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Thrombopoietin Enhances the «,,,83:-Dependent Adhesion of Megakaryocytic
Cells to Fibrinogen or Fibronectin Through Pl 3 Kinase

By Giorgio Zauli, Alessandra Bassini, Marco Vitale, Davide Gibellini, Claudio Celeghini, Elisabetta Caramelli,
Sabina Pierpaoli, Lia Guidotti, and Silvano Capitani

The effect of thrombopoietin (TPO) on the functional activity
of surface ay,8; (GPlIbllla) was investigated in both primary
human megakaryocytic cells, derived from peripheral blood
CD34* cells, and HEL hematopoietic cell line. TPO (100 ng/
mL) induced a sixfold to ninefold enhancement of adhesion
of both primary megakaryocytic and HEL cells to plates
coated with either fibrinogen or fibronectin and a parallel
increase of immunoreactivity to the PAC1 monoclonal anti-
body (MoAb) and fluorescein isothiocyanate-fibrinogen,
both of which recognize an activated state of «;,8;. The
enhanced adhesion to fibrinogen or fibronectin was medi-
ated by the Arg-Gly-Asp (RGD) recognition sequence of
aB3, as it was abolished by pretreatment of cells with satu-
rating concentrations of RGDS peptide. A MoAb specific for
the ay;, subunit of «,,B; also inhibited cell attachment to
fibrinogen or fibronectin, while MoAb to anti-a,; or anti-

OLYPLOID MEGAKARYOCYTES represent a small
fraction (0.1% to 0.5%) of total human bone marrow
(BM) cells. Regulation of megakaryocytopoiesis and platel et
production involves the interplay of soluble peptide growth
factorsaswell as cell-cell and cell-matrix interactions among
megakaryacyte progenitors, BM stromal cells, and extracel-
lular matrix proteins.*

Thrombopoietin (TPO), the ligand for c-Mpl receptor,?
has been recently cloned by five different groups of investi-
gators.*” The encoded polypeptide has a predicted molecular
mