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Human bone marrow megakaryocytes and plateets express PPARYy, and PPARYy
agonists blunt platelet release of CDA40 ligand and thromboxanes

Filiz Akbiyik, Denise M. Ray, Kelly F. Gettings, Neil Blumberg, Charles W. Francis, and Richard P. Phipps

Peroxisome proliferator-activated recep-
tor v (PPARy) is a ligand-activated tran-
scription factor important in lipid metabo-
lism, diabetes, and inflammation. We
evaluated whether human platelets and
megakaryocytes express PPARy and
whether PPARy agonists influence plate-
let release of bioactive mediators. Al-
though PPARy is mainly considered a
nuclear receptor, we show that enucleate
platelets highly express PPARy protein
as shown by Western blotting, flow cytom-
etry, and immunocytochemistry. Meg-01
megakaryocyte cells and human bone

marrow megakaryocytes also express
PPARYy. Platelet and Meg-01 PPARy bound
the PPARy DNA consensus sequence,
and this was enhanced by PPARy ago-
nists. Platelets are essential not only for
clotting, but have an emerging role in
inflammation in part due to their release
or production of the proinflammatory and
proatherogenic mediators CD40 ligand
(CD40L) and thromboxanes (TXs). Plate-
let incubation with a natural PPARy ago-
nist, 15d-PGJ,, or with a potent synthetic
PPARvy ligand, rosiglitazone, prevented
thrombin-induced CD40L surface expres-

sion and release of CD40L and thrombox-
ane B, (TXB;). 15d-PGJ, also inhibited
platelet aggregation and adenosine
triphosphate (ATP) release. Our results
show that human platelets express PPARy
and that PPARy agonists such as the
thiazolidinedione class of antidiabetic
drugs have a new target cell, the platelet.
This may represent a novel mechanism
for treatment of inflammation, thrombo-
sis, and vascular disease in high-risk
patients. (Blood. 2004;104:1361-1368)
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Introduction

Peroxisome proliferator-activated receptors (PPARS) are mem-
bers of a nuclear hormone receptor superfamily of ligand-
activated transcription factors. There are 3 PPAR subtypes:
PPAR«, PPARR/3, and PPARYy. The genes encoding the PPAR
subtypes each reside on different chromosomes and have
distinct tissue expression patterns.® While many reports focus on
PPAR expression in the nucleus, PPARYy, in particular, is also
found in the cytoplasm.23

PPARYy is highly expressed in white adipose tissue and was
initially described as important for regulating gene expression in
metabolism, insulin responsiveness, and adipocyte differentia-
tion.*> While PPARy was originally thought to be found mainly in
fat tissue, it is in fact widely expressed by many types of cells
including macrophages, B and T lymphocytes, epithelial, endothe-
lial, smooth muscle, and fibroblastic cells2611 PPARy has also
come to prominence as PPARYy agonists play an important role in
immune function by dampening inflammation, attenuating macro-
phage/monocyte synthesis of proinflammatory cytokines, and
inducing apoptosis in B lymphocytes.261213 PPARy has aso
emerged as akey target for malignant cells as PPARy agonists have
shown therapeutic potential for B lymphomaand various epithelial-
derived cancers 21415

Megakaryocytes are the biggest cdll of the bone marrow and the
parent cdl of pladets. Platelets are derived from the cytoplasm of
megakaryocytes and are rel eased to the bloodstream under the effects of
cytokines such as interleukin-6 (IL-6) and IL-11.1817 Platelets are
enuclear cdlsthat have a plasmamembrane, surface-connected candic-
ular and tubular system, mitochondria, granules, lysosomes, and peroxi-
somes.® Recent studies demongtrate that platelets and many of their
products areimportant not only in hemostasis, but have now emerged as
important in immunoregulation and inflammetion. For example, plate-
lets produce key inflammatory mediators such as transforming growth
factor-g (TGF-B), thromboxane A, (TXA,), and prostaglandin E,
(PGE,).1%21 The recent key demonstration that activated human
platelets express and expel CD40 ligand (CD40L, formally known
as CD154) provides a mechanism of interaction with CD40
expressing cells that include macrophages and vascular structural
cells 2% These cells when activated through CD40 express
cyclooxygenase-2 (Cox-2) and prostaglandins, adhesion mol-
ecules, and cytokines such as IL-6 and tissue factor.262” Many new
studies now demonstrate that elevated CD40L levels in blood are
associated with acute coronary syndromes and stroke.?® Interest-
ingly, elevated serum levels of CD40L predict an increased
cardiovascular risk in a healthy population.?
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The enucleate platelet is not usualy thought of as a cell
containing transcription factors. Nonetheless, we investigated
whether the human megakaryoblast cell line (Meg-01), human
bone marrow megakaryocytes, and human platel ets express PPARy
protein and whether platelets themselves might be targets of
selected PPARYy agonists. Herein, we report the surprising findings
that human megakaryocytes and platelets do express PPARy and
are susceptible to PPARy agonists that dampen platelet release of
the key proinflammatory and proatherogenic mediators CD40L and
thromboxane B, (TXB,). These novel findings support a role for
the PPARy system in modulating platelet function.

