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Summary

Background: Regulated protein synthesis is essential for megakaryocyte (MK) and platelet 

functions, including platelet production and activation. PDK1 (phospho-inositide-dependent 

kinase 1) regulates platelet functional responses and has been associated with circulating platelet 

counts. Whether PDK1 also directly regulates protein synthetic responses in MKs and platelets, 

and platelet production by MKs remains unknown.

Objective: To determine if PDK1 regulates protein synthesis in MKs and platelets.

Methods: Pharmacologic PDK1 inhibitors (BX-795) and mice where PDK1 was selectively 

ablated in MKs and platelets (PDK1−/−) were used. PDK1 signaling in MKs and platelets (human 

and murine) were assessed by immunoblots. Activation-dependent translation initiation and 

protein synthesis in MKs and platelets was assessed by probing for dissociation of eIF4E from 

4EBP1, and using m7-GTP pulldowns and S35 methionine incorporation assays. Proplatelet 

formation by MKs, synthesis of Bcl-3 and MARCKs protein, and clot retraction were employed 

for functional assays.

Results: Inhibiting or ablating PDK1 in MKs and platelets abolished the phosphorylation of 

4EBP1 and eIF4E by preventing activation of the PI3K and MAPK pathways. Inhibiting PDK1 

also prevented dissociation of eIF4E from 4EBP1, decreased binding of eIF4E to m7GTP 

(required for translation initiation), and significantly reduced de novo protein synthesis. Inhibiting 
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PDK1 reduced proplatelet formation by human MKs and blocked MARCKs protein synthesis. In 

both human and murine platelets, PDK1 controlled Bcl-3 synthesis. Inhibition of PDK1 led to 

complete failure of clot retraction in vitro.

Conclusions: PDK1 is a previously-unidentified translational regulator in MKs and platelets, 

controlling protein synthetic responses, proplatelet formation, and clot retraction.
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Introduction

Megakaryocytes, which arise primarily in the bone marrow, are responsible for producing 

approximately 1×1011 platelets in adult humans daily under physiological conditions[1]. 

Each megakaryocyte produces between 1,000 and 3,000 platelets. Megakaryocytes 

accomplish this task by projecting proplatelets into bone marrow sinusoidal vessels, where 

shear releases platelets into the circulation. Translation of mRNAs, resulting in de novo 

protein synthesis, is a critical step in the process of proplatelet formation and platelet 

release[2–5]. Translation is generally divided into three steps: initiation, elongation, and 

termination. Of these three steps, initiation is often the rate-limiting step. Translation 

initiation is a tightly regulated series of events which begins when eukaryotic initiation 

factor 4F (eIF4F, a heterotrimeric protein complex) binds to the 5’ cap of mRNAs. The 

eIF4F protein complex is made up of three subunits: eIF4A, which processes ATPase and 

RNA helicase activities, the 5’ mRNA cap-binding protein eIF4E, and the scaffolding 

protein eIF4G, which connects the end of 5’terminus of the mRNA to other factors and 

mRNAs. In nucleated cells, the activity of eIF4E is regulated via its phosphorylation and 

binding to eIF4E-binding protein (4E-BP) repressor proteins. Previous work from our group 

has demonstrated that eIF4E is present and active in human platelets, and is regulated by 

outside-in signals delivered by integrins[6].

Nevertheless, the specific signaling events that control translational mechanisms and 

subsequent protein synthesis in MKs remain largely unknown. Phosphoinositide–dependent 

protein kinase 1 (PDK1) is a cytoplasmic, Ser/Thr protein kinase that phosphorylates and 

activates protein kinases from the AGC family, all which mediate cellular responses[7–9]. 

PDK1, which is also activated by PI3K, is known to play important roles in cell growth, 

metabolism, proliferation, and survival[9–12]. PDK1 is activated by binding to membrane-

tethered PIP3. Activated PDK1 then phosphorylates Akt at Thr308, thereby activating its 

serine/threonine kinase activity. Many MK and platelet agonists signal through the PI3K/

PDK1/AKT pathway[13, 14].

We have previously shown that in human platelets, PDK1 is active and, through selectively 

phosphorylating Akt at Thr308, regulates platelet aggregation, thromboxane generation, and 

clot retraction through outside-in signaling[15]. Moreover, in mice specifically lacking 

PDK1 in platelets and MKs, platelet counts are reduced by about 25%[7]. In this study, 

annexin V binding to platelets, which assesses for apoptosis, was not enhanced by PDK1 
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deficiency, suggesting that PDK1 regulates platelet production rather than platelet clearance. 

Nevertheless, how PDK1 regulates platelet production remains unknown.

In hepatocytes, activation of Akt induces protein synthesis through the mTORC1/4EBP1 

pathway[16]. As PDK1 signaling in platelets results in Akt activation, this suggests to the 

possibility that PDK1 controls platelet production through regulation of protein synthetic 

events in MKs. However, whether PDK1 mediates protein synthesis in MKs and platelets 

has not been studied to date. In the current study, we use a combination of pharmacologic 

and genetic approaches to demonstrate that PDK1 plays a vital role in global protein 

synthesis in both MKs and platelets. We further show that these responses are conserved in 

human and murine MKs and results in impaired proplatelet formation. Moreover, we provide 

evidence that inhibiting or deleting PDK1 blocks translational control pathways, resulting in 

suppressed Bcl-3 synthesis and abolished clot retraction. Therefore, we conclude that PDK1 

regulates protein synthesis in MKs and provide novel mechanistic findings of how PDK1 

controls platelet production.

