor reactivity to

balance hemostasis and thrombotic potential.

Introduction

The ability of anucleate platelets to translate nascent protein from their inherited messenger RNAs (mRNAs)
was first demonstrated in 1967, and in 1987, translation was reported at elevated levels in immature
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platelets from patients with immune thrombocytopenia.1,2 Later
studies supported these findings, but most groups have described
that translation quickly ceases in ex vivo platelets, leading to a general
presumption that platelet translation is not robust and, thus, of limited
biological significance.3-7 More substantial effort has gone into char-
acterizing translation after agonist stimulation of protease-activated
receptors, collagen receptors, and other initiators of platelet “activa-
tion” pathways leading to conversion of inactive fibrinogen-binding
integrins to the active high-affinity state, and degranulation; recent
profiling studies confirmed >6000 inherited mRNAs in polysomes and
association with inducible translation of cognate protein products in
thrombin-stimulated human platelets.3,8-12 However, relevance of
postactivation translation, a slow, rate-limiting step in cell response, to
rapid hemostasis, is not clear. Surprisingly little attention has been
given to translation in so-called “resting” platelets in circulation,
despite the fact that platelets express the requisite components and
show broad ribosome occupancy of mRNAs under resting condi-
tions.3,13 Rosenwald et al were the first to show that ex vivo platelets
in platelet-rich plasma require ongoing synthesis for reactivity, and
Devine et al later confirmed that stored platelets do, in fact, continue
to translate protein (integrins), with implications for reactivity of stored
platelets.13,14 Platelets in those studies (and in general storage
practice) were kept in plasma, in contrast to prior studies of “resting”
platelet translation, in which ex vivo platelets were removed from their
native plasma environment, and translation steadily came to a halt. We
interpret these prior studies to suggest, instead, that platelets undergo
translation constitutively in the presence of plasma, for example, in
circulation, as a result of signaling, and that this expenditure of
molecular resources and cellular energetics is critical for platelet
proteostasis and functionality. However, roles of translation in reac-
tivity of platelets in blood circulation, and the contributions of the
plasma environment, remain unknown.

Platelets express receptors for many growth factors/hormones
(GFHs). Plasma-circulating GFHs drive signal pathways for tran-
scription in nucleated cells but also drive pathways initiating protein
translation from mRNAs. Translation initiation, the rate-limiting step in
translation, requires phosphorylation-driven formation and stabiliza-
tion of the eIF4F protein complex leading to its binding to the
7-methylguanosine 5′ untranslated region cap in the majority of
mRNAs, recruiting 43S ribosomes to initiate translation.15,16

Platelets harbor unspliced mRNAs that can become spliced
upon agonist stimulation, and, particularly young platelets, also har-
bor transfer RNAs, a robust cohort of mature m7G-capped and
3′-polyadenylated mRNAs, and the components and regulators of
the eIF4F complex.12,13,17-22 None of these pathways has been
investigated in resting platelets exposed to plasma GFHs, and
constitutive platelet translation and the regenerating proteome have
not been explored. We hypothesized that GFHs in plasma stimulate
translation-initiation signaling in circulating, inactive platelets to
mediate constitutive protein synthesis, balancing ongoing protein
degradation, and that this process regulates platelet reactivity and
physiological function.

Methods

Bio-orthogonal noncanonical amino acid (ncAA)

tagging

Platelets were incubated with 3 mM azidohomoalanine (AHA;
Click Chemistry Tools, Scottsdale, AZ), or mice were given AHA
26 MARCH 2024 • VOLUME 8, NUMBER 6
intravenously at 30 mg/kg dissolved in sterile saline solution, for
indicated times combined with inhibitors or vehicle (volume to
volume). Platelets were collected from whole murine blood or
human platelet suspensions, pelleted, lysed, and labeled with
biotin-alkyne in the presence of Cu++ and triazole ligand using
the Click iT Buffer Kit (Invitrogen, Carlsbad, CA) according to
the manufacturer’s instructions. Proteins were precipitated with
5.5 N perchloric acid, separated by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis, transferred to nitrocellulose
membranes, and probed with streptavidin-IRDye680 conjugates,
as described previously.23
Results

Constitutive translation in resting platelets

We adapted new technologies for metabolic labeling of newly
synthesized proteins (NSPs) in human and murine platelets, which
support visualization and identification of NSPs. We tested bio-
orthogonal ncAA tagging, or BONCAT, in ex vivo platelets using
the cell-permeable ncAA AHA, which can be charged onto
methionine transfer RNAs and incorporated into nascent poly-
peptides; to date, no adverse effects have been observed on
protein, cellular, developmental, or physiological function.24-26

We treated ex vivo human platelets in platelet-rich plasma with
AHA, then isolated total protein and performed Cu++-catalyzed
click chemistry reactions to biotinylate AHA-tagged NSPs.
Western blot analysis with streptavidin conjugates revealed that
plasma-exposed platelets underwent rapid translation of a broad
proteome, consistent with prior indications, which furthermore
was inhibited with translation inhibitor puromycin (Figure 1A). We
hypothesized that this response requires GFH signaling from
plasma. Removal of ex vivo platelets from plasma into serum-free
defined media (starvation buffer [SB]: Tyrode buffer with 5 mM
glucose, EDTA, and amino acids but no plasma proteins or hor-
mones) suppressed translation. However, upon reintroduction of
reserved autologous platelet-poor plasma, we observed rapid and
robust resumption of translation of a broad-spectrum proteome in
plasma-starved platelets, which was inhibited by puromycin,
demonstrating that constitutive translation in resting human
platelets requires stimulation by plasma factors (Figure 1B).
Plasma starvation of platelets per se did not inhibit their ability to
undergo enhanced translation after activating agonist stimulation,
indicating that platelets can still support this function even in the
absence of plasma factors (supplemental Figure 1). To confirm
constitutive translation in resting platelets in circulation, we
transfused AHA into the tail vein of wild-type mice,24,25 and iso-
lated platelets after 1 hour. BONCAT biotin labeling and detec-
tion confirmed that circulating murine platelets undergo
constitutive synthesis of a robust translatome, similar to that in
ex vivo plasma-exposed human platelets (Figure 1C). As an
alternative approach, we took advantage of the ability of puro-
mycin to incorporate into nascent polypeptides during active
translation, preventing further translation and resulting in enrich-
ment of truncated nascent proteins. Within 2 hours of intravenous
puromycin administration, puromycin–positive truncated
polypeptides were observed in platelet lysates, and these poly-
peptides became further enriched at 4 hours (Figure 1D).
Together, these results demonstrate constitutive protein synthesis
in resting, circulating platelets.
CONSTITUTIVE TRANSLATION IN PLATELET FUNCTION 1551
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Figure 1. Plasma-driven broad-spectrum protein

synthesis in human platelets. (A) Platelet-rich plasma was

treated with vehicle (−) or azidohomoalanine (AHA) in the

absence (−) or presence (+) of puromycin (Puro, 10 μg/mL),

and platelets were isolated at the indicated times, washed, and

lysed. NSPs were labeled with biotin-alkyne and detected with

streptavidin conjugate, and membranes were counter-stained

with β-actin antibodies, as shown. (B) Washed human white

blood cell/red blood cell–depleted platelets were either

resuspended in autologous plasma–EDTA (platelet-poor

plasma [PPP]; EDTA added to inhibit platelet activation) or SB

followed by feedback with AHA and plasma or buffer as

indicated, then harvested and processed for NSP detection as

described earlier. (C) AHA (0.5 mg/g) with/without Puro

(20 mg/kg) was injected into tail veins of wild-type (WT) mice,

and blood was extracted after 1 hour for platelet isolation and

platelet NSP detection. (D) Puromycin was administered as in

panel C in the absence of AHA, platelets were collected at the

indicated times, and platelet lysates were subject to

immunoblotting with puromycin-specific antibodies. Each panel

representative of 3 independent experiments.
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Translation-initiation signaling by plasma GFHs

in human platelets

Platelets express the components and regulators of the eIF4F
complex, and use eIF4F complex-driven pathways to potentiate
translation upon platelet stimulation12,27; however, little is known of
their function in circulating platelets, and relationships to GFHs
have not been explored. To begin to dissect connections in
platelets, we investigated eIF4F complex signaling in human
platelets starved in SB, and subsequently, with plasma added back.
Consistent with suppression of translation in plasma-starved
platelets (Figure 1), key components of the eIF4F complex
necessary for cap-binding and ribosome recruitment, eIF4E and
4E-BP1, became steadily dephosphorylated in platelets maintained
in SB, as did the requisite eIF4E kinase mitogen-activated protein
kinase-interacting protein kinase (MNK), and the MNK cognate
upstream kinases extracellular signal-regulated kinase (ERK) and
1552 WURTZEL et al
p38 (Figure 2A). Reexposure to autologous platelet-poor plasma
rapidly reactivated phosphorylation of eIF4F signaling (Figure 2B).

Platelets express a cohort of cognate receptors for GFHs abundant
in plasma, several of which are implicated in initiation signaling.
Feedback treatment of starved platelets with purified GFHs vascular
endothelial growth factor (VEGF), insulin-like growth factor-1 (IGF-
1), insulin, epidermal growth factor (EGF), high mobility group box
protein 1 (HMGB1), epinephrine, or serotonin (5-hydroxytryptamine),
at concentrations reflecting reported mean platelet-rich plasma
levels in healthy individuals between meals28 was sufficient to
stimulate eIF4F signaling, with partially but incompletely overlapping
profiles. For example, treatment with either IGF-1 or insulin was
sufficient to induce phosphorylation of each pathway protein tested,
whereas epinephrine or 5-hydroxytryptamine each strongly induced
p38 phosphorylation but did not induce robust phosphorylation of
protein kinase B (AKT) or ERK (Figure 2C). GFH addition to starved
26 MARCH 2024 • VOLUME 8, NUMBER 6
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Figure 2. Translation-initiation signaling by plasma GFHs

in human platelets. (A) Human washed platelets were

resuspended in SB for the indicated times, and whole-platelet

lysates were immunoblotted with antibodies as indicated. p,

phosphorylated; t, total. (B) Platelets maintained in SB for

120 minutes, as in panel A, were pelleted by gentle

centrifugation and resuspended in autologous platelet-poor

plasma for 5 minutes, then pelleted, lysed, and subject to

immunoblotting with the indicated antibodies. (C) Platelets were

harvested directly from platelet-rich plasma (Fresh), or

otherwise resuspended in SB for 120 minutes, then treated as

in panel B for 5 minutes with platelet-poor plasma (PPP) or each

indicated GFH, then pelleted for immunoblotting with the

indicated antibodies. Vascular endothelial growth factor

(VEGF), 100 pg/mL; insulin-like growth factor-1 (IGF-1),

200 ng/mL; insulin, 500 pM; EGF, 2 ng/mL; high mobility group

box protein 1 (HMGB1), 2 ng/mL; epinephrine (Epi), 500 pM;

serotonin (5-hydroxytryptamine [5-HT]), 1 nM. Fold change in

phosphorylated (phospho) to total proteins from immunoblots

as measured by densitometric analysis are shown to the right ±

standard error of the mean, normalized to Fresh (1) and Starved

(0). All were significantly increased over starved levels (P < .05)

except for the following: IGF-1: p-4E-BP1; Epi: p-ERK, pAKT,

p-eIF4E, p-4E-BP1; 5-HT: p-ERK, p-AKT, and p-4E-BP1; n = 5.
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platelets did not induce platelet activation (supplemental Figure 2A).
Together, these results point to direct induction of translation-
initiation signaling in resting platelets by plasma GFHs in the
absence of activating stimuli.

Regulation of platelet agonist responses by

plasma-driven translation

To investigate contributions of proteostasis to platelet function, we
first tested agonist responses in human platelets maintained in
plasma or in SB and observed modestly reduced platelet reactivity
after 120 minutes in SB, and greatly reduced reactivity after
18 hours compared with platelets maintained in plasma
(supplemental Figure 2B). However, these observations may reflect
generalized degradation of platelet function under these condi-
tions, including, but not limited to, suppressed translation. We
considered effects of translation inhibitors on reactivity of ex vivo
platelets to agonist stimulation. Although effects of translation
inhibitors on platelet activities were tested many years ago, only
acute effects were measured in short times, in treated platelets
26 MARCH 2024 • VOLUME 8, NUMBER 6
removed from plasma.1,13 We tested agonist responses in washed
platelets extracted from mice infused with puromycin or cyclohex-
imide. Integrin αIIbβ3 (GpIIb/IIIa) activation and α-granule secretion
were both inhibited in platelets from puromycin- or cycloheximide-
treated mice at low concentrations of thrombin compared with
platelets from vehicle-treated mice. Activation responses were
partially but not fully recovered in platelets from puromycin-treated
mice with high concentrations of thrombin, suggesting modulation
of overall platelet reactivity by translational suppression. Activation
was also modulated with cycloheximide at the lowest thrombin
concentration but appeared similar to that in controls at higher
concentrations. This result may reflect suboptimal translational
suppression, potentially faster drug clearance, or the reversible
nature of translation inhibition by cycloheximide, allowing for
resumption of translation under these specific treatment conditions
(Figure 3A). Responses to ADP and thromboxane A2 analog
U46619 were reduced in translation-inhibited platelets (both
puromycin and cycloheximide) across a range of concentrations of
each agonist including at saturating concentrations (Figure 3B-C).
Translation inhibition did not increase surface exposure of
CONSTITUTIVE TRANSLATION IN PLATELET FUNCTION 1553
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phosphatidylserine nor activation of caspase-3, indicating that
these treatments did not induce progression to apoptosis in the
platelets (supplemental Figure 3). Thus, in vivo blockade of trans-
lation modulates platelet activation downstream of G protein–
coupled receptor (GPCR) stimulation. In contrast, glycoprotein VI
(GpVI)-mediated platelet activation with convulxin was unaltered
with either puromycin or cycloheximide (Figure 3D), indicating
selective roles for constitutive translation in GPCR but not GpVI
receptor responses in platelets. Integrin surface expression in
platelets from mice treated with either inhibitor was similar to that of
controls (supplemental Figure 4). Together, these results demon-
strate modulation but not ablation of platelet reactivity encom-
passing multiple GPCR agonist response pathways by in vivo
translation inhibition.

Translation inhibition suppresses platelet

aggregation by inhibition of thromboxane generation

Next, assessed ex vivo agonist-induced aggregation in platelets
from treated mice. Whereas platelets from vehicle-treated mice
showed the expected 2 waves of aggregation in response to
stimulation with ADP, puromycin blunted the secondary wave
(Figure 4A), suggesting defects in thromboxane A2 generation or
response. In contrast, we did not observe altered convulxin-
stimulated aggregation in puromycin-treated platelets (Figure 3B).
To dissect the secondary-wave defect, we assessed aggregation
with low-dose thrombin in the presence of apyrase, aspirin, or both
combined. In the absence of inhibitors, overall aggregation was
partially reduced in platelets from puromycin-treated mice
compared with platelets from controls. As predicted, addition of
apyrase or aspirin alone, or in combination, suppressed aggrega-
tion in control platelets. Interestingly, apyrase alone or combined
with aspirin completely blocked aggregation induced by low-dose
thrombin in translation-inhibited platelets (only shape change was
observed) whereas suppressive effects of aspirin alone were
similar in control and translation-inhibited platelets (Figure 4C).
ADP–induced thromboxane production was blunted by in vivo
puromycin treatment (Figure 4D). Together, these results demon-
strate that translation inhibition in circulating platelets suppresses
GPCR reactivity by blockade of ADP–induced thromboxane
generation.

Contribution of plasma-driven translation in platelets

to hemostasis in mice

Inhibition of translation in vivo by puromycin in mice led to delayed
time to initial occlusion after tail tip amputation, indicating sup-
pression of platelet hemostatic function by blockade of constitutive
translation (Figure 5A). However, hemostasis after subsequent
rebleeds was not significantly altered, although a trend toward
delayed hemostasis was evident (Figure 5B). Hemostasis after
150-μm needle puncture to the jugular vein29-31 was also not
Figure 3. Modulation of platelet reactivity by suppression of translation in circula

per volume), puromycin (20 mg/kg), or cycloheximide (120 mg/kg), 18 hours and again 4

agonist stimulation as indicated in the presence of fluorophore-conjugated antibodies again

P < .03 compared with vehicle control except if indicated otherwise; other P values are s

control; MFI, mean fluorescence intensity, shown ± standard error of the mean. Vehicle, gre

squares and blue lines.
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altered in puromycin-infused mice compared with that in controls,
as measured by total bleeding times, platelet and fibrin deposition,
and Cd62p exposure, as well as overall clot architectures
(Figure 5C-H). Platelet counts and mean volumes and other blood
cell counts were similar between the 2 groups, although a slight
reduction in circulating lymphocytes after puromycin treatment was
observed (supplemental Figure 5). Puromycin also had no apparent
effects on platelet lifespan (supplemental Figure 6). Together,
these results indicate that constitutive translation in circulating
platelets, although essential for the full capacity of platelet
reactivity, is not required for hemostasis in these models.