Materials and methods

Cell line and culture conditions

Meg-01 cells were purchased from the American Type Culture Collection
(Rockville, MD) and are widely used as a model of human megakaryo-
cytes.30 Meg-01 cells were cultured in RPMI1-1640 tissue culture medium
(Invitrogen, Carlshad, CA) supplemented with 10% fetal bovine serum
(FBS; Invitrogen), 10 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid; Sigma, St Louis, MO), 2 mM L-glutamine (Invitrogen),
4.5 g/L glucose (Invitrogen), and 50 wg/mL gentamicin (Invitrogen).

Preparation of platelets

Blood samples (500 mL) were collected from healthy volunteers by
venipuncture into a CPDA-1 blood collection bag (Baxter Healthcare,
Deerfield, IL). The platelet-rich plasma (PRP) was obtained by centrifuga-
tion at 1800g for 8 minutes and extracted into the transfer bag (Charter
Medical, Winston-Salem, NC) at room temperature. The Pall Biomedical
Purecell LRF high-efficiency leukoreduction filter (East Hills, NY) was
used to reduce leukocytes, microaggregates, and anaphylatoxin C3a
Leukocytes were removed by adherence in the filter. Platel ets were washed
with 0.9% saline using a COBE 2991 Blood Cell Processor (Lakewood,
CO). Cell counts were performed on an Abbott Cell-Dyn 1700 (Abbott
Park, IL), and the final platelet count was 5.5 X 10'%unit. The maximum
numbers of contaminant nonplatelet cells were 1 X 10° white blood cells
and 1 X 108 red blood cells, the percentages being 0.0001% and 0.1818%
of platelets, respectively. Pooled PRP was prepared by the same procedure
from 2 to 5 donors and combined into a pool bag (Charter Medical). The
platelets were isolated by an additional centrifugation step at 1200g of the
PRP for 4 minutes, and the pellet was washed twice with 1 X phosphate-
buffered saline (PBS).

Western blot for PPARy

Meg-01 and platelet total protein was isolated using nonidet P-40 lysis
buffer containing a protease inhibitor cocktail (4-(2-aminoethyl)-benzene-
sulfonyl fluoride, pepstatin A, transepoxysuccinyl-L-leucylamido (4-
guanidino) butane, bestatin, leupeptin, and aprotinin; Sigma). Total protein
was quantified with a bicinchoninic acid (BCA) protein assay kit (Pierce,
Rockford, IL). A total of 15 pg protein was electrophoresed on 10%
denaturing polyacrylamide-stacking gels and transferred to nitrocellulose
membrane (Amersham, Piscataway, NJ) at 4°C. After blocking with 10%
Blotto (PBS/0.1% Tween 20 and 10% milk) for 2 hours at room
temperature, membranes were then incubated with a mouse monoclonal
anti-PPARy antibody from Santa Cruz Biotechnology (1:1000; Santa Cruz,
CA) or with a rabbit polyclonal anti-PPARy antibody from Calbiochem
(1:5000; San Diego, CA) diluted in 2.5% Blotto for 1 hour. They were then
washed in PBS/0.1% Tween 20 and incubated with a goat anti—rabbit
horseradish peroxidase (Santa Cruz Biotechnology) secondary antibody at
1:2000 dilution for 1 hour. The membranes were washed in PBS/0.1%
Tween 20 and bands were visualized using a Western Lightning chemilumi-
nescence kit according to the manufacturer’s instructions (Perkin Elmer
Life Sciences, Boston, MA). The platelet PPARy band detected by Western
blot was identified as PPARy by MALDI-TOF mass spectroscopy (MS)
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peptide mapping analysis at the University of Rochester MicroChemical
Protein/Peptide Core Facility (data not shown).

Meg-01 and human platelet immunocytochemistry for PPARy

Meg-01 cells (1 X 10°) and platelets (1 X 107) were cytospun on slides and
fixed with 1% paraformaldehyde and stained with a rabbit polyclonal
anti-PPARYy antibody (Santa Cruz Biotechnology) or with animmunoglobu-
lin G (1gG) isotype control (both at 4 .g/mL) (Santa Cruz Biotechnology)
as described.” Slides were developed with aminoethyl carbazole (AEC)
reagent (Zymed Laboratories, San Francisco, CA) and visualized with an
Olympus BX51 microscope (Melville, NY). Photographs were taken using
a SPOT camera with SPOT RT software (New Hyde Park, NY). The
objectives used were a 60 X Olympus UPlan F1 with a 1.25 numerical
aperture and 2100 X Olympus UPlan F1 with a 1.3 numerical aperture.

Preparation of human bone marrow smears and
immunocytochemistry for PPARy

Human bone marrow aspiration material was obtained from the hip bone of
anemia patients. A drop of material about 2 mm in diameter was put onto
slides and immediately spread over by coverslip and air dried for 24 hours.
Smears were fixed with acetone-methanol solutions. Except for the fixation
step, immunocytochemistry was performed as described.” Slides were
stained with a mouse monoclona anti-PPARy antibody (Santa Cruz
Biotechnology) or with IgG1 isotype control (both at 4 p.g/mL) (Santa Cruz
Biotechnology), and biotin-labeled horse anti—-mouse | gG (Vector Laborato-
ries, Burlingame, CA) was used as secondary antibody. After staining for
PPARYy, counterstaining with hematoxylin was performed. One slide from
the same patient was stained with a Diff-Quik stain set (Dade Behring,
Newark, DE).

cDNA synthesis and RT-PCR assay

Total RNA was extracted with Tri-Reagent from platelets and Meg-01
according to the supplier’s protocol (MRC, Cincinnati, OH). A total of 2
g RNA was used for the reverse-transcription (RT) reaction, and
polymerase chain reaction (PCR) for PPARy and 3-actin was performed
as described.” A reaction was performed without reverse transcriptase
for each cDNA synthesis and used as a negative control in the PCR.
cDNA (10 pL) was used in the PCR reaction. The RT-PCR products
were separated by gel electrophoresis on 1% agarose gels and stained
with ethidium bromide. Adipose tissue and THP1 human monocyte cells
were used as positive controls.