Materials and Methods

Reagents.

2MeSADP (Cat. no. 1624) was from Tocris (Minneapolis, MN, USA). Apyrase (type VII) 

was from Sigma (St Louis, MO, USA) and BX-795 (a specific PDK1 inhibitor we 

previously characterized in detail[15]) was from Selleckchem (Houston, TX, USA). 

Whatman protein nitrocellulose transfer membrane was from Fisher Scientific (Pittsburg, 

PA, USA). LI-COR Odyssey blocking buffer was from LI-COR Biosciences (Lincoln, NE, 

USA). Phospho-Akt (Thr308), phospho-ERK1/2 (Thr202/Tyr204), phospho-4EBP1 (Ser65), 

Phospho-eIF4E (Ser209) Total 4EBP1 and Total eIF4E antibodies were all from Cell 

Signaling Technology (Beverly, MA, USA). Bcl3 and β-actin antibodies were from Santa 

Cruz Biotechnologies (Santa Cruz, CA, USA).

Mice.

Platelets isolated from mice where PDK1 was specifically ablated in megakaryocytes and 

platelets were kindly provided by Dr. Oliver Borst from the University of Tübingen.

Human Platelet isolation.

Blood was collected from healthy volunteers into a one-sixth volume of acid/citrate/dextrose 

(2.5g sodium citrate, 2 g glucose, and 1.5 g citric acid in 100 ml deionized water). Platelet-

rich plasma was obtained by centrifugation at 250 x g for 20 minutes at ambient 

temperature. Platelets were isolated from plasma by centrifugation at 980 x g for 10 minutes 

at ambient temperature and resuspended in Tyrode’s buffer pH 6.5 (138 mM NaCl, 2.7 mM 

KCl, 2 mM MgCl2, 0.42 mM NaH2PO4, 5 mM glucose, 10 mM PIPES (pH 6.5) containing 

20 nM PGE1, 10 mM indomethacin, 500 mM EGTA and 0.2 U/ml apyrase,). Platelets were 

isolated from Tyrode’s buffer pH 6.5 by centrifugation at 980 x g for 10 minutes and 

resuspended in Tyrode’s buffer, pH 7.4 (138 mM NaCl, 2.7 mM KCl, 2 mM MgCl2, 0.42 

mM NaH2PO4, 5 mM glucose, 10 mM HEPES and 0.2 U/ml apyrase, pH 7.4). The platelet 
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count was adjusted to 2–2.5 × 108/ml. Approval was obtained from the institutional review 

board for these studies. Informed consent was provided prior to blood donation.

Primary MK cultures.

CD34+ hematopoietic stem cells (HSCs) were isolated from human umbilical vein cord 

blood. For culturing CD34+ hematopoietic stem cell-derived MKs, human CD34+ cells 

from human umbilical cord blood were isolated as described previously. The CD34+ cells 

were placed in X-Vivo 20 media that contained 40 ng/mL recombinant human stem cell 

factor (SCF; Invitrogen, Carlsbad, CA), 50 ng/mL recombinant thrombopoietin (TPO; 

Invitrogen), and 10 ng/mL recombinant human interleukin-3 (IL-3; Invitrogen). Every 2–3 

days, the cells were re-suspended in media with fresh growth factors, with the exception that 

IL-3 was removed at day 5. CD34+ derived MKs were incubated on culture day 11–13 with 

DMSO or BX-795. MKs were isolated and used for proplatelet formation and protein 

synthesis assays.

Protein synthesis assays.

Gradient-isolated, mature CD34+ megakaryocytes (culture day 13) were suspended for 1 

hour (37°C) in DMEM that lacked methionine and cysteine (MP Biomedical). After 1 hour, 

EasyTag™ EXPRESS35S protein labelling mix (0.06 mCI total) (Perkin Elmer) was 

subsequently added to CD34+ megakaryocytes and after a brief incubation period (15 

minutes), the megakaryocytes were activated by adhering on a fibrinogen-coated plate 

(10mg/ml) for 2 hours in the presence or absence of BX-795. After 2 hours the cells, were 

carefully removed and centrifuged at 20,000 x g for 5 minutes. The cell pellets and 

supernatants were then collected in clean Eppendorf tubes. The CD34+ MKs were washed 

three times in complete media and then lysed in radio immunoprecipitation assay buffer 

(RIPA) (1X PBS with 1% NP-40, 0.5% sodium deoxycholate and 0.1% sodium dodecyl 

sulfate). Lysates were cleared and then Trichloroacetic acid (TCA) precipitated using 20% 

TCA on ice for 30 minutes. The precipitated proteins were loaded onto a Whatman grade 

GF/C glass microfiber filter (VWR) and washed five times with 10% TCA and five times 

with 95% ethanol. Filter papers were then read using a liquid scintillation counter.