Inhibition of thrombosis by blockade of

plasma-driven translation via decreased platelet

accumulation

We considered effects of translation inhibition on thrombosis; first,
in a model of pulmonary embolism (PE) by assessing time to
cessation of respiration after a bolus intravenous injection of
thrombin in treated mice.32,33 Whereas vehicle-treated mice
ceased respiration within a few minutes, puromycin treatment led
to delayed time to cessation of respiration (1 of 6) or outright
survival (4 of 6) through the experimental time frame (Figure 6A).
Although platelets are the primary cellular drivers of these effects, it
is possible that injection of translation inhibitors may affect other
contributors, particularly coagulation factors. We tested thrombin
generation via extrinsic and intrinsic coagulation pathways in
platelet-poor plasma from treated mice and found no significant
differences in thrombin generation potential initiated by tissue
factor or silica between saline-treated and puromycin-inhibited
mice, and only marginal reduction in tissue factor–initiated
thrombin generation with cycloheximide, which may reflect hepa-
totoxicity of this drug (supplemental Figure 7). These results are
consistent with limited effects of translation inhibition on hemo-
stasis as noted earlier and suggested a direct role for platelets as
the primary drivers of the antithrombotic effects. To determine
platelet-specific effects in PE in vivo, we transfused isolated
platelets from inhibitor-treated mice into untreated recipient mice,
followed immediately by thrombin administration. Whereas mice
receiving platelets from vehicle-treated donors ceased respiration
within a few minutes, mice receiving platelets from puromycin-
treated mice survived throughout the experimental time frame
(Figure 6B), and the lungs of these mice, removed after post-PE
perfusion with saline, showed reduced thrombi and reduced
entrapped blood in the lung vasculature compared with lungs from
control mice (Figure 6C). To test contributions of constitutive
translation to arterial thrombosis, we subjected vehicle- and
puromycin-treated mice to FeCl3 injury to the carotid artery and
monitored blood flow and vessel occlusion. Arteries in vehicle-
treated mice consistently showed stable occlusion at 801.1 ± 71
seconds after injury. In contrast, arteries in puromycin-treated mice
mostly did not occlude (5 of 6). In some cases, we observed a
ting platelets. WT mice were dosed by tail vein injection with vehicle (saline, volume

hours before platelet collection. (A-D) Platelets from treated mice were subject to

st activated αIIbβ3 integrin (Jon/A) and Cd62p, and measured by flow cytometry; n = 9.

hown compared with vehicle control; n.s., not significant compared with vehicle

en circles and green lines; puromycin, red triangles and red lines; cycloheximide, blue
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tendency toward occlusion, followed by restoration of blood flow
reflecting clot instability (Figure 6D). To test platelet-specific
effects of puromycin, we transfused platelets isolated from
treated mice into naïve mice, followed by FeCl3 carotid arterial
injury in the recipient mice. Whereas occlusive thrombosis
occurred within typical time frames in mice receiving platelets from
vehicle-treated donors, mice receiving platelets from puromycin-
treated donors were protected from thrombosis in this model, in
some cases showing clot formation followed by embolization and
restoration of blood flow (Figure 6E). These results suggested that
puromycin-treated weakly reactive platelets limited thrombus
growth, or destabilized growing thrombi in multiple models of
thrombosis.

To investigate these possible mechanisms, we monitored platelet
recruitment to thrombi and clot dynamics after laser injury in cre-
master muscle arterioles in puromycin-treated mice. Thrombus size
was decreased in puromycin-treated mice compared with controls,
as evidenced by fewer Cd41+ platelets incorporated into
the thrombi (Figure 7A-B). However, the hemostatic core of
P-selectin–positive platelets was unaltered (Figure 7C). Fibrin
deposition, also limited to the core region in this model,34,35 was
also not significantly altered by puromycin, although a trend toward
decreased fibrin was evident (Figure 7D). Together, these results
demonstrate that ongoing, plasma-driven translation in platelets is
necessary for growth and/or stabilization of loosely adherent
platelets in the outer “shell” region of thrombi. Thus, constitutive
translation in peripheral blood platelets is largely dispensable for
hemostasis but contributes essentially to the growth and stability of
larger occlusive clots leading to thrombosis in mice.

The constitutive translatome in circulating murine

platelets

Next, we sought to map the plasma-driven translatome in circu-
lating, inactive platelets, first by inhibiting translation in platelets
in vivo. We predicted that prolonged blockade of translation would
result in reduced expression of a broad array of proteins, as a result
of lack of protein synthesis against a background of ongoing pro-
tein degradation. We selected cycloheximide as the translation
inhibitor for these experiments, because puromycin creates trun-
cated peptides that could confound data interpretation. Platelet
counts were not altered between the treatment groups
(supplemental Figure 8). Normalized leukocyte-/erythrocyte-
depleted platelet samples isolated after treatment were lysed and
subject to protein mapping by liquid chromatography–tandem
mass spectrometry (LC-MS/MS) and analyzed by label-free quan-
titation of derived peptides. Although we predicted broad changes
to the platelet proteome by in vivo translation inhibition, marked
primarily by suppression of protein expression, the observed that
effects were more subtle. A relatively small number of proteins
were significantly suppressed in platelets from cycloheximide-
treated mice compared with controls, as indicated by MS/MS
results (supplemental Figure 9; supplemental Table 1). As
Figure 4. Translation inhibition in vivo suppresses murine platelet ex vivo aggre

in response to agonists as indicated. In panel C, platelets were pretreated with vehicle, ap

0.0025 U/mL thrombin; n = 3; *P < .01, **P < .03. AUC, area under the curve. (D) Washed

of buffer and stimulated with 10 μM ADP for 3 minutes, and thromboxane B2 in platelet-dep

or bars; puromycin, red lines or bars.
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discussed hereafter, we interpret these results to suggest that,
despite ongoing translation of many proteins in circulating platelets,
platelets may respond to pharmacological blockade of translation
by reducing activity of the protein degradation machinery to
maintain proteostasis.