Flow cytometric analysis

Thewashed platel etswere resuspended and incubated in 1 mL fluorescence-
activated cell-sorter (FACS) lysissolution (FLS; BD Biosciences, Immuno-
cytometry Systems, San Jose, CA) at aconcentration of 1 X 10’/mL in1 X
FLSfor 10 minutesin the dark at room temperature. After centrifugation at
500g for 5 minutes, the cells were permeabilized with 1 X FLS + 0.2%
saponin (Sigma) for 10 minutes. Samples then were incubated with 8
pg/mL monoclonal fluorescein isothiocyanate (FITC)—abeled anti-PPARYy
antibody (BD Biosciences, San Diego, CA) or FITC-labeled 1gG1 isotype
control (BD Biosciences) for 30 minutes in the dark at room temperature.
Cells were washed with 1 X PBS containing 1% bovine serum albumin
(BSA) and 0.1% sodium azide (NaN3). Samples were resuspended in 1%
paraformaldehyde and analyzed on a Becton Dickinson FACSCalibur flow
cytometer (San Jose, CA).

For CD40L surface staining, washed platelets were pretreated with
PPARYy agonists for 15 minutes and then exposed to 0.8 U/mL thrombin for
60 minutes at 37°C in the presence of 200 wM fibrinogen receptor
antagonist (Bachem, King of Prussia, PA) and 5mM EDTA (ethylenediamine-
tetraacetic acid; Sigma) to prevent clotting. The platelets were then stained
for CD40L using a mouse 1gG1 anti-human CD40L biotinylated monoclo-
nal antibody (Ancell, Bayport, MN), or a mouse IgG1 isotype control
antibody (Caltag, Burlingame, CA) followed by streptavidin conjugated to
allophycocyanin (Caltag).
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PPARy activity assay

Concentrated platelets were washed twice and treated with 20 uM
15d-PGJ, (Biomol, Plymouth Meeting, PA), rosiglitazone (Cayman Chemi-
cal, Ann Arbor, MI), ciglitazone (Biomol), or dimethyl sulfoxide (DM SO,
vehicle control) for 2 hours at 37°C. Platelets were lysed with hypotonic
buffer (10 mM HEPES-KOH [pH 7.9], 1.5 mM MgCl,, 10 mM KClI, 0.5
mM dithiothreitol [DTT], 0.5% nonidet P-40, and 0.2 mM phenylmethylsul-
fonyl fluoride [PMSF]), 10 g of cell extract was incubated in each well of
TransAM PPARYy assay kit (Active Motif, Carlsbad, CA), and PPARy DNA
binding was determined as per the manufacturer’s protocol.

Electrophoretic mobility shift assay (EMSA) for PPARy

Nuclear extracts of Meg-01 cells were prepared as described previously.3!
Cells were treated with 5 uM 15d-PGJ,, 10 uM ciglitazone, or DMSO
(vehicle control) for 4 hours. The cells were washed in cold PBS and then
incubated on ice in hypotonic buffer (10 mM HEPES-KOH [pH 7.9], 1.5
mM MgCl,, 10 mM KCI, 0.5 mM DTT, 0.5% nonidet P-40, and 0.2 mM
PMSF) for 10 minutes. The lysates were vortexed for 10 seconds and
centrifuged for 15 seconds. The pellet was isolated carefully and resus-
pended in 80 p.L hypertonic buffer (20 mM HEPES-KOH [pH 7.9], 1.5 mM
MgCly, 25% glycerol, 420 mM NaCl, 0.2 mM EDTA, 0.5 mM DTT, and 0.2
mM PMSF). After incubation on ice for 20 minutes, lysates were
centrifuged for 20 seconds and the supernatant containing the nuclear
protein was transferred to new tubes. Protein quantification was performed
using a BCA assay kit. Platelet protein isolation was done as described for
the PPARYy activity assay. For the gel shift assay of Meg-01 and platelets,
the consensus sequence for PPARy (5'-CAAAACTAGGTCAAAGGTCA-
3') was labeled with [y-32P] adenosine triphosphate (ATP) using T4
Polynucleotide Kinase (Life Technologies, Bethesda, MD). Micro Bio-Spin
P-30 Tris Chromatography Columns were used to remove the unbound
nucleotides (Bio-Rad, Hercules, CA). Meg-01 or platelet protein extracts
were incubated with binding buffer (10 mM Tris[tris(hydroxymethyl)amin-
omethane]-HCI [pH 7.5], 50 mM NaCl, 4% glycerol, 1 mM MgCl,, 0.5
mM EDTA, 0.5mM DTT, and 0.05 mg/mL poly (dI-dC)) and 50 000 counts
of labeled oligonucleotide or cold oligonucleotide for 15 minutes at room
temperature. Supershift experiments were completed by adding 2 g of the
anti-PPARy antibody (Calbiochem) to the binding reaction. The samples
were then run on a 4% nondenaturing polyacrylamide gel. The gel was
dried on a Savant SGD 2000 gel dryer (Savant, Farmingdale, NY) for 1
hour at 50°C and exposed to film overnight.