Western blotting.

Platelets were stimulated with agonists in the presence of inhibitors (or the vehicle control) 

for the appropriate time under stirring conditions at 37˚C and the reaction was stopped by 

the addition of 0.6 N HClO4. The resulting acid precipitate was collected and kept on ice. 

The samples were centrifuged at 13,000 x g for 4 minutes followed by re-suspending in 0.5 

ml of deionized water. The protein was again pelleted by centrifugation at 13,000 x g for 4 

minutes. The protein pellets were solubilized in sample buffer containing 0.1 M Tris, 2% 

SDS, 1% (v/v) glycerol, 0.1% bromophenol blue, and 100 mM DTT, and then boiled for 10 

minutes. Proteins were resolved by SDS polyacrylamide gel electrophoresis and transferred 

to nitrocellulose membranes (Whatman Protran). Membranes were blocked with Odyssey 

blocking buffer for 1 hour at ambient temperature, incubated overnight at 4oC with the 

desired primary antibody, and then washed 4 times with TBS-T. Membranes were incubated 

with the appropriate secondary infrared dye-labeled antibody for 60 minutes at room 
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temperature and washed 4 times with 10% TBS-T. Membranes were examined with a Li-Cor 

Odyssey infrared imaging system.

Proplatelet formation.

Plates were coated with fibrinogen (10mg/ml) and megakaryocytes (culture day 13) were 

incubated overnight at 37°C. The cells were fixed with equal volume of 4% PFA for 10 

minutes and washed 3 times with sterile PBS solution. The cells were treated with phalloidin 

dye for 30 minutes at room temperature and washed 3 times with sterile PBS. The plates 

were analyzed using confocal microscopy and images were processed using ImageJ 

software.

Co-immunoprecipitation assay.

CD34+ hematopoietic stem cells (HSCs) were isolated from human umbilical vein cord 

blood. MKs were cultured from CD34+ HSCs ex-vivo as described above. Plates were 

coated with fibrinogen (10mg/ml) and megakaryocytes (culture day 13) were incubated 

overnight at 37°C for 2 hours. Cells were lysed using equal volumes of chilled 2X NP-40 

lysis buffer (50 mM N-2-hydroxyethylpiperazine-N′−2-ethanesulfonic acid, 100 mM 

sodium chloride, 2% NP-40, 2 mM ethyleneglycoltetraacetic acid, and 100 mL of 2X Halt 

Protease and Phosphatase Cocktail solution; Pierce, Rockford, IL). Cells were gently rocked 

for 30 minutes at 4°C and then centrifuged at 10,000g for 10 minutes at 4°C to remove any 

non-lysed cells. Twenty microliters of agarose-conjugated, normal rabbit IgG (a control IgG) 

or rabbit 4EBP1 polyclonal IgG was added to the samples and incubated overnight with 

gentle rocking at 4°C. The samples were then incubated with agarose G beads (IgG control 

or 4EBP1) for 2 hours at 4°C. Samples were centrifuged at 5,000g for 30 seconds at 4°C to 

pellet down the agarose beads. The agarose beads were then washed 3 times using 1X NP-40 

lysis buffer and washed once using phosphate-buffered saline. Proteins were solubilized in 

4X sample buffer, separated by SDS-PAGE, and transferred to a nitrocellulose membrane.

m7-GTP Pull down assay.

Cells (megakaryocytes or platelets, depending on the experiment) were lysed in 10 mM Tris 

(pH 8), 150 mM NaCl, 10% glycerol, and 1% NP-40. Cell lysates were incubated with 7-

methyl-GTP agarose beads (Jene bioscience) for 2 hours, in accordance with the 

manufacturer’s recommendations. Samples were then washed gently three times with PBS to 

remove any unbound beads followed by centrifugation (1,500 x g for 5 minutes). Next, 2x 

laemmli buffer was added to the beads. Cell lysates were subjected to 15% SDS–PAGE, and 

resolved proteins were transferred onto nitrocellulose membranes for immunoblotting.

Clot retraction.

Human platelets were isolated as described above and clot retraction was measured. Briefly, 

500 μL platelets (5 × 108 /ml) were added to a glass cuvette and mixed with 1 mM CaCl2, 

100 μg/ml of batroxabin (convert fibrinogen to fibrin to induce clot retraction), and 0.1 

mg/ml fibrinogen. A total of 100nM of 2MeSADP was then added to initiate clot retraction. 

Platelets were allowed to retract at room temperature and photographed at the indicated time 

points.
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Statistics.

Each experiment was independently repeated at least 3 times. Results were expressed as 

means ± SD. Data were analyzed using Prism software. Significant differences were 

determined using Student’s t-test. Differences were considered significant at a two-tailed 

p<0.05.

Results

PDK1 regulates stimulation-dependent protein synthesis in human megakaryocytes

Previous studies from our lab and others have shown that PDK1 regulates Akt activity, a 

downstream effector of the PI3K pathway[15]. Interestingly, studies in other cells have 

shown that Akt regulates translation control pathways via regulating mTORC1[17–19]. 