Nonetheless, interesting patterns emerged when comparing
cycloheximide-treated platelets with those from vehicle controls,
including several downregulated proteins of special interest. Gene
ontological clustering of the top 100 putatively downregulated
proteins by molecular function (supplemental Figure 10A) and
cellular process (supplemental Figure 10B) showed concentra-
tions in translation-related functions such as ribosomal RNA bind-
ing, mRNA binding, structural constituents of ribosomes, and
related designations (supplemental Table 2). Of particular note, we
observed strong suppression of mammalian target of rapamycin
(mTOR) after translation inhibition. We note that mTOR is a master
regulator of translation of so-called 5′ terminal oligopyrimidine
(TOP) mRNAs harboring 5′-TOP tracks, which comprise mostly
ribosome-associated proteins, subject to additional levels of
discriminatory regulation of translation driven by these tracks. We
found that 21 of 95 classical mTOR-dependent 5′-TOP genes
appeared suppressed in platelets from cycloheximide-treated mice
(supplemental Table 1).36 We interpret these data to indicate that
reduced expression of these 5′-TOP genes related to ribosome
function may stem from reduced mTOR expression by in vivo
translation inhibition.

We also noted apparent suppression of Akt2, although the degree
of suppression did not reach significance in the MS/MS compari-
sons (supplemental Table 1; supplemental Figure 9). However,
western blot analysis of platelet lysates from translation-inhibited
mice revealed significant suppression of both mTOR and Akt2
(supplemental Figure 11), confirming suppressed expression of
these proteins by translation inhibition in platelets in vivo. The Akt
family including Akt2, has been associated with thromboxane
synthesis and essential signaling leading to integrin activation and
granule secretion in platelets,37-41 which we observed were
reduced in translation-inhibited platelets.

Finally, an even smaller number of proteins appeared to be upre-
gulated in platelets from cycloheximide-treated mice. Although most
did not reach significance, one protein, Ces3a, was highly enriched
in these platelets but was not detected in control platelets
(supplemental Table 1). We note with interest that Ces3a has been
reported to be a liver-specific protein,42 and an effect of cyclohexi-
mide (in rats) is to induce hepatocyte apoptosis, associated with
hepatic toxicity.43 Our results suggest that cycloheximide-induced
changes to the observed platelet proteome may also reflect inter-
nalized or surface-associated proteins derived from heterologous
cells, in this case, potentially from destroyed hepatocytes.

As an alternative approach, we sought to map the plasma-driven
translatome in circulating, inactive platelets in vivo, taking advan-
tage of BONCAT labeling with AHA, by comparing proteomes from
gation by inhibition of thromboxane generation. (A-C) Platelet aggregation

yrase (1 U/mL), and/or aspirin (1 mM) for 30 minutes before stimulation with

platelets (2 × 108) from vehicle- or puromycin-treated mice were suspended in 0.4 mL

leted releasates was measured as described in “Methods”; n = 5. Vehicle, green lines
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AHA- and vehicle-treated mice after biotinylation and neutravidin-
sepharose affinity chromatography. The overall protein yield after
these methods was considerably lower than for the aforementioned
1558 WURTZEL et al
analyzed whole-platelet lysate samples, as might be expected with
metabolic labeling of nascent proteins only, and sample loss during
the click labeling, affinity purification, and protein isolation steps.
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Nonetheless, the overall pattern of BONCAT-labeled proteins
identified by LC-MS/MS, which spanned an array of cellular pro-
cesses mostly limited to cytosolic signaling mediators, aligned with
aforementioned data comparing untreated platelets with
translation-inhibited platelets (supplemental Table 3). Altogether,
these results demonstrate that the constitutive translatome in
circulating murine platelets includes various proteins that, through
their combined activities, are necessary for optimal reactivity and
physiological function.

Discussion

The results of this study demonstrate that circulating, resting
platelets respond acutely to plasma-borne cues by propagating
translation-initiation signaling pathways leading to constitutive
synthesis of a broad-spectrum translatome, with essential roles in
platelet function. The induction of translation-initiation signaling as
a GFH response provides both a mechanistic basis for mainte-
nance of proteostasis in anucleate circulating platelets, and a point
of regulation with implications for disease. Imbalance in GFH
homeostasis is a common feature of many disease states and
aging, which can modulate platelet reactivity. In most cases
increased GFHs have been associated with hyperreactivity,
thrombosis, and thromboinflammation, whereas decreased GFHs
have been associated with dysfunctional hemostasis, and, in some
cases, GFH inhibition resulted in lower platelet receptor expres-
sion.44-58 Circulating EGF, which increases in patients with cancer
because of heightened platelet activity but, along with VEGF-A,
decreases with aging, primes platelets for hyperreactivity to
thrombin via EGFR, its cognate receptor.56,59,60 Thus, release of
GFHs stored in platelet granules is itself often associated with
GFH imbalance. Similarly, the inflammatory cytokine HMGB1 is
associated with platelet reactivity via the RAGE receptor.61

Signaling intermediates responsible for differential phosphoryla-
tion responses that we observed in the translation-initiation
pathway after isolated GFH treatment are a subject for future
investigation. Platelet reactivity effects have also been described in
some cases to reflect in part metabolic or genetic programming in
megakaryocytes; further investigation of megakaryocyte responses
to GFHs related to platelet priming are warranted.50,53,62-65

Moreover, increased platelet reactivity is associated with viral
infections, and increased eIF4F activation was recently shown in
platelets of patients with COVID-19.27,66-68 Altogether, GFH-driven
translation in circulating platelets is an important regulator of
platelet reactivity with direct implications for disease, but other
plasma-borne factors may also contribute, meriting further study.
Figure 6. Inhibition of thrombosis by blockade of plasma-driven translation in m

after bolus administration of 900 U/kg thrombin to induce pulmonary thromboembolism; n

vehicle- or puromycin-treated mice, and subject to thrombin administration and monitoring a

n = 3; P < .03. (C) Representative images of hematoxylin/eosin-stained lung sections from

before lung resection. Photographs of the resected lungs before sectioning are shown belo

thrombosis preventing saline perfusion, whereas lungs from mice receiving puromycin-treate

arteries in WT mice treated with vehicle or puromycin as indicated were injured with 7.5%

monitored with a Doppler probe. Time to cessation of blood flow is shown. Two represen

are shown to the right; n = 9 vehicle, n = 6 puromycin; P < .005. (E) WT untreated (naïv

puromycin-treated mice were subject to FeCl3 carotid arterial injury as in panel D; n = 5 na

platelet-infused, green closed circles and solid green lines; puromycin or puro platelet-infu

1560 WURTZEL et al
Reduced reactivity in platelets from mice treated with translation
inhibitors affected GPCR pathways most prominently, resulting
from reduced ability to generate thromboxane aligned with sup-
pressed expression of critical signaling intermediates including
Akt2 and mTOR. Decreased mTOR expression levels may result
from destabilized ribosome/chaperone complexes, for which
mTOR is a major client, and may also relate to the apparent
decreases that we observed in proteins encoded by mTOR-
dependent 5′-TOP genes. However, despite a broad-spectrum
translatome that appeared to regenerate constitutively in circu-
lating platelets, as predicted, translation inhibition did not result in a
broadly depleted proteome. We interpret these results to indicate
that platelets respond to translation inhibition by suppressing
degradation, through mechanisms yet to be determined. In addi-
tion, we cannot rule out false-negative results driven by limitations
of LC-MS/MS in detecting moderate differences in low-abundance
proteins. Nonetheless, we observed reduced levels of many pro-
teins, including proteins critical for platelet reactivity. The Akt family
has been associated with thromboxane synthesis and platelet
reactivity. Akt3-deleted platelets showed very minor deficiencies in
thrombin response with more significant deficiency in thromboxane
response, whereas Akt1-deleted platelets were deficient in
thrombin and collagen response. Akt2 deletion, in contrast, yielded
moderately suppressed thrombin response and weakened aggre-
gation, with unstable clot formation, similar to translation-inhibited
platelets in our studies. Akt2 appears to be the predominant iso-
form phosphorylated in platelets after agonist stimulation.37-41

mTOR-deleted platelets harbor mild activation deficiencies to low
doses of thrombin or collagen.69 However, we did not observe
GpVI defects in translation-inhibited mice, which may reflect limited
effects of translation inhibition on GpVI pathway signaling media-
tors in platelets as assessed by LC-MS/MS (eg, GpVI, Syk, Lat,
Plcγ2). It is conceivable that these proteins show less dynamic
synthesis and turnover in platelets compared with other signaling
proteins; altogether, further investigation is needed to clarify this
discrepancy. Mechanisms for specific decrease of Akt2 and not
of Akt1/3 also remain to be determined. Thus, suppressed
Akt2/mTOR expression provides partial mechanistic explanation for
reduced thromboxane generation, and concomitant moderate
blockade of GPCR-dependent platelet reactivity and aggregation,
after in vivo translation inhibition. Ongoing synthesis of other
platelet proteins balancing degradation may be involved in main-
taining platelet reactivity in circulation. Additionally, mapping
plasma-driven translatomes in disturbed GFH homeostasis will be
important to investigate.
urine platelets. (A) Time to cessation of respiration in mice treated as indicated,

