
Regular Article

PLATELETS AND THROMBOPOIESIS
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Key Points

• Bone marrow-specific
deletion of Pak2 is associated
with macrothrombocytopenia
and abnormal megakaryocyte
morphology and function.

• Pak2 deletion is associated
with defects in megakaryocyte
endomitosis and the activation
of Aurora-A and LIM kinase.

Megakaryocyte maturation and polyploidization are critical for platelet production; ab-

normalities in these processes are associated with myeloproliferative disorders, includ-

ing thrombocytopenia. Megakaryocytematuration signals through cascades that involve

p21-activated kinase (Pak) function; however, the specific role for Pak kinases in mega-

karyocyte biology remains elusive. Here, we identify Pak2 as an essential effector of

megakaryocyte maturation, polyploidization, and proplatelet formation. Genetic dele-

tion of Pak2 in murine bone marrow is associated with macrothrombocytopenia, altered

megakaryocyte ultrastructure, increased bone marrow megakaryocyte precursors, and

an elevation of mature CD411 megakaryocytes, as well as an increased number of poly-

ploid cells. In Pak22/2 mice, platelet clearance rate was increased, as was production of

newly synthesized, reticulated platelets. In vitro, Pak22/2 megakaryocytes demonstrate

increased polyploidization associated with alterations in b1-tubulin expression and or-

ganization, decreased proplatelet extensions, and reduced phosphorylation of the en-

domitosis regulatorsLIMdomainkinase1,cofilin,andAuroraA/B/C.Together, thesedataestablishanovel role forPak2asan important

regulator ofmegakaryopoiesis, polyploidization, andcytoskeletal dynamics indevelopingmegakaryocytes. (Blood. 2015;125(19):2995-3005)

Introduction

Megakaryocytes are both the largest (50-100 mm) and rarest
(;0.03%-0.06%) cell type in the bone marrow.1,2 To produce suf-
ficient numbers of platelets, these cells become polyploid and un-
dergo massive nuclear proliferation, together with an enlargement of
the megakaryocyte cytoplasm, which becomes filled with platelet-
specific granules. Megakaryocytes undergo a complex maturation
process by which their cytoplasmic contents are packaged into
multiple elongated proplatelet processes.3 As proplatelets extend
through the sinusoid vessels, physiological shear force aids in dis-
sociating proplatelets into circulating platelets.4,5 Megakaryocyte
maturation is triggered primarily through cellular signaling events ini-
tiated by the cytokine thrombopoietin (TPO).6 TPO binds to the c-Mpl
receptor on megakaryocytes to activate the Janus kinase-2 signaling
pathway and stimulates the phosphatidyl inositol 3 kinase (PI3K)/Akt
and mitogen-activated protein kinase pathways.7-9

The p21-activated kinases (Paks) are serine/threonine kinases
that support cell homeostasis, contractility, and survival processes.10

After their activation by the r GTPases, Rac1 and Cdc42, Paks
phosphorylate dozens of effector proteins to regulate the mitogen-
activated protein kinase signaling and cytoskeletal remodeling.11-14

Accordingly, the Paks regulate numerous hematopoietic processes,
including hematopoietic stem cell engraftment and homing to the

bone marrow, assembly of the actin cytoskeleton, and chemotaxis.15

In addition, Paks promote hematopoiesis by regulating Raf-1 and
Mek-1 activation to drive Erk1/2 activation, resulting in proper
hematopoietic function.16 Paks also have roles in platelet activa-
tion through the orchestration of platelet signaling and cytoskeletal
dynamics.17-24 Moreover, mice with megakaryocyte-specific double-
knockout deletions of the Pak-activating proteins, Rac1/Cdc42, de-
velop abnormal megakaryocyte morphologies, which fail to form
proplatelets, resulting in macrothrombocytopenia.25 Although Pak
activation is compromised in megakaryocyte and platelet systems
lacking Cdc42 and Rac1, a specific role for Paks in megakaryocyte
development and function has yet to be defined.23-25

Here, we sought to determine the contribution of group I Paks (Pak
1-3) to the process of megakaryocyte maturation. We found that bone
marrow-specific deletion of Pak2 is associated with macrothrombocy-
topenia and decreased platelet half-life, together with increased mega-
karyocyte ploidy and alteredmicrofilament andmicrotubule proplatelet
structures. These effects are accompanied by defective activation of the
Pak substrates, LIM domain kinase 1 (LIMK) and Aurora, in mega-
karyocytes. Together, our findings suggest a novel function for Pak2
in megakaryocyte development and warrant consideration as small-
molecule inhibitors of Paks are developed as clinical agents.26-30
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Materials and methods

Generation of mice with Pak22/2 bone marrow

Pak2-deficient mice were generated by crossing Pak2-floxed mice with mice
carrying theMx1-cre transgene (M.R. and J.C., manuscript in preparation).15,31,32

In 3-month-old mice, wild-type and Mx1-cre1Pak2fl/fl mice were injected with
400 mg polyinosinic:polycytidylic acid (pIpC) every other day. Fourteen days
after the first injection, mice were euthanized for experiments.

Administration of drug treatment

Animals received vehicle or Frax1036 (30 mg/kg) via daily oral gavage, diluted
in 20% (2-hydroxypropyl)-b-cyclodextrin (Sigma-Aldrich) for 3 weeks, according
to a previously published protocol.33 Severe combined immunodeficiency animals
were used for drug treatment, as C57BL/6 animals were hypersensitive to drug
treatment.All animal studieswere performedaccording to protocols approvedby
the Fox Chase Cancer Center Institutional Animal Care and Use Committee.

Antibodies and reagents

All reagents were purchased from Sigma-Aldrich unless otherwise stated. Anti-
bodies for western blotting (WB) against pLIMK (T508), pCofilin (S3), and
pAurora A/B/C (T288/T232/T198) and total protein (LIMK, cofilin) were from
Cell Signaling. Anti-Aurora Awas fromBDBiosciences.WB technique on day
5 megakaryocytes was carried out as previously described by our laboratory.13

Recombinant mouse TPO was from Shenandoah Biotechnology. Interleukin 3
(IL-3) and IL-6 were purchased from PeproTech. Antibodies for fluorescence-
activated cell sorting were from Ebioscience (antibody name [clone]) murine he-
matopoietic lineage eFluor 450 cocktail, c-Kit-APC (2B8), sca-1-phycoerythrin
(PE)-Cy7 (D7), CD150-FITC (BioLegend-TC15-12F12.2), CD41-APC-Cy7
and CD41-eFluor 450 (MWReg30), CD105-PE (MJ7/18), and FcgII/III-PerCP-
eFluor 710(clone 93). Antibodies for immunofluorescence (CD41 and b1-
tubulin) were from Abcam. Frax1036 was kindly supplied by Genentech.

Analysis of platelet clearance and production

To determine platelet clearance, an in vivo biotinylation approach was
used.34 Briefly, 10 days after pIpC, mice were IV injected with sulfo-N-
hydroxysulfosuccinimidobiotin-biotin (Pierce Chemical). After blood collection
daily with retroorbital bleeds, the bloodwas diluted in phosphate-buffered saline
and incubated with streptavidin-PE (BD Biosciences) to label biotinylated
platelets. Thiazole orange (10 mg/mL) was then added to measure reticulated
platelets, after which samples were fixed in 1% formalin and analyzed on an
LSR-II (BD Biosciences).

Bone marrow collection and MegaCult-C assays

Bone marrow cell suspension was isolated from the tibias and femurs of pIpC-
treated mice. Bone marrow was flushed and filtrated through a 100-mm nylon
strainer, followed by red blood cell lysis and antibody staining. ForMegaCult-C
assays, a total of 105 unsorted bone marrow cells were seeded, according to the
manufacturer’s protocols (Stem-Cell Technologies), and culturedwith 50 ng/mL
TPO, 10 ng/mL IL-3, and 10 ng/mL IL-6. Cultures were incubated for 10 days
and then fixed and stained for acetylcholinesterase according to the manu-
facturer’s protocol.

Measurement of hematological parameters

Mice were euthanized with CO2, and blood was extracted via the hepatoportal
vein with a syringe containing acid-citrate dextrose (10% final) and added into
EDTA tubes. Counts were performed using a VetScan HM5 (Abaxis).

In vitro culture of bone marrow-derived megakaryocytes

In vitro assays used CAGG-Cre-ERT21Pak2fl/fl bone marrow, with deletion of
Pak2 inducedwith 500nM4-hydroxytamoxifen. Frax1036 treatment of cultured
megakaryocytes was performed at a concentration of 1 mM. Bone marrow-
megakaryocyteswere cultured for 5 days inDulbecco’smodifiedEaglemedium,

10% fetal bovine serum, penicillin/streptomycin, and 75 ng/mL TPO and frac-
tionated on a 1.5%/3% discontinuous bovine serum albumin gradient.

Megakaryocyte ploidy analysis

For ploidy measurements, cells were analyzed as described previously.35 DNA
content in CD411 megakaryocytes was determined by labeling red blood cell-
lysed bone marrow with anti-CD41-efluor450, followed by fixation with 0.5%
formalin. Cells were permeabilizedwith 70% ice-coldmethanol andwashed and
incubated with 10 mg RNase A, followed by brief incubation with 1 mg/mL
propidium iodide. Cells were analyzed on an LSR-II.

Proplatelet analysis

Bone marrow-derived megakaryocytes on day 5 were added to fibrinogen-
coated plates and imaged at 5 and 24 hours. The amount of proplatelet
extensions, relative to total megakaryocytes, was enumerated by light mi-
croscopy (320 objective, EVOS, Invitrogen). At least 10 images per
genotype (n. 5/genotype) were used to evaluate the number of proplatelet-
forming megakaryocytes.

Analysis of megakaryocyte progenitor cells

To analyze megakaryocyte stem cells, the protocol from Pronk et al was
followed.36 Bipotential megakaryocyte/erythroid progenitor (PreMegE) cells
were gated as lin2sca12ckit1CD412FcgII/III2CD1052CD1501, andmegakar-
yocyte progenitors were gated as lin2sca12ckit1CD1501CD411.36 Megakar-
yocytes were analyzed by anti-CD41-APC-Cy7 and calculated as percentage of
total bone marrow. Flow cytometric data collection was performed on an LSRII
and analyzed with FlowJo software (TreeStar).

Immunofluorescence microscopy

In vitro bone marrow-derived megakaryocytes adhered to fibrinogen-coated
slides (200 ng/mL) for 5 hours in the presence of TPO. Cells were fixedwith 2%
paraformaldehyde and centrifuged onto coated slides for 5 minutes at 1000 g.
Cells were permeabilized with 0.5% triton X-100 for 5 minutes before blocking
for 1 hour and antibody incubation overnight. Slides were counterstained
with 49,6 diamidino-2-phenylindole (DAPI) and phalloidin and were mounted
in ProLong gold before visualization. Confocal microscopy was done on an
inverted Leica SP8 3 channel confocal system at 363 magnification. Image
analysis was performed with Fiji software (National Institutes of Health).

Histology

Five-mm sections of paraffin-embedded sternum and spleen were stained with
hematoxylin and eosin and analyzed for megakaryocytes using an Olympus
BX53 microscope (340 objective).

Transmission electron microscopy

Bone marrow cores from mice 14 days post-pIpC were fixed with 2.5% glu-
taraldehyde, 2.0% paraformaldehyde in 0.1 M sodium cacodylate buffer at pH
7.4 for 24 hours at 4°C. After subsequent buffer washes, the samples were
postfixed in 2.0%osmium tetroxide for 1 hour at room temperature, washed, and
placed in dH2O.After dehydration through a graded ethanol series, bonemarrow
was infiltrated and embedded in EMbed-812 (Electron Microscopy Sciences).
Thin sections were stained with uranyl acetate and lead citrate and examined
with a JEOL 1010 electron microscope fitted with a Hamamatsu digital camera
and AMT Advantage image capture software.

Statistical analysis

The data presented in this report are the result of at least 3 independent exper-
iments with individual mice per genotype. Statistical analysis was performed
using a 2-tailed Student t test, and a P value ,.05 was considered statistically
significant.
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Results

Inducible deletion of Pak2 results in macrothrombocytopenia in

adult mice

To study the function of the Pak2 gene in various hematopoietic-
derived cells, mice carrying conditional Pak2fl/fl alleles were crossed
with mice harboring the interferon-inducible Mx1-Cre transgene to
produce MxTg;Pak2f/f (Pak22/2) and MxTg;Pak21/1 controls (wild-
type) (M.R. and J.C.,manuscript in preparation).31Deletion of thefloxed
exon 2, which encodes the start site of Pak2, was achieved by

intraperitoneal administration of plpC. Neither Pak2 protein levels in
the bone marrow nor megakaryocytes were detectable 14 days post-
plpC (DPI) (Figure 1A). Deletion in megakaryocytes of Pak22/2mice
was confirmed by culturing bonemarrow extracted at 14DPIwithTPO
for 5 days.

Complete blood count analysis of Pak22/2 and wild-type mice
displayed moderate thrombocytopenia (wild-type, 997 3 103/mL
[6983103], n5 29; Pak22/2, 4983 103/mL [6253103], n5 52;
Table 1). Platelet size was significantly increased, as determined by
mean platelet volume (MPV; wild-type, 6.566 0.05 fL vs Pak22/2

7.16 0.07 fL, P, .001). Additional changes in blood counts included

Figure 1. Pak2 deletion stimulates megakaryopoi-

esis in vivo. (A) WB to detect Pak2 levels in bone

marrow (top) and megakaryocytes (bottom) 14 DPI.

Actin serves as a loading control for relative protein

levels. Megakaryocytes lysates collected from cultured

bone marrow of pIpC-injected Mx1-cre1;Pak2fl/fl and

wild-type (notated as (Pak22/2 and Pak21/1, respec-

tively) mice at 14 DPI. (B) Representative bone marrow

histology from Pak21/1 and Pak22/2 mice (n5 5 mice/

genotype), both treated with plpC and analyzed 14

DPI. White arrows indicate megakaryocytes. Scale

bar 5 20 mm (340 original magnification). (C) Measure-

ment of megakaryocyte diameter in the bone marrow

(n 5 5 mice/genotype). (D) Percentage of bone marrow

expressing CD41 measured by flow cytometry. (E)

CD341 bone marrow stem cells sorted by flow cytom-

etry and cultured with 100 ng/mL TPO for 5 days.

Representative WB of phospho-Pak1/2/3 (Serine141)

and Pak2 expression during a 5-day time course. Actin

serves as a loading control for total protein levels. CD41

expression marks mature megakaryocytes. (F) Fluores-

cence microscopy of megakaryocyte (top), proplatelet

(middle), and platelet (bottom) stained for b1-tubulin,

Pak2, and nuclei (Hoechst). Scale bar5 10 mm. All values

are mean6 standard error of the mean (SEM) for at least

5 mice/genotype. *P , .05.
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increased neutrophils and monocytes and decreased lymphocytes
(Table 1). Deletion of Pak1 did not affect peripheral blood indices,
including no changes in platelet counts ormegakaryopoeisis.37 (J.C.K.,
unpublished data) We also tested the effects of Frax1036, a specific
small-molecule inhibitor of group I Paks.33 Unlike the genetic deletion
of Pak2, mice treated daily with Frax1036 for 3 weeks did not develop
thrombocytopenia, nor other changes in peripheral blood (data not
shown). Assuming effective inhibition of Pak2 kinase activity, these

results suggest that Pak2, similar to Pak1, may have kinase-independent
functions that affect certain aspects of hematopoiesis in vivo.38-40

Pak2 regulates megakaryocyte maturation

Mice with megakaryocyte-specific deletion of Pak-activating proteins,
Rac1/Cdc42, aremacrothrombocytopenic,withultrastructurally abnor-
mal megakaryocytes that fail to form proplatelets with defects in mi-
crotubule stabilization.25 As Paks are downstream effectors of these
GTPases, we sought to determine whether Pak activation is required
for megakaryocyte development and function, as well as to maintain
platelet counts.23-25 As Pak12/2mice do not have a notable platelet or
megakaryocyte phenotype,37 we examined the effects of genetic de-
letion of Pak2 on megakaryocyte differentiation. We evaluated bone
marrow for megakaryocyte number and morphology. Bone marrow
from Pak22/2 mice had an increased number of mature megakaryo-
cytes (CD411) with increased diameter (Figure 1B-D).

We next sought to determine whether Pak kinase activity changed
during stem cell maturation into megakaryocytes. We isolated CD341

stem cells and cultured themwith TPO for 5 days. Sample lysates were
collected and analyzed for activated Pak1/2/3, total Pak2, and CD41
protein expression (Figure 1E). Our results demonstrated that Pak1/2/3
activation increased during the maturation process, until decreasing at

Table 1. Complete blood count profile for Pak2-deficient mice

Parameters Mx1CreTgPak21/1 Mx1creTgPak2f/f

White blood cells, 3103/mL 8.97 6 0.44 7.6 6 0.4

Neutrophils, 3103/mL 0.97 6 0.1 2.3 6 0.13*

Lymphocytes, 3103/mL 7.5 6 0.3 5.4 6 0.3

Monocytes, 3103/mL 0.16 6 0.01 0.25 6 0.02

Red blood cells, 31012/L 9.87 6 0.27 9.67 6 0.25

Hemoglobin, g/L 14.43 6 0.42 14.57 6 0.29

HCT, % 44.9 6 1.3 45.73 6 0.85

MCV, fL 44.37 6 1.12 46.09 6 0.39

Platelets, 3109/L 997 6 98 498 6 25*

MPV, fL 6.56 6 0.05 7.1 6 0.07*

HCT, hematocrit; MCV, mean corpuscular volume; MPV, mean platelet volume.

*P , .05

Figure 2. Clearance rate and production of platelets

is increased in Pak2-null mice. (A) Quantification of in

vivo biotinylated platelets 24, 48, 72, and 96 hours after

N-hydroxysulfosuccinimidobiotin-biotin injection.Data ex-

pressed as percentage of baseline (24 hours postinjec-

tion; n5 4-8 mice/genotype per time point; mean6SEM).

(B) Quantification of the percentage of new, reticulated

platelets as a percentage of total platelets (n . 5;

mean 6 SEM), 10 DPI. (C) MPV of Pak21 /1 and

Pak22/2 platelets, 14 DPI. (D) Representative images

of hematoxylin and eosin stained spleen sections from

Pak21/1 and Pak22/2 mice 14 DPI. Arrows indicate

splenic megakaryocytes. Scale bar5 50 mm (403 original

magnification). (E) Quantification of megakaryocytes

in spleen sections counted in 10 low-power fields. (F)

Spleen weight (mg) 14 DPI. All data from at least 3

mice/genotype; mean 6 SEM. *P , .05.
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the fully mature state (D5). Pak2 was substantially autophosphorylated
inCD341 stem cells (D0), but this level, similar to that of pPak1/3, also
increased during maturation (Figure 1E, top panel, lower band).

Localization and expression of Pak2 in mature megakaryocytes,
proplatelets, and platelets was found throughout thematuration process
(Figure 1F). Together, these data demonstrate that Pak2 has a role in
megakaryocyte development from the stem cell to megakaryocyte.

Pak2 deficiency increases platelet clearance rate

and thrombopoiesis

The combination of increased bone marrow megakaryocyte size and
number, along with decreased platelet counts, suggests that Pak22/2

mice produce abnormal platelets with decreased survival in the cir-
culation. To test whether platelet clearance was altered, we measured
platelet life span, as well as the production of newly synthesized
platelets.34Pak22/2platelet life spanwas significantly reduced relative
to wild-type mice (Figure 2A). These data are comparable to the short-
ened platelet life span in theRac1/Cdc422/2mice.25 To assesswhether
platelet production was altered, we labeled blood samples ex vivo with
thiazole orange.41 As shown in Figure 2B, there was nearly double the
amount of reticulated platelets inPak22/2mice comparedwithcontrols
(wild-type, 5.8 6 0.4% vs Pak22/2, 11.5 6 0.6%; mean 6 standard
error of the mean [SEM]) at 10 DPI. Young reticulated platelets are
larger than older, nonreticulated platelets42,43; therefore, we evaluated
MPV, and it was significantly increased in Pak22/2mice (Figure 2C).

The spleen acts as a site for platelet clearance and production after
bone marrow damage. Therefore, we evaluated the spleen for extram-
edullary megakaryopoiesis and discovered that Pak22/2-null spleens
had significantly increased mature megakaryocytes; however, overall
spleen weight was only slightly decreased (wild-type, 81 6 3.5 mg;
Pak22/2, 70 6 4 mg) (Figure 2D-F). Similar to bone marrow mega-
karyocytes, splenic megakaryocytes were also increased in diameter
(supplemental Figure 1A, available on the BloodWeb site). Increased
platelet clearance can result in splenomegaly; however, our results
demonstrated decreased spleen weight. Histological evaluation of
Pak22/2 spleens demonstrated a distortion in normal splenic archi-
tecture, demonstrated by reduced white pulp, indicative of decreased
lymphocytes and increased hemosiderin deposition (supplemental
Figure 1B). Platelet clearance could still be occurring in the spleen,
but other alterations to the spleen on Pak2 deletion make spleno-
megaly difficult to observe. Together, these data demonstrate that
Pak22/2 mice are macrothrombocytopenic as a result of decreased
platelet life span.

Megakaryocyte progenitors are increased in

Pak2-deficient mice

Extensive flow cytometry studies have identified surface markers that
constitute bone marrow megakaryocyte progenitors.36 Because we
observed significantly more mature megakaryocytes in Pak22/2 bone
marrow (Figure 1D),we investigatedwhether therewere also increased

Figure 3. Pak2 deficiency increases megakaryocyte

precursors and hematopoietic stem cells. (A) Per-

centage of bone marrow from wild-type or Pak22/2 mice

that are PreMegE identified by CD1501 and CD1052

after gating for Lin2C-kit1Sca12 (*P , .05). (B) Percent-

age of bone marrow from wild-type or Pak22/2 mice that

are committed MkPs, defined by CD411 and CD1501,

after gating for Lin2C-kit1Sca12 (*P , .0001). (C)

MegaCult-C colony-formation assays (CFU-Mk) of 105

unsorted bone marrow cells from wild-type and Pak22/2

mice 14 DPI. Number of megakaryocyte colony-forming

units (CFU-Mk) were counted after staining with acetyl-

cholinesterase (*P , .0002). (D) Hematopoietic stem

cells in bone marrow of wild-type and Pak22/2mice. LSK,

Lin2/C-kit1/Sca11; LK, Lin2/C-kit1/Sca12 (*P , .05). All

bone marrow measured at 14 DPI. Experiments included

n . 5 mice/genotype, mean 6 SEM.
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megakaryocyte progenitors. The gating scheme used is delineated in
supplemental Figure 2A. PreMegE cells are the progenitor cells that
produce megakaryocytes and erythrocytes and have the highest ca-
pacity to form megakaryocyte colonies in vitro.36 This population
is defined as Lin2c-Kit1Sca12CD412FcgRII/III2CD1501CD1052.
We found thatPak22/2bonemarrowhad significantlymorebipotential
PreMegE cells than wild-type bone marrow (Figure 3A). We next ex-
amined committed megakaryocyte progenitors (MkP) by expression
of CD41 after gating for Lin2c-Kit1Sca12CD1501. These progenitor
cells represent an intermediate stage between the bipotential precursor

and mature megakaryocyte. Lineage-committed MkPs were signifi-
cantly increased in the Pak22/2 bone marrow (Figure 3B).

Given the increase inmegakaryocyte stem cell progenitors, we next
tested whether these progenitors produced more mature megakaryo-
cyte colonies. To address this question, we cultured an equal amount of
unsorted bone marrow from wild-type and Mx1cre1Pak2fl/fl animals,
14 DPI injection, in a megakaryocyte specific colony-formation assay
(CFU-MK). Analysis of the colonies with acetylcholinesterase stain-
ing after 8 to 10 days of growthwith TPO, IL-3, and IL-6 demonstrated
an increased number of colonies in Pak22/2 bone marrow, relative to

Figure 4. Pak2 is a negative regulator of megakar-

yocyte endomitosis. (A) Megakaryocyte DNA content

in wild-type and Pak22/2 mouse bone marrow, 14 DPI,

was measured in CD411 bone marrow cells by flow

cytometry. Line indicates location of 8N1 cells (n. 10;

mean 6 SEM; *P , .05). (B) Megakaryocyte DNA

content in wild-type and Pak22/2 in vitro-derived mega-

karyocytes. Bone marrow cultured for 5 days with TPO

and 500 nM 4-hydroxytamoxifen to activate Cag-

Cre-ERT2;Pak2fl/fl transgene (n . 4, mean 6 SEM;

*P , .05). (C) Megakaryocyte DNA content in vehicle

and Frax1036-treated mice. Mice were dosed with

Frax1036 via oral gavage daily for 21 days. Frax1036

(Frax) ablates Pak1/2/3 Serine 141 phosphorylation

(pPak) in the bone marrow relative to total Pak1/2/3

(Pak) (WB inset). Percentage greater than 8N DNA con-

tent, mean 6 SEM; *P,.05. (D) Percentage of CD411

bone marrow cells with Frax1036 treatment. Four

mice/genotype, mean 6 SEM; P , .001. (E) Bone

marrow-derived megakaryocytes cultured with 0.5 mM

Frax1036 for 5 days; n . 5 mice. 8N and 16N popu-

lations significantly increased in Frax1036-treated bone

marrow (P , .008 and P , .003, respectively).
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wild-type (Figure 3C). In addition, colony-forming potential on a per
stem cell basis, examined by seeding equal number of sorted mega-
karyocyte precursors, was also increased in Pak22/2 bone marrow
(supplemental Figure 2B). These results suggest that the number and
proliferative potential of megakaryocyte progenitors are increased in
Pak2-deficient mice.