Additionally, we previously demonstrated that PDK1 activates the MAPK pathway in 

platelets[20, 21]. In nucleated cells, activation of the MAPK pathway results in 

phosphorylation of eIF4E and subsequent translational initiation[22]. However, whether 

activation of the PI3K and MAPK pathways in megakaryocytes and their progeny - 

anucleate platelets – controls translational events is unknown.

We hypothesized that PDK1 regulates protein synthesis in megakaryocytes and platelets 

through PI3K and MAPK pathways. In order to evaluate this hypothesis, we examined the 

effect of PDK1 inhibition on translation in megakaryocytes using an S35 methionine 

incorporation assay (which labels newly synthesized proteins). Previous studies have shown 

that megakaryocyte adhesion to fibrinogen induces activation of translation as well as 

proplatelet formation, in a mechanism requiring integrin receptor αΙΙb[23]. We therefore 

used fibrinogen adhesion as an activating signal for megakaryocytes. As shown in Figure 

1A, treatment of fibrinogen-adherent, CD34+ derived, mature megakaryocytes with the 

PDK1 inhibitor BX-795 significantly decreased S35 methionine incorporation into newly 

synthesized proteins. These results indicate that PDK1 regulates signal-dependent protein 

synthesis in human megakaryocytes.

Next, we determined how PDK1 controls critical steps of the translation initiation process. 

Previous studies have shown that activated Akt phosphorylates 4EBP1 through mTORC1, 

thereby disrupting the eIF4E/4EBP1 complex. This dissociation frees eIF4E, allowing eIF4E 

to form the translation initiation complex. As shown in our previous studies, PDK1 

inhibition significantly reduces Akt activity[15]. Therefore, we evaluated the effects of 

PDK1 inhibition on eIF4E/4EBP1 complex dissociation in megakaryocytes. As shown in 

Figure 1B, in unstimulated human megakaryocytes both eIF4E and 4EBP1 are complexed 

together. However, in fibrinogen-stimulated megakaryocytes, eIF4E is not complexed with 

4EBP1. This dissociation is reversed, and eIF4E and 4EBP1 complex together, when PDK1 

is inhibited with BX-795 in fibrinogen stimulated megakaryocytes (Figure 1B). These data 

indicate that PDK1 –prevents 4EBP1 dissociation from eIF4E. As dissociated eIF4E is 

necessary for translational initiation, this suggests that PDK1 serves as a mechanism to 

regulate translational control.

The majority of eukaryotic mRNAs have a 7-methyl-guanosine 5’ cap structure (m7GpppX, 

where X is any nucleotide) at their 5’ end. This cap structure mediates mRNA splicing, 
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stability, and translational efficiency. Once eIF4E has dissociated from its complex with 

4EBP1, eIF4E facilitates localizing ribosomes to the mRNA cap structure - a necessary and 

rate limiting step of translation initiation. Our group has previously demonstrated that in 

human platelets, eIF4E is capable of interacting with a methylated mRNA cap homolog 

(m7GTP) [6]. Based on our findings (Figures 1A–B), we hypothesized that eIF4E 

interactions with m7GTP (which are necessary for translation initiation) would also be 

regulated by PDK1. Indeed, pharmacologically inhibiting PDK1 with BX-795 in human 

megakaryocytes adherent to fibrinogen significantly and completely decreased binding of 

eIF4E to m7GTP (Figure 1C). Total eIF4E protein levels were unaffected by PDK1 

inhibition (Figure 1D), in contrast, demonstrating that PDK1 selectively controls eIF4E 

binding to mRNA caps.

PDK1 signaling regulates translation control pathways in human megakaryocytes

Fibrinogen mediated adhesion and signaling is an important component of megakaryocyte 

differentiation, development, and proplatelet formation[24–26]. Fibrinogen signaling also 

activates translation control pathways, including the PI3K and MAPK pathways[27, 28]. As 

noted above, in other cells PDK1 regulates two pathways that converge on translation: first, 

Akt, which activates mTORC1 mediated translation[15, 29, 30] and secondly, ERK1/2, 

which activates MAPK mediated translation[31]. Therefore, we hypothesized that PDK1 

would regulate translation control pathways and thereby protein synthesis in human 

megakaryocytes. As shown in Figure 2, pharmacologically inhibiting PDK1 in 

megakaryocytes adherent to fibrinogen near-completely abolished both PI3K and MAPK 

pathway activation (as measured by phosphorylation of Akt and ERK1/2, respectively). This 

was accompanied by inhibition of phosphorylation of 4EBP1 and eIF4E, which are 

translational regulators downstream of Akt and ERK1/2. Phosphorylation of 4EBP1 and 

eIF4E is necessary for their activity.

To complement our pharmacologic studies, we also evaluated the role of PDK1 in translation 

control pathways by using bone marrow derived megakaryocytes from platelet-specific 

PDK1-deficient mice (KO). We used both fibrinogen adherent and non–adherent conditions 

to understand the role of PDK1 in megakaryocyte function. Consistent with pharmacologic 

inhibitor studies using BX-795 (Figure 2A), phosphorylation of Akt, ERK1/2, 4EBP1, and 

eIF4E was blocked in fibrinogen adherent megakaryocytes from PDK1 KO mice, compared 

to wild type (WT) mice (Figure 2B). These data indicate that PDK1 activates translation 

control pathways in human, fibrinogen-stimulated, megakaryocytes.