Measurement of CD40L and TXB,

Platelets were isolated as described in “Preparation of platelets’ and
cultured with buffer or with 15d-PGJ, or rosiglitazone (both at 20 wM) for
15 minutes at 37°C. Platelets were then activated with 0.8 U/mL thrombin
or buffer, and samples were taken at the 5-, 10-, 15-, 30-, and 60-minute
time points to measure human soluble CD40L and PGE,. CD40L assays
were performed with a commercially available enzyme-linked immunosor-
bent assay (ELISA) specific for CD40L (Bender Biomedical Systems, San
Bruno, CA). Virtually identical results were obtained using an ELISA for
CDA40L developed in our lab (data not shown). The stable end product of
platelet TXA, synthesis, namely TXB,, was measured using a highly
specific enzyme immunoassay from Cayman Chemical as per the manufac-
turer’sdirections.

Platelet aggregation and ATP release

Platelet aggregation was performed using the turbidimetric method of
Born32 with simultaneous measurement of ATP release using a Chrono-log
Lumi-aggregometer with AGGRO/LINK for Windows Software version
5.1.6 (Chrono-log, Havertown, PA). Blood was coll ected by clean venipunc-
ture from healthy donors who abstained from drugs known to affect platelet
aggregation into 0.105 M/sodium citrate. PRP was prepared by centrifuga-
tion at 150g for 10 minutes a 20°C, and the platelet count adjusted to
250 X 10%L by mixing PRP and platelet-poor plasmafrom the same donor.
All experiments were performed within 3 hours of blood collection.
Aggregation was performed with adenosine diphosphate (ADP), and the
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slope of aggregation and amplitude was computed using accompanying
software. The effects of the PPARy agonist 15d-PGJ, were tested by
addition of varying concentrations to PRP for 15 minutes before aggrega-
tion. The 15d-PGJ, was dissolved in DM SO, with afinal concentration of
DM SO in the samples of approximately 0.1%. Control experiments showed
no effect of this concentration of DM SO on platel et aggregation or release.

Statistics

Statistical analysis of time-dependent changes in supernatant levels of
soluble CD40L (sCD40L ) and TXB; used the log-rank test performed using
Statview (SAS Ingtitute, Cary, NC). P values of less than .05 were
considered significant.

Results

Meg-01 megakaryocytes and human blood platelets
express PPARYy protein

Meg-01 cells have been extensively used as a model of human
megakaryocytes.®® To determine whether megakaryocytes and
platelets express PPARy protein we first tested Meg-01 cells and
human platelets by Western blot for PPARy. Meg-01 cells and
platelets were lysed and the protein was analyzed for PPARy by
Western blot using commercialy available and widely used
anti-PPARy antibodies. Meg-01 cells express PPARy protein that
co-migrated with human fat tissue PPARy, used as a known
positive control (Figure 1A). We next evaluated highly purified
human platelets for PPARy expression. There were 3 different
single donor platelets and 3 multiple donor pooled platelet samples
tested for PPARy using 2 different anti-PPARy antibodies (Figure
1B-C). Human platelets express a PPARy band, which migrated
similarly to the adipose tissue PPARy band. While the platelet
preparations were highly purified (> 99.99% platelets), they did
contain the rare white blood cell. To determine how many white
blood cells were needed to generate a PPARy band on a Western
blot, experiments were completed with different numbers of white
blood cells. At least 1 X 106 white blood cells were needed to show
a PPARy band on Western blots (data not shown). Therefore
contamination with white blood cellsin purified platelets could not
account for the Western blot signal. Western blot experiments of
red blood cellswere also were completed for PPARy and red blood
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Figure 1. PPARy protein is expressed in the human megakaryoblast cell line,
Meg-01, and by human platelets. (A) Western blot of Meg-01 cell line (15 pg) using
a polyclonal anti-PPARy antibody (Calbiochem). PPARy bands co-migrated with the
human adipose tissue protein extract (15 w.g) used as positive control. (B-C) Platelet
cell lysates (15 wg) from rigorously purified single donor or pooled platelets were
analyzed by Western blot for PPARy using 2 different anti-PPARy antibodies (panel B
is monoclonal anti-PPARy [Santa Cruz Biotechnology]; panel C is polyclonal
anti-PPARy [Calbiochem]). Human adipose tissue protein extract (5 ng) was used as
positive control (left lane). The PPARYy protein was shown for 3 different single donor
and pooled platelet samples. Purified human red blood cells (30 pg) are negative for
PPARYy (B). Data are representative of more than 5 experiments.
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cells do not express PPARy (Figure 1B). Additionally, PPARy of
platelet origin was confirmed by MALDI-TOF mass spectroscopy
peptide mapping (data not shown).