BecausePak22/2mice demonstrated alteredmegakaryopoiesis, we
next asked whether loss of the Pak2 gene was associated with abnor-
mal hematopoiesis. Total bone marrow hematopoietic stem cells (LSK
[Lin2/C-kit1/Sca11] and LK [Lin-/C-kit1/Sca12]) were evaluated and
significantly increased inPak22/2bonemarrow (Figure 3D).LSKcells
were further evaluated for number of long-term HSCs and multiplu-
ripotent progenitors, and both populations were increased (supple-
mental Figure 3A-B). Collectively, these findings identify Pak2 as a
negative regulator of megakaryocyte maturation via regulation of the
bipotential precursors (PreMegE) and MkP cells in the bone marrow.
The observed increase in megakaryocyte stem cells is not caused by
elevated serum TPO levels induced by a reduction in circulating
platelets (data not shown).

To examine whether expansion of megakaryocyte–erythroid pro-
genitors also affected erythroid precursors, we examined bone marrow
for erythroblasts (CD71hiTer119hi) and erythrocytes (CD71loTer119hi)
(supplemental Figure 4A-B). Pak2 deletion significantly reduced early
erythroblasts and increased mature erythrocytes in bone marrow.
Ter119high cells were additionally analyzed for CD71 surface expres-
sion and size by FSC. Pak2 deletion resulted in significant decreased

bone marrow immature and intermediate erythrocytes (EryA, EryB)
and increasedmature erythrocytes (EryC) (supplemental Figure 4C-D).
Evaluation of erythroid stem cell progenitors (proerythroblasts), iden-
tified asLin2ckit1Scal2CD412CD1502CD1051Ter1191CD711was
significantly decreased in Pak2-null bone marrow (supplemental
Figure 4E). Together, these data demonstrate that Pak2 deletion shifts
the balance in the PreMegE stem cells toward the megakaryocyte
lineage, leading to a decrease in expansion of proerythroblasts and
erythroblasts.

Megakaryocyte endomitosis is negatively regulated by Pak2

Megakaryocytes progress through development to an endomitotic
phase. Here cells are programmed to fail cytokinesis and accumulate
DNA content in a single polylobulated nucleus before a final matura-
tion state, consisting of proplatelet formation and platelet release.44,45

Accordingly, we examined endomitosis (polyploidization) in mega-
karyocytes from Pak22/2 mice. We found that Pak2 deletion in vivo
markedly increased polyploidization ofmegakaryocytes (percentage of
CD411 cells containing more than 8N DNA content) (Figure 4A). To
determinewhether thiswas cell-intrinsic,wemeasured polyploidywith
in vitro–deleted megakaryocytes with tamoxifen-regulated Cre recom-
binase and found Pak2 regulated polyploidization in a cell-intrinsic
manner (Figure 4B). Pak22/2 megakaryocytes demonstrated signifi-
cantly increased 8N, 16N, and 32N populations (P , .03). These in
vitro data suggest that increased polyploidization observed in vivo is

Figure 5. Altered cytoskeleton structure in Pak2-

null megakaryocytes. (A) Analysis of b1-tubulin struc-

ture and (B) proplatelet structure by fluorescence

microscopy of wild-type and Pak22/2 megakaryocytes

adhered to fibrinogen for 5 hours. Bone marrow treated

with 500 nM 4-hydroxytamoxifen to induce Cag-Cre-

ERT2 expression and delete Pak2fl/fl. Representative

image of b1-tubulin (green) and DAPI nuclear (blue)

staining from 3 mice per genotype. (C) Representative

Alexa Fluor 594-phalloidin staining for actin (red) and

DAPI (blue) analyzed by fluorescence microscopy of

wild-type and Pak22/2 megakaryocytes adhered to

collagen for 5 hours. (D) Fetal liver-derived megakar-

yocytes treated with Frax1036 for duration of culture

(4 days) and stained for b1-tubulin (green) and DAPI

(blue). (E) Western blot detection of serine 141 phos-

phorylated Pak1/2/3 (pPak) of fetal liver-derived mega-

karyocytes treated with Frax1036. Actin serves as a

control for protein loading. Scale bar 5 20 mm for all

images.
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from cell-intrinsic signaling, but does not rule out influence from cell-
extrinsic factors.

Small-molecule inhibitors specifically targeting group I Paks are
currently being developed for the treatment of tumors overexpressing
Pak proteins.10,28-30,46,47We examinedwhether treatmentwith group I-
specific Pak inhibitor Frax1036 also altered megakaryocyte poly-
ploidization or induced thrombocytopenia.33 Treatment with Frax1036
for 3 weeks increased polyploidization in megakaryocytes and in-
creased CD411 megakaryocytes (Figure 4C-D). Frax1036 treatment
effectively ablated Pak1-3 phosphorylation in the bone marrow
(Figure 4C, inset). Bone marrow-derived megakaryocytes treated with
Frax1036 also increased polyploidization at 8N and 16N ploidy stages

(P, .008 and P, .003, respectively) (Figure 4E). Collectively, these
findings indicate that genetic deletionofPak2, aswell as pharmacologic
kinase inhibition, causes increased megakaryocyte polyploidization in
vivo and in vitro.

Altered cytoskeleton and ultrastructure of Pak22/2

megakaryocytes

During maturation, megakaryocytes undergo cytoskeletal alterations
critical for polyploidization and proplatelet formation.48-50 As Pak
kinases are principally known for their regulation of actin and tubulin
cytoskeleton networks,51 we next measured b1-tubulin expression in

Figure 6. Decreased proplatelets and altered ul-

trastructure of Pak-null megakaryocytes. (A) Bone

marrow imaged for megakaryocytes from wild-type

and Mx1cre1Pak22/2 mice analyzed by transmission

electron microscopy, 14 DPI. Wild-type megakaryocyte

(upper, left, 35000), periphery magnified (upper, right,

312 000). Pak22/2 megakaryocyte (lower, left, 35000),

periphery magnified (lower, right, 320 000). Scale

bar 5 2 mm. (B) Proplatelet formation imaged from

cultured megakaryocytes from wild-type and Cag-Cre-

ERT21Pak22/2 bone marrow, induced with 500 nM

4-hydroxytamoxifen and adhered to fibrinogen. White

arrows indicate proplatelet. (C) Percentage proplatelet-

forming megakaryocytes expressed as a percent-

age of total megakaryocytes per visual field 6 SEM,

n 5 5/genotype. Scale bar 5 200 mm. *P , .05. (D)

Representative image of proplatelet formation in ve-

hicle and Frax1036-treated bone marrow-derived

megakaryocytes. Scale bar 5 200 mm. White arrows

indicate proplatelet.
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megakaryocytes adherent to fibrinogen, relative to cell area. Quanti-
tative fluorescence microscopy analyses found that Pak22/2megakar-
yocytes expressed significantly less b1-tubulin (24.16 2.5%) relative
to wild-type megakaryocytes (Figure 5A). Proplatelet extension struc-
tures were also altered in Pak22/2megakaryocytes (Figure 5B). Actin
polymerization of megakaryocytes adherent to collagen was also
decreasedwithPak2deletion (57.6%615.3%decrease comparedwith
wild-type) (Figure5C).Similar toPak22/2megakaryocytes,b1-tubulin
staining decreased in Frax1036 treated-megakaryocytes, further sup-
porting a role for Pak2 activity in megakaryocyte maturation and pro-
platelet formation (Figure 5D-E).

To better investigate megakaryocyte morphology in situ, we next
examined wild-type and Pak22/2 bone marrow sections by transmis-
sion electronmicroscopy.Maturewild-typemegakaryocytes displayed
characteristic membrane invaginations, indicative of the invaginated
membrane system (Figure 6A, top). Pak22/2megakaryocytes demon-
strated fewer invaginations in the periphery and around the nucleus
(Figure 6A, bottom), supporting a role for Pak2 in proplatelet for-
mation. Indeed, on adherence to fibrinogen, Pak22/2 bone marrow-
derived megakaryocytes developed significantly fewer proplatelet
extensions (Figure 6B-C). Consistent with genetic deletion, Frax1036-
treated bone-marrow-derived megakaryocytes phenocopied Pak2-null
megakaryocytes, with no proplatelet extensions observed (Figure 6D).
Together, these data support a role for Pak2 in megakaryocyte cyto-
skeletal dynamics and ultrastructural mechanics that orchestrate pro-
platelet formation.

Altered signal transduction in Pak22/2 megakaryocytes

To establish a potential mechanism underlying the effects of Pak2
deletion on megakaryocyte function, we next investigated the phos-
phorylation status of Pak2 effectors known to regulate cytoskeletal
dynamics. We found that LIMK phosphorylation was significantly
reduced (.60% reduction) and was associated with reduced phos-
phorylation of cofilin (.40% reduction) (Figure 7A-B) in Pak22/2

megakaryocytes. As cofilin is active in the nonphosphorylated state,
these results suggest thatPak22/2megakaryocytes undergomore rapid
actin severing and depolymerization compared with wild-type mega-
karyocytes. Such properties have previously been associated with
enhanced polyploidization in megakaryocytes.50,52

Similar to actin severing, enhanced microtubule depolymerization
with colchicine, nocodazole, and vincristine have also been shown to
enhance megakaryocyte ploidy.50,53,54 Microtubule dynamics are reg-
ulated by a variety of proteins, including the Pak substrate Aurora

A,14,55 a negative regulator of megakaryocyte polyploidization.56 We
evaluatedPak22/2megakaryocytes forAuroraA/B/Cphosphorylation
and found markedly decreased levels in Pak22/2 cells compared with
wild-type levels (.48% reduction) (Figure 7A-B). These data strongly
suggest that Pak2 regulates multiple functions in the developing
megakaryocyte by regulating both the actin and microtubule networks
(Figure 7C).