PDK1 regulates proplatelet formation in megakaryocytes by controlling MARCKs protein 
synthesis

Circulating platelet counts in PDK1 null mice are about 25% reduced[7]. Recent study has 

shown that PDK1 plays a critical role in platelet production by regulating cytoskeletal 

dynamics[23]. Our lab and others have shown that, regulated protein synthesis is critical for 

proplatelet formation by mature megakaryocytes[2, 32]. Thus, we next wondered whether 

inhibiting PDK1 in megakaryocytes impacted proplatelet formation by regulating expression 

of certain proteins that are important for proplatelet formation. As shown in Figure 3A, 

pharmacologic inhibition of PDK1 with BX-795 modestly, yet significantly, reduced 
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proplatelet formation by human megakaryocytes. BX-795 did not impact megakaryocyte 

viability compared to DMSO vehicle control (82.70 ± 1.94% vs. 85.20 ± 1.89% cell 

viability, respectively; p=0.37) (Supplementary figure 1).

MARCKs is translationally upregulated during proplatelet formation, and deletion of 

MARCKs results in decreased proplatelet formation[2]. Therefore, we evaluated the 

expression of MARCKs in mature megakaryocytes adherent to fibrinogen that are treated 

with PDK1 inhibitor or from PDK1 knockout mice. MARCKs protein expression in human 

and mouse megakaryocytes significantly increased upon adhesion to fibrinogen while 

inhibition or deletion of PDK1 blocked fibrinogen-triggered upregulation of MARCKs 

protein (Figure 3B and C). Thus, these findings demonstrate that PDK1 regulates MARCKs 

protein expression and proplatelet formation by human and mouse megakaryocytes.

Inhibition or genetic deletion of PDK1 abolishes activation of PI3K and MAPK mediated 
translation control pathways in platelets

Previous pharmacologic and genetic studies targeting PDK1 in platelets have shown that 

PDK1 plays an important role in platelet functional responses, including aggregation and 

clot retraction[7, 15, 21, 33]. Clot retraction is dependent upon the mTOR-driven synthesis 

of B-cell lymphoma 3 (Bcl-3) protein[5]. However, direct pathways linking PDK1 and Bcl-3 

protein synthesis in platelets thus far have not been elucidated.

Our data in human megakaryocytes demonstrates that PDK1 controls eIF4E dissociation 

from 4EBP1 and its subsequent activation, binding of eIF4E to m7GTP caps, protein 

synthetic responses, and proplatelet formation (Figures 1–3). We therefore sought to 

determine whether PDK1 similarly regulates translation control pathways in human 

platelets.

We previously demonstrated that PDK1 signals through the ADP receptor in human 

platelets[21]. Pretreating isolated, human platelets with BX-795 abolished both PI3K (as 

measured by phosphorylation of Akt) and MAPK (as measured by phosphorylation of 

ERK1/2) signaling pathways induced by 2MeSADP (Figure 4A). Prior studies from our lab 

and others have shown that the PI3K and MAPK pathways trigger protein synthesis through 

mTORC1 mediated translation[34–38]. We therefore evaluated the effects of both mTORC1 

and mTORC2 inhibition on eIF4E activation using Torin1, a specific mTORC1 and 

mTORC2 inhibitor. Torin1 inhibited phosphorylation of eIF4E in platelets stimulated with 

either thrombin or 2MesADP (Supplemental Figure 1). Thus, we next evaluated if inhibiting 

PDK1 in platelets blocked activation-induced phosphorylation of 4EBP1 and eIF4E, two 

proteins that are important downstream translation pathway targets of Akt (which signals to 

mTORC1) and ERK1/2 (which signals to MAPK). As shown in Figure 4A, PDK1 inhibition 

rapidly and completely prevented phosphorylation of 4EBP1 and eIF4E in activated 

platelets.

To complement our pharmacologic studies, we also evaluated the role of PDK1 in protein 

synthetic events by using platelet-specific PDK1-deficient mice (KO). We have previously 

demonstrated that PDK1 is completely absent in these KO mice[21]. Consistent with 

pharmacologic inhibitor studies using BX-795 (Figure 4A), phosphorylation of Akt, 
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ERK1/2, 4EBP1, and eIF4E was blocked in 2MeSADP-stimulated platelets from PDK1 KO 

mice, compared to wild type (WT) mice where PDK1 was present and active (Figure 4B). 

These data indicate that PDK1 is necessary for 2MeSADP-induced activation of the 

mTORC1 and MAPK pathways in human platelets. As we identified in megakaryocytes 

(Figure 1C–D), in activated human platelets inhibiting PDK1 near-completely blocked 

binding of eIF4E to m7GTP, without altering total eIF4E levels (Figure 5A–B).

Previous studies have shown that PDK1 induced platelet activation is regulated by GSK3β.

[7] However, to the best of our knowledge the role of GSK3β in translation control pathway 

has not been studied. We therefore used SB216763, a GSK3β specific inhibitor, to study its 

role in eIF4E and 4EBP1 signaling.[21] As shown in Figures 5C and D, GSK3β inhibition 

did not substantially alter either eIF4E and 4EBP1 phosphorylation or dissociation. These 

results suggest that GSK3β role in activation of platelet translation control pathways induced 

by 2MeSADP is minimal.

eIF4E and 4EBP1 can be activated by αIIbβ3-mediated outside-in signaling in platelets 

stimulated with fibrinogen. Consistent with this, inhibition of αIIbβ3-mediated outside-in 

signaling with GR-144053 (a well characterized αIIbβ3 antagonist) near-completely 

abolished eIF4E phosphorylation by fibrinogen (Supplemental Figure 2). In contrast, and as 

expected, GR-144053 did not significantly reduce 2MeSADP induced eIF4E 

phosphorylation.

PDK1 regulates Bcl3 protein synthesis and clot-retraction in activated platelets

Bcl-3, a member of the Ikβα family of factors, is a canonical example of a protein under 

signal-dependent translational control in human platelets[5]. In unstimulated platelets, Bcl-3 

protein is expressed at lower levels constitutively. However, upon activation and engagement 

of integrin αIIbβ3, Bcl-3 is rapidly translated, yielding new protein. Translation of Bcl-3 in 

human platelets is under the control of the mTOR signaling pathway.

Given our findings that PDK1 regulates translational initiation and global protein synthesis 

through the mTOR pathway (Figures 1–5), we next sought to determine whether PDK1 

controlled de novo synthesis of Bcl-3 protein in platelets. As shown in Figure 6A, activation 

of human platelets with 2MeSADP significantly increased the expression of Bcl-3 protein. 

Moreover, inhibiting PDK1 in platelets fully abolished Bcl-3 synthesis (Figure 6A). Similar 

results were obtained with platelets from PDK1-null mice (Figure 6B).

Previous studies from our lab have shown that activated platelets synthesize B-cell 

lymphoma-3 (Bcl3) protein, which then functions critically to mediate clot retraction[4]. We 

therefore determined whether PDK1 inhibition functionally impacted clot-retraction in vitro. 

In these experiments, we used batroxobin (an enzyme derived from snake venom also known 

as retiplase) which has thrombin-like activity converting fibrinogen to fibrin, thereby 

inducing clot retraction. Batroxobin does not induce platelet activation and thereby allows us 

to specifically examine the effects of 2MeSADP activated platelets on clot retraction in the 

presence or absence of PDK1 inhibition.
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We treated 2MeSADP-activated platelets with BX-795 and measured clot retraction induced 

by fibrinogen and batroxobin. Batroxobin by itself did not trigger clot retraction. As shown 

in Figure 6C, PDK1 inhibition abolish clot retraction similar to rapamycin-treated platelets. 

These results indicate that PDK1 induced Bcl3 protein synthesis in platelets stimulated with 

2MeSADP is essential for clot retraction.

Discussion

Platelets are specialized anucleate cells produced primarily from bone marrow 

megakaryocytes[39, 40]. Protein synthesis plays a critical role in platelet production and 

function[2, 32, 40, 41]. However, the molecular mechanisms and the translational control 

pathways that regulate these processes remain incompletely understood. We and others have 

also shown that mTORC1 is functionally active in megakaryocytes and platelets. mTORC1 

activation results in phosphorylation of 4EBP1 and the initiation of translation in platelets[4, 

42]. The activation of mTORC1 is regulated, in part, by the Akt pathway[43] [15]. Akt, in 

turn, is controlled by PDK1[15]. Interestingly, prior studies have demonstrated that ablation 

of PDK1 in platelets or embryonic stem cells leads to defects in signal transduction 

pathways and cellular activation responses[7, 21], many of which regulate RNA 

translation[15, 20, 21, 44].

Here, we demonstrate for the first time that PDK1 regulates mRNA translation control 

pathways in megakaryocytes and platelets. We found that either pharmacologic inhibition or 

genetic ablation of PDK1 in megakaryocytes and platelets blocked the phosphorylation of 

4EBP1, as well as its dissociation from eIF4E. This dissociation occurs when 4EBP1 is 

phosphorylated by functionally active Akt through the mTORC1 complex. Dissociation of 

eIF4E and 4EBP1 complex, which also requires activation of the upstream PI3K and MAPK 

kinase pathways, is essential for formation of the translation initiation complex on mRNAs 

[42, 45–47]. We recently reported that that PDK1 regulates both PI3K and MAPK pathways 

in platelets[21]. Consistent with this, we found that inhibition or ablation of PDK1 

completely blocked phosphorylation of Akt and ERK1/2 and, in parallel, prevented binding 

of the m7 cap to eIF4E (necessary for translation initiation) and significantly reduced de 
novo protein synthesis in platelets. Signal dependent mRNA translation in platelets regulates 

platelet functional responses such as clot retraction[4]. In the current study, we found that 

PDK1 inhibition or genetic ablation was accompanied by inhibition of the synthesis of Bcl-3 

and concordant defects in clot retraction.