The presence of PPARy in Meg-01 cells and human platelets
was further examined by immunocytochemistry. Meg-01 cells
(Figure 2A) and platelets (Figure 2B) contain PPARy protein,
confirming the Western blot data. The PPARy staining pattern of
Meg-01 is cytoplasmic, as well as nuclear. In platelets, the staining
pattern for PPARy appeared throughout the cell, with apparent
denser staining in platelet granules.

To further demonstrate expression of PPARy protein in human
platelets, flow cytometry experiments were performed. Concen-
trated and washed human platel ets were incubated with monoclo-
nal FITC-labeled anti-PPARy antibody or FITC-labeled 1gG1l
isotype for 30 minutes and analyzed on a Becton Dickinson FACS
Caliber flow cytometer. Platelets, being very small enucleate cells,
have a low forward- and side-scatter profile compared with white
blood cells. The flow cytometry results showed that PPARYy protein
was expressed in more than 85% of platelets (Figure 2C).

Human bone marrow megakaryocytes express PPARy protein

Based on the fact that platelets and the Meg-01 cells expressed
PPARy protein, we hypothesized that human megakaryocytes
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Figure 2. Inmunocytochemistry demonstrating PPARy expression in human
megakaryoblast cells and platelets. Immunocytochemistry was performed with a
rabbit polyclonal anti-PPARy antibody as described in “Materials and methods.”
Nonspecific staining was assessed using a rabbit IgG isotype control. (A) Nucleated
cells and enucleated plateletlike cells of the Meg-01 cell line were stained for PPARYy.
Meg-01 cells stain in the nucleus and the cytoplasm. Results were repeated 4 times
with separate preparations of Meg-01 cells. Original magnification is X 600. (B)
Human platelets express PPARy. The staining pattern for PPARy is throughout the
platelets. Data are representative of 4 different donor platelet experiments with
similar results. Original magnification is X 1000. The inset represents 1 platelet with a
final magnification of X 2000. (C) Flow cytometric analysis for intracellular expression
of PPARYy in human platelets. Purified platelets were washed and stained with a
monoclonal FITC-labeled anti-PPAR~y antibody (open histogram) or FITC-labeled
1gG1 isotype control (shaded histogram) as described in “Materials and methods.”
Forward- and side-scatter gates were set to analyze only platelets. This experiment
was repeated 3 times with similar results. (D) Immunocytochemistry of human bone
marrow megakaryocyte for PPARYy. (Left) Diff-Quik staining of a human bone marrow
megakaryocyte. Immunohistochemistry was performed with a mouse monoclonal
PPARYy antibody as described in “Materials and methods.” (Right) PPARy expres-
sion. (Middle) Mouse IgG1 isotype control was also used to show nonspecific
staining. In addition to PPARy immunostaining, light counterstaining was performed
with hematoxylin to visualize the cells. The arrows are pointing at human megakaryo-
cytes. Original magnification is X 600. Data are representative of 4 experiments from
4 patients with similar results.
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would also express PPARy protein. Expression of PPARYy in
human bone marrow megakaryocytes was detected by immunocy-
tochemistry using a monoclona anti-PPARy antibody. Human
bone marrow was stained with Diff-Quik to identify human
megakaryocytes (Figure 2D). The megakaryocyteisthe largest cell
of bone marrow with multilobated nuclei and abundant granular
cytoplasm. Bone marrow smearswere also prepared for immunocy-
tochemistry to stain for PPARYy. Theright-hand panel of Figure 2D
shows staining of human megakaryocytes for PPARy. The middle
panel shows no staining with an isotype control antibody (smear is
lightly counterstained with hematoxylin).

PPARy mRNA is expressed in the Meg-01 cell line
but not in platelets

Expression of PPARy mRNA in Meg-01 and platelets was exam-
ined by RT-PCR. Platelets, while enucleate, do express a range of
MRNA species.® Total RNA was isolated from Meg-01 cells and
single donor or pooled platelets and reverse transcribed as de-
scribed in “Materials and methods.” Then cDNA was run in PCR
reactions with control B-actin primers or primers specific for
human PPARy. RNA from human adipose tissue and THP1 human
monocyte cells was used as positive control for PPARy. Theresults
revealed a single RT-PCR product of the expected size of 360 bp
for PPARy in adipose tissue (Figure 3, lane 2). Meg-01 cells and
the THP1 monocytic cells express PPARy mRNA (lanes 6 and 7,
respectively). PPARy mRNA was not present in platelet samples
(lanes 3-5). All samplesdid express 3-actin mRNA, consistent with
reports that platelets express mMRNA encoding 3-actin.3*

Meg-01 PPARYy has DNA binding ability that is enhanced
by treatment with PPARy ligands

To determine if the PPARy protein in Meg-01 cells can bind DNA,
gel shift assays were performed. In many systems enhanced DNA
binding isobserved if PPARy-expressing cellsarefirst exposed to a
PPARy agonist.® Meg-01 cells were treated with the PPARy
agonists 15d-PGJ, (5 wM) or ciglitazone (10 wM) or vehicle
(DM SO) for 4 hoursin culture. Nuclear protein was then incubated
with a radiolabeled probe containing the consensus DNA binding
sequencefor PPARy (Figure4A). Figure 4 showsthat Meg-01 cells
have a congtitutive level of active PPARy (lane 2), which was
increased by exposureto the natural PPARy agonist 15d-PGJ, (lane
3) and to the synthetic PPARy agonist ciglitazone (lane 4). A
supershift using an anti-PPARy antibody further supported PPARy
expression in Meg-01 cells (lane 6). We conclude that 15d-PGJ,
and ciglitazone increase the activation of PPARy in Meg-01 cells.