= 6; P < .01. (B) Naïve mice were transfused with 1 × 108 washed platelets from

s in panel A. Time to cessation of respiration is shown. Veh, vehicle; puro, puromycin.

mice from panel B, perfused with saline immediately after the experimental end point,

w. Lungs from mice receiving vehicle-treated platelets appeared blood-filled, indicating

d platelets appeared to contain less blood, indicating reduced thrombosis. (D) Carotid

FeCl3. Flow rates through the carotid artery downstream of the injury site were

tative tracings showing blood flow before, during, and after injury per treatment

e) mice transfused with 1 × 108 washed platelets freshly isolated from vehicle- or

ïve + vehicle platelets, n = 6 naïve + puromycin platelets; P < .006. Vehicle or vehicle

sed, red open circles and dotted red lines.
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Figure 7. Clot dynamics after laser injury to cremaster

muscle arterioles in puromycin-treated mice.

(A) Representative images from hemostatic clots formed in

vehicle- and puromycin-treated mice, 100 seconds after

injury. Cd41, red; Cd62p, blue; fibrin, green. (B) Platelet

accumulation, (C) Cd62p exposure, and (D) fibrin deposition

were monitored by confocal intravital fluorescence

microscopy; 32 injuries in 3 vehicle-treated mice, and 46

injuries in 3 puromycin-treated mice. Graphs in panels B-D

shows the AUC for each. The lines and error bars indicate
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Reduced platelet reactivity in translation-inhibited mice correlated
with delayed but not fully blocked hemostasis, and inhibition of
pulmonary thromboembolism and arterial thrombosis in a platelet-
dependent manner. These outcomes were reflected in reduced
clot size; specifically, reduced formation or possibly decreased
stability of the outer-shell region of loosely adherent platelets
dependent on secondary activation responses, whereas the stable
thrombus core of highly active, P-selectin–positive platelets was
not significantly affected by inhibition of translation.34 These
observations underscore our overall finding that ongoing trans-
lation in circulating platelets is primarily required for synthesis of
proteins important for secondary signaling responses. We
observed similar antithrombotic effects with intravenous adminis-
tration of translation inhibitors as with adoptive transfer of platelets
from treated donor mice, pointing to a dominant effect of trans-
lation inhibition in platelets as the main driver of those effects.
However, we cannot rule out other, undefined alterations to
platelets in the donor mice that may be influenced by translation
inhibition in other cells. Altogether, a central conclusion from our
findings is that constitutive plasma GFH-driven translation regu-
lates platelet GPCR reactivity to balance hemostasis and throm-
botic potential.

Although we observed moderate effects of translation blockade on
hemostasis in mice, in clinical practice this may yield more robust
effects on platelet function with potential for significant outcomes.
Inhibition of translation is a widely used strategy in development and
current clinical management of many diseases, most prominently
malignancies and inflammatory conditions of many types.70-80

Emerging evidence points to inhibition of platelet function by
many of these drugs, with associated bleeding complications.
Bleeding is a common complication of everolimus (mTOR inhibitor)
used in cancer treatment, stent-eluting surgeries, and other inter-
ventions, with propensities for severe bleeding events81-87; how-
ever, root causes may be manifold. Similarly, eIF4E antisense plus
irinotecan showed significant minor bleeding and thrombocyto-
penia in phase 1/2 trials of solid cancers,88 and eIF4E antisense
alone was associated with minor bleeding, thrombocytopenia, and
prolonged prothrombin time in phase 1 trials.89 These drugs may
modulate hemostasis at multiple levels including thrombopoiesis,
and platelet reactivity via prolonged blockade of constitutive
translation. MNK inhibitors are currently in development and in trials
with unknown effects on hemostasis. Recently, tissue-specific
1562 WURTZEL et al
MNK1 deletion in megakaryocytes was shown to result in defec-
tive thrombopoiesis as well as suppressed translation in megakar-
yocytes, although specific effects on translation in platelets could
not be separated out.90-92 MNK inhibitors may therefore affect
hemostasis related to platelet functional defects.70,72,74-77,93,94

Additionally, inhibitors for GFHs or their receptors have been
associated with bleeding and/or thrombosis, as well as endocrine
disorders.49,81,95-100 In total, available data indicate a clear need for
investigation of the effects of translation inhibition on molecular,
cellular, and physiological control of hemostasis, and contributions
of translation-dependent platelet reactivity to thrombotic risk.
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