Through the use of both pharmacologic inhibitors of PDK1 and murine models where PDK1 

is genetically ablated, we and others have shown that PDK1 regulates platelet aggregation, 

secretion, and thromboxane generation[20, 21]. However, in addition to platelet functional 

defects, PDK1 knockout mice have decreased platelet counts[7], although the mechanistic 

link between PDK1 and platelet counts was previously unknown. Here, we show that PDK1 

inhibition also reduced de novo protein synthesis in megakaryocytes and, in parallel, 

reduced proplatelet formation by megakaryocytes. Recent studies using proteomics-based 

approaches reported that the synthesis of MARCKs protein is upregulated in late-stage, 

murine megakaryocytes during proplatelet formation[2]. Consistent with these reports, we 

also found that inhibition of PDK1 reduced the expression of MARCKs protein in mature, 
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human megakaryocytes adherent to fibrinogen (which triggers proplatelet production). Our 

findings suggest that the signal-dependent expression of MARCKs protein in is regulated, at 

least in part, by PDK1.

A recent study published while our manuscript was under review demonstrated that PDK1 

mediates platelet production by regulating cytoskeletal dynamics. In mice, PDK1 deletion 

caused defects in actin polymerization with disrupted F-actin assembly, reduced podosome 

numbers, and impaired spreading[23]. Previous studies in other cells have shown that 

MARCKs plays an important role in cytoskeletal development and regeneration as well as 

actin crosslinking[48–50].

PDK1 is positioned at the crossroads of the PI3K/MAPK pathways and activated by growth 

factors. As such, PDK1 is being investigated as a potential target for cancer therapy, with 

clinical trials using PDK1 inhibitors actively recruiting patients[10, 51–55]. 

Thrombocytopenia is a known side effect for many cancer therapies[56], although it is not 

known yet whether drugs targeting PDK1 may have similar effects on platelet counts. 

Understanding the potential off-target effects of PDK1 inhibition on platelet production by 

megakaryocytes may provide useful insights relevant to clinical settings, as the results of 

these trials are reported.

Our studies provide build on and extend these published studies by providing new evidence 

that PDK1 is a regulator of translational control pathways in platelets and megakaryocytes. 

While our data support a role for PDK1 in signal-dependent translation control pathways, 

we recognize that blocking or ablating PDK1 did not completely abolish protein synthesis. 

This is not unexpected, as other translational control pathways, such as mTOR, are known to 

be present and active in platelets and megakaryocytes.

By using complementary systems in both human and murine platelets, our results also 

demonstrate the conservation of these pathways across species. Perhaps somewhat 

surprisingly, our findings that PDK1 in platelets and megakaryocytes controls 4EBP1 

phosphorylation and mRNA translation appear to contrast with results in embryonic stem 

cells[44], where PDK1 deletion has minimum effects on 4EBP1 phosphorylation and mTOR 

activity. These differences suggest that the role of PDK1 in regulating translational events 

may vary between cell types. As platelets are one of only two anucleate cells (the other 

being red blood cells), it is also possible that platelets retain this regulatory pathway as one 

mechanism of regulating its portfolio of proteins in response to activating signals.

Conclusions

In conclusion, the present study unravels PDK1 as a crucial regulator of signal dependent 

mRNA translation both in megakaryocytes and platelets. We also provide new evidence that 

PDK1 serves a previously-unknown role for regulating platelet production by 

megakaryocytes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Essentials:

PDK1 regulates translation control pathways in megakaryocytes and platelets.

• PDK1 regulates activation of translation control pathways in megakaryocytes.

• PDK1 is crucial for 2MeSADP-induced platelet protein synthesis and clot 

retraction.
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Figure 1: PDK1 regulates protein synthesis in CD34+ derived, cultured, human megakaryocytes.
A. CD34+ megakaryocytes were left alone or treated with BX-795 (1μM) from culture day 

11 – 13. Cells were collected on Day 13 and adhered to fibrinogen in media that contains 

S35 methionine for 2 hours. Cyclohexamide (Cyclo) was used as a positive control. Protein 

synthesis was measured using scintillation counts. B. On culture day 13, CD34+ 

megakaryocytes were adhered to a fibrinogen coated surface for 60 min in the presence or 

absence of BX-795 (1μM). Cell lysates were immunoprecipitated with 4EBP1 and samples 

were probed for eIF4E using an anti-eIF4E mouse mAb. C. CD34+ megakaryocytes were 

left alone or adhered to fibrinogen (60 min) in the presence or absence of BX-795. Cells 

were lysed and incubated with m7 GTP- agarose beads. The beads were eluted to collect the 

eIF4E protein. Samples were analyzed for eIF4E binding using western blot (**P < 0.05) 

(***P < 0.01).
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Figure 2: Inhibition of PDK1 effects translation control pathways.
A. Day 13 CD34+ megakaryocytes were incubated with or without BX-795 (1μM) under 

adherent or non-adherent conditions on fibrinogen. CD34+ megakaryocyte proteins were 

separated by SDS-PAGE and probed for phosphorylation of p-Akt (T308), extracellular 

signal-regulated kinase 1/2 (p-ERK1/2 (T202/Y204), p-4EBP1 (T37) and p-eIF4E (S209). 