Platelets have constitutively active PPARy protein that
has DNA binding ability

EMSA was next performed to determine if platelet PPARy protein
can bind to the DNA PPAR response element. Lysates from 3
different rigorously purified platelet samples wereincubated with a
radioactive probe (PPARy consensus DNA binding sequence) or
cold probe (Figure 4B). A discrete DNA binding band appears in
the 3 different platelet samples (lanes 2-4). The band disappears
when extracts were incubated with excess cold probe (lanes 5-7). A
supershift assay using a specific anti-PPARy antibody was also
performed and the bands shifted to a higher mass consistent with
PPARYy (lanes 8-10). We aso measured the ability of platelet-
derived PPARYy to bind its DNA consensus sequence using the
TransAMTM PPARy assay kit (Active Maotif). In this method the

020z IMdy 2z uo 3sanb Aq 4pd°L9€ 100702 L08UZ/L8910LL/L9EL/S/¥OL/Pd-Bloe/poo|q/Bi0 suonedligndyse//:sdiy woly papeojumoq



BLOOD, 1 SEPTEMBER 2004 - VOLUME 104, NUMBER 5

1 2 3 4 5 6 7

600 bp—p

H

——
-— PPARY

(360 bp)

B
600 bp—p ;ﬁ“--—.-

B-Actin
(539 bp)

Figure 3. The human megakaryocyte cell line, Meg-01, but not human platelets
express PPARy mRNA. Total RNA was isolated from Meg-01 cells (lane 6) and
human platelets (lanes 3-5) and reverse transcribed into cDNA. The cDNA was
amplified with primers specific for -actin (539-bp product, as a control) or PPARy
(360-bp product). A 100-bp ladder was loaded in lane 1. Human adipose tissue
(lane 2) and the human monocyte cell line (THP1; lane 7) were used as positive
controls. Platelet samples were from a single donor (lane 3) or pooled from
several donors (lanes 4-5). Reverse-transcriptase (—) controls were negative in
all cases (data not shown).

consensus DNA sequence for PPARy binding (or as a control,
mutated oligonucleotides) is plate bound. A cell lysate is then
added to the well, washed, and next incubated with an enzyme-
conjugated anti-PPARy antibody that recognizes only DNA-bound
PPARYy. Following substrate addition, a colored product is formed.
Platelets were exposed to buffer, 15d-PGJ,, ciglitazone, or rosigli-
tazone (20 wM for al) for 2 hours at 37°C and then protein was
extracted. The measurements demonstrate that platelet PPARy
binds DNA even without treatment with PPARy agonists, but binds
3- to 4-fold more strongly in the presence of PPARy agonists
(Figure 4C). The ability of platelet PPARy to bind DNA in the
absence of deliberate addition of PPARy ligand suggests that
platelets do contain an endogenous ligand. One possible ligand is
lysophosphatidic acid, which platelets are known to produce.3¢
Overall, these results further support that platelets express PPARy
and that platelet PPARYy retainsits DNA binding ability.

PPAR+y agonists prevent activated platelet release of CD40L,
TXB,, and ATP and inhibit platelet aggregation

We speculated that platelet PPARy played a role in attenuating
platelet activation. In order to begin to test the theory, we isolated
human platelets and exposed them to the PPARYy ligands, 15d-PGJ,
or rosiglitazone, for 15 minutes at 37°C. Platelets were then
incubated with buffer or with thrombin, a powerful platelet
activator. Upon platelet activation, the cells expel key bioactive

3 4 3 (]
1- Free Probe
2- DMSO

a 3- 15d-PGI,

4- Ciglitazone
5- Cold Probe
6- Super Shift

e
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1 2
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mediators important for thrombosis, inflammation, and vascular
disease including CD40L and TXB,.233” As shown in Figure 5, the
release of CD40L and TXB, was largely prevented in platelets
exposed to anaturally occurring PPARy agonist, 15d-PGJ,, aswell
as to rosiglitazone, a synthetic PPARy agonist. The thrombin-
induced increase in platelet surface CD40L was aso prevented by
the PPARy agonists as measured by flow cytometry (Figure 6).

To determineif aPPARy agonist would inhibit platelet aggrega-
tion, the natural PPARy agonist 15d-PGJ, was added to PRP and
aggregation and ATP release were stimulated with ADP. As shown
in Figure 7, there was a concentration-dependent inhibition of
platelet aggregation as shown by the results of a representative
experiment. The initial slope of platelet aggregation, measured
within the first 16 seconds after ADP addition, and the amplitude
were significantly inhibited with 20 uM 15d-PGJ,. The slope was
83+ 5% (mean = SEM) of the norma (untreated) and the
amplitude of aggregation was 64 = 11% of norma platelets
(n=7, P=.02 for both). ATP release was aso significantly
inhibited by 20 wM 15d-PGJ, with a slope of 15 + 5% of normal
and an amplitude of 22 = 10% of normal platelets(n = 7, P < .0008
for both). These findings support a role for PPARy in down-
modulating platelet activation.