Discussion

Here we report a novel role for Pak2 in megakaryocyte biogenesis,
cytoskeletal remodeling, proplatelet formation, and endomitosis. Using
a conditional knockout mouse model, as well as a small-molecule
inhibitor of group I Paks, we establish Pak2 as regulator of the mega-
karyocyte cytoskeleton.We demonstrate thatMx1-creTgPak22/2mice
develop macrothrombocytopenia, which manifests in vivo with de-
creased platelet lifespan, along with increased mature megakaryocytes
in the bone marrow and spleen, increased level of megakaryocyte
ploidy, and increased megakaryocyte bone marrow progenitor cells.
Pak2 also regulates megakaryocyte cytoskeleton structure, dem-
onstrated with transmission electron microscopy of in situ bone
marrow and immunofluorescence of in vitro primary culture of
megakaryocytes.

Evidence from signaling studies suggests that at least 2 signaling
pathways that regulate cytoskeletal function in megakaryocytes are
regulated by Pak2: Aurora A, which classically regulates microtubule
dynamics and mitotic entry; and LIMK/cofilin, which regulate actin
dynamics (Figure 7). Aurora A deletion increases megakaryocyte dif-
ferentiation and levels of polyploidization.56 Aurora A could function
to regulate polyploidization through its role in microtubule-organizing
center localization, bipolar spindle formation, and inhibition of proteins
that destabilize the microtubule network (ie, stathmin and mitotic
centromere-associated kinesin).56-61 We evaluated the effect of Pak2
deletion on megakaryocyte Aurora activation and found that Pak22/2

megakaryocytes had decreased Aurora phosphorylation. Actin regula-
tory mechanisms mediated by the Pak effector LIMK and its substrate
cofilin also play a role in later steps ofmegakaryocyte development, and
in particular in proplatelet formation.62 We observed significantly de-
creased F-actin formation in Pak2-null megakaryocytes (Figure 5C),
supporting the hypothesis that Pak2 deletion increases actin-severing
activity of cofilin through LIMK inhibition. Notably, LIMK can also

Figure 7. Altered phosphorylation of cytoskeleton

regulatory proteins in Pak2-null megakaryocytes.

(A) Western blot analysis of phosphorylation levels of

cytoskeletal regulatory proteins LIMK, cofilin, and Au-

rora A/B/C in in vitro-deleted bone marrow-derived

megakaryocytes (CAG-Cre-ERT21;Pak2f/f). Equal quan-

tities of total cellular protein were loaded and phospho-

protein content was detected with phospho-specific

antibodies (pLIMK, pCofilin, and pAurora) and total protein

antibodies. Actin served as a control for equal loading.

Blots are representative of at least 4 independent ex-

periments. (B) Band densities quantified as a ratio of

phospho:total protein and calculated as percentage of

control. Densitometry was quantified with Fiji-Image J

Software (National Institutes of Health). *P , .01. (C)

Model depicting Pak2 regulation of megakaryocyte

polyploidization and proplatelet formation through con-

trol of actin and microtubule networks.
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directly phosphorylateAurora to stabilize themicrotubule network.63,64

Thus, loss of LIMK phosphorylation in Pak22/2 megakaryocytes
may serve to disrupt a signaling node between actin and microtubule
systems, affectingbothAurora andcofilin activity (Figure 7C).However,
LIMK regulation downstream of Pak is complex, as megakaryocyte
double-knockout deletions of genes encoding the Pak activating
proteins Rac1/Cdc42 increase LIMK and cofilin phosphorylation.25

Such findings support roles for Rac1 and Cdc42 beyond that of their
effector Pak2 alone and suggest that Pak2 has a specific role in
megakaryocyte endomitosis and proplatelet formation by means of
regulating signal transduction cascades involved in cytoskeletal
network regulation.

Although the useof the inducibleMx1-cre system forPak2deletion
in mice makes it difficult to determine whether our observations re-
gardingmegakaryocytemorphology, function, and platelet half-life are
cell autonomous, our findings with in vitro megakaryocyte culture
strongly suggest a cell-autonomous effect. In vivo bone marrowmega-
karyocyte ultrastructure revealed disrupted megakaryocyte plasma
membrane invaginations (Figure 6A) in the Mx1-cre model system.
Consistent with in vivo data, in vitro megakaryocytes were also defec-
tive in their structure, mainly observed by defects in proplatelet forma-
tion, using both a genetic and pharmacological model (Figure 6B-C).
Elevated levels of polyploidizationwere also observed both in vivo and
in vitro (Figure 4). These data strongly suggest a cell-autonomous role
for Pak2 inmegakaryocytes. It remains possible, however, that there are
also non-cell-autonomous effects related to Pak2 deletion in other he-
matopoietic lineages inMx1-cre mice, especially given the known role
of Pak2 in hematopoietic stem cells and their progeny.15,32,65 These
issues will be addressed in future studies using transgenic mice with
megakaryocyte-specific Cre drivers such as PF4-cre.66

In summary, our results demonstrate that Pak2 regulates megakar-
yocytes, in part through signaling networks that regulate actin and mi-
crotubule cytoskeleton. This multinetwork influence of Pak2, through
phosphorylation of LIMK and Aurora, supports a role for Pak2 in
controlling the dynamic cytoskeleton of developing megakaryocytes
to play a novel role in megakaryocyte biology.
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