The immunoblots are representative of three independent experiments. (**P < 0.05). B. Day 

5 bone marrow derived mouse megakaryocytes from wild type or platelet specific PDK1 

knockout mice were analyzed for p-Akt (T308), extracellular signal-regulated kinase 1/2 (p-

ERK1/2 (T202/Y204), p-4EBP1 (T37) and p-eIF4E (S209) under adherent or non-adherent 

conditions on fibrinogen. The western blots shown are representative of three independent 

experiments. (****P < 0.0001).
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Figure 3: PDK1 inhibition regulates proplatelet formation and MARCKs expression.
A. CD34+ megakaryocytes are treated with BX795 (1μM) from day 11 – 13. Cells are 

collected on Day 13 and adheared to fibrinogen coated plates and incubated over night at 

370C. The cells are then treated with phalloidin dye and observed for proplatelet formation 

using confocal microscopy. The number of proplatelet forming cells were counted and 

graphs are plotted. B. CD34+ megakaryocytes are treated with BX795 (1μM) from day 11 – 

13. Cells are collected on Day 13 and adheared to fibrinogen for 2 hours. Proteins were 

separated by using SDS-PAGE and probed from MARCKs protein. The immunoblot is 

representative of three independent experiments (****P < 0.05). C. Day 5 bone marrow 

derived mouse megakaryocytes from wild type or platelet specific PDK1 knockout mice 

were analyzed for expression of MARCKs proteins under adherent or non-adherent 

conditions on fibrinogen using SDS-PAGE. The western blots shown are representative of 

three independent experiments. (*P < 0.05).
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Figure 4: PDK1 regulates translation control pathways in human and murine platelets.
A. Washed human platelets were untreated or pretreated with the PDK1 inhibitor BX-795 

(1μM) for 5 min, followed by stimulation with 2-methylthio-ADP (2MeSADP) (50 nM) 

under stirring for different time points. Western blots were then probed for phosphorylated 

Akt (T308), ERK1/2 (T202/Y204), 4EBP1(T37), and eIF4E (S209). The western blots 

shown are representative of three independent experiments. B. Washed wild type (WT) or 

PDK1 null murine platelets (PDK1−/−) were stimulated with 2-methylthio-ADP 

(2MeSADP) (50 nM) under stirring for 5 min. Western blots were then probed for 

phosphorylated Akt (T308), ERK1/2 (T202/Y204), 4EBP1(T37), and eIF4E (S209). The 

western blots shown are representative of three independent experiments. Graphs represent 

mean ± standard error of the mean from at least three different experiments (*P < 0.05).
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Figure 5: PDK1 regulates eIF4E activation and binding to an mRNA cap homologue in activated 
platelets.
A, B Washed human platelets were untreated or pretreated with the PDK1 inhibitor BX-795 

(1μM) for 5 min, followed by stimulation with 2-methylthio-ADP (2MeSADP) (50nM) 

under stirring condition for 15 min. The platelets were lysed and part of the lysate was 

separated and used as loading control before adding m7 GTP-Sepharose beads. The platelet 

lysate was incubated with m7 GTP-Sepharose beads. The beads were eluted to collect the 

eIF4E protein. Samples were analyzed for eIF4E binding using western blot analysis. This 

experiment is a representation of three experiments (**P < 0.05). C. Washed human platelets 

were left alone or pre-treated with the GSK3β inhibitor SB216763, followed by stimulation 

with 2MeSADP. Cell lysates were immunoprecipitated with 4EBP1 and samples were 

probed for total eIF4E using an anti-eIF4E mouse mAb. D. Washed human platelets were 

left alone or pre-treated with the GSK3β inhibitor SB216763 for 5 min, followed by 

stimulation with 2MeSADP (50 nM) for 5 min. Western blots were then probed for 

phosphorylated 4EBP1(T37) and eIF4E (S209). The western blots shown are representative 

of three independent experiments (* P< 0.05).
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Figure 6: PDK1 regulates Bcl-3 protein synthesis and clot-retraction in activated platelets.
A. Washed human platelets were untreated or pretreated with the PDK1 inhibitor BX-795 

(1μM) for 5 min, followed by stimulation with 2-methylthio-ADP (2MeSADP) (50nM) 

under stirring. Western blots were then probed for total Bcl-3 protein. Beta actin was used as 

loading control. The western blots shown are representative of three independent 

experiments. Graphs represent mean ± standard error of the mean from at least three 

different experiments (****P < 0.05). B. Washed wild type (WT) or PDK1 knockout 

(PDK1−/−) murine platelets were stimulated with 2-methylthio-ADP (2MeSADP) (50nM) 

under stirring for 5 min. Western blots were then probed total Bcl-3. The western blots 

shown are representative of three independent experiments. Graphs represent mean ± 

standard error of the mean from at least three different experiments (****P < 0.05). C. 
Washed human platelets were incubated with BX-795 for 5 min prior to initiating clot 

retraction as described in methods. Photographs were taken at the times indicated. Data are 

representative of three independent experiments.

Manne et al. Page 22

J Thromb Haemost. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7: 
Model representation of PDK1 regulation of translation in megakaryocytes and platelets.
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