Discussion

PPARY is believed to be expressed only by nucleated cells since it
is known as a transcription factor mainly located in the nucleus.®®
However, recent studies have showed that PPARYy is not restricted
to the nucleus, but is also expressed in the cytoplasm.?2 Moreover,
based on the emerging concept that platelets and their products
enhance inflammation and atherogenesis, we hypothesized that
human megakaryocytes and their cytoplasmic fragments, namely
platelets, express PPARYy.

Our results provide the first evidence that the Meg-01 cell line,
human bone marrow megakaryocytes, and human platel ets express
PPARy. The presence of PPARYy protein was demonstrated by
Western blotting with several different anti-PPARy antibodies,
immunocytochemistry, flow cytometry, and by peptide mapping
analysis. As shown by EMSA and gel shift assay, the Meg-01 cell
line and human platel ets have active PPARy protein with the ability
to bind DNA. This was aso shown by the TransAM PPARy DNA
binding assay. Megakaryocytes, the precursor cell of platelets,
express awide range of mMRNA encoding for avariety of bioactive

Cc
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2, 5, 8- Platelets no. 1
3, 6, 9- Platelets no. 2
4, 7, 10- Platelets no. 3
0.1
A1 00N
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o
w
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Figure 4. Meg-01 cells and human platelets contain PPARy that binds the PPARy DNA consensus sequence. (A) 15d-PGJ, and ciglitazone induce DNA binding of
PPARY protein in MEG-01 cells. After treatment with 15d-PGJ; (lane 3) or ciglitazone (lane 4) or DMSO (vehicle control, lane 2), EMSAwas performed. Lane 1 was loaded with
free probe (no lysate), and lane 5 is nuclear extract from 15d-PGJ,—treated cells incubated with unlabeled probe (cold competitor) as a control for binding specificity. Lane 6
shows the locations of shifted and supershifted PPARYy (supershift with an anti-PPARy antibody). Shift assays were repeated 3 times with similar results. (B) EMSA shows that
platelets have PPARy DNA binding activity. Platelet extracts were prepared without any treatment from 3 different pooled platelets as described in “Materials and methods.”
Lane 1 shows radioactive-labeled probe. Cell extracts (50 wg) were incubated with 32P-labeled PPARYy oligonucleotides (lanes 2-4) or cold competitor (unlabeled probe) (lanes
5-7) and run on a 4% nondenaturing gel. Lanes 8 to 10 indicate the locations of supershifted bands with anti-PPAR~y antibody. (C) TransAMTM solid-phase PPARy DNA binding
activity measurements show that platelets have some active DNA binding PPARy without treatment with PPARy agonist. However, exposure to PPARy agonist (20 pM
15d-PGJ,, ciglitazone, rosiglitazone) significantly enhances binding to the PPARy DNA response element. Assay background in this experiment was 0.02 optical density (OD).
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Figure 5. PPARy agonists block platelet release of CD40L and TXB,. Purified human platelets were exposed to buffer or with 20 wM 15d-PGJ; or rosiglitazone for 15
minutes. The platelets were then activated with 0.8 U/mL thrombin and the supernatants collected at the times shown. Specific ELISA and enzyme immunoassays for CD40L
(A) and TXB; (B) levels were performed. (A) The increase in supernatant CD40L over time was statistically significant after thrombin activation compared with untreated or
PPARYy agonist pretreated samples (P = .0006 by the log-rank test). There were no significant differences in CD40L release when comparing untreated samples with those
treated with PPARy agonist and thrombin. Mean = SD values are shown. (B) The increase in supernatant TXB, over time was statistically significant after thrombin activation
compared with untreated or PPARYy agonist and thrombin-treated platelets (P = .0004 by the log-rank test). These data are representative of 3 separate experiments.

*Significantly different from samples treated with 15d-PGJ; or rosiglitazone.

mediators.3® The Meg-01 cell line was used to test for the presence
of PPARy mRNA, and these cells do express PPARy mRNA.
Interestingly, the enucleate platelet does express some mRNAs.3
However, while we found B-actin mRNA in platelets, no PPARy
MRNA was detected. This finding supports the concept that
platelets have preformed PPARYy protein.

Our findings that platelets contain the transcription factor
PPARy and that PPARy agonists blunt platelet activation suggest a
novel nontranscriptional function for PPARy. The exact location of
PPARYy inthe platel et is unknown, but based on immunohi stochemi-
cal staining of platelets (Figure 2B), it may be contained in granules
with the bulk of the PPARy being distributed throughout the
platelet. Since there is abundant PPARy permeating the platelet, it
will likely have a pivotal role in regulating multiple platelet
functions. Clearly, platelet PPARYy retainsits DNA binding ability,
which would appear to be unneeded in platelets, we therefore
suggest that PPARy must also possess other functions, which may
include interactions with intracellular platelet proteins. There are
several steps during platelet exocytosis wherein PPARy could
interfere, including calcium or protein kinase C signaling path-
ways, rearrangement of the cytoskeleton during platelet activation,
or docking and fusion of granules with the plasma membrane.
Further studies to determine the novel PPARy targets in platelets
will be necessary to thoroughly define the mechanism of platelet
inhibition by PPARy agonists.

Untreated

Thrombin

Rosiglitazone
+ Thrombin

15d-PGJ,

+Thrombin

0 20 40 60 80 100
% CD40L Surface Expressing Platelets

Figure 6. PPARy agonists block the thrombin-induced increase in platelet
surface CD40L expression. Purified human platelets were exposed to 20 pM
15d-PGJ; or rosiglitazone for 15 minutes and were then stimulated with 0.8 U/mL
thrombin for 60 minutes. The platelets were then stained and prepared for flow
cytometry with a monoclonal antihuman CD40L antibody or with control isotype
antibody. The graph shows a representative experiment with the results presented as
the percent of surface CD40L™* platelets.

Little is known about the in vivo ligands for PPARy. One
possihility in the bone marrow is that megakaryocytes generate
15d-PGJ,, asthey are known to produce its precursor PGD,.%° This
could modulate PPARYy activity in the bone marrow. PPARy may
be involved in the differentiation and proliferation of bone marrow
cells and may have additional immunologically relevant effectsin
erythroid, myeloid, monocytic, megakaryocytic, T- and B-
lymphocytic, stromal, and endothelial cell function. In the study
described herein, we demonstrate that 15d-PGJ, and the thiazo-
lidinedione class of antidiabetic drugs, ciglitazone and rosiglita-
zone, play an important role in attenuating platelet activation. This
was demonstrated by the ability of PPARy agonists to block
thrombin-induced platelet release of TXB,, CD40L, and surface-
associated CD40L. In addition, the PPARy agonist 15d-PGJ,
blunted ADP-induced platelet aggregation and ATP release. Plate-
lets, the most numerous, enucleate, and tiny blood cells, are not
only essential for clotting, but are broadly involved in inflammation
and pathogenesis. Platelets contain proinflammatory and bioactive
mediators that include transforming growth factor-g8, prostaglan-
dins, thromboxanes, and CD40L. TXA, potentiates platelet aggre-
gation at concentrations produced by activated platelets and
mediates fever and inflammation by induction of the Cox-2
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Figure 7. The PPARy agonist 15d-PGJ; inhibits platelet aggregation induced by
ADP. Platelet aggregation was stimulated by addition of 5 uM ADP in the absence (a)
or presence of 5 pM (b), 10 uM (c), or 20 uM (d) 15d-PGJ,. Addition of ADP is
indicated by the arrow. 15d-PGJ, dose dependently inhibited platelet aggregation.
Shown is 1 representative experiment of 7.

020z IMdy 2z uo 3sanb Aq 4pd°L9€ 100702 L08UZ/L8910LL/L9EL/S/¥OL/Pd-Bloe/poo|q/Bi0 suonedligndyse//:sdiy woly papeojumoq



BLOOD, 1 SEPTEMBER 2004 - VOLUME 104, NUMBER 5

enzyme.*142 Platel ets have the highest expression of CD40L of any
human cell. Platel et-released CD40L, as well as CD40L expressed
on the platelet surface, could activate nearby CD40-expressing
cells. Recent studies show that platelets contribute to mucosal
inflammation and the atherosclerosis process by expressing and
releasing CD40L.242 CD40L is now also considered a primary
platelet agonist.*® Since platelets are activated by their own
released CD40L through B; integrin binding, a decrease in CD40L
by PPARy ligands could reduce platelet activation, including
thrombosis.®® Patients with unstable angina have higher blood
concentrations of CD40L than healthy people, perhaps due to
release from activated platelets.** Platelet surface expression of
CD40L and evidence for high CD40L levels in atheromatous
plagues have served to focus attention on platelets in atheroscle-
rosis. CD40-CD40L interaction promotes proinflammatory and
proatherogenic effects in vitro and in vivo.* It has been shown
that the binding of CD40L to its corresponding cellular recep-
tors stimulates production of other proinflammatory cytokines,
such as tumor necrosis factor-alpha and IL-1 by leukocytes and
vascular endothelium.??

The pathogenesis of type 1 and type 2 diabetes involves
inflammation with elevated blood levels of CD40L asin atheroscle-
rosis.*6 PPAR~y-activating thiazolidinediones, novel insulin-
sensitizing antidiabetic agents, have been shown to exhibit anti-
inflammatory effects.512? Interestingly, it was recently shown that
treatment of diabetic patients with a thiazolidinedione-type drug
decreased circulating CD40L blood levels.#4” Based on our

PPARyAND PLATELETS 1367

findings, we speculate that the reduced blood levels of CD40L in
that study could have been due to inhibition of platelet release of
CD40L by the dampening effects of the PPARy agonist drug.
Furthermore, our findings that the PPARy agonist 15d-PGJ,
inhibited platelet aggregation and ATP release support a potential
therapeutic approach to inhibit platelet function in diabetics and
other patients. Obviously, further clinical study is required to fully
evaluate the effects of natural and synthetic PPARy agonists on
plateletsin human beings.

The foundation studies we report demonstrating platelet
PPARYy expression and its role in tempering platelet activation
have revealed a novel target for PPARy agonists. The emerging
role of platel ets as mediators of inflammation suggests that some
of the anti-inflammatory effects of PPARy may be mediated
through dampening platelet activation, especially CD40L re-
lease. Our findings support continued evaluation of natural and
synthetic PPARy agonists as regulators of thrombosis and
anti-inflammatory agents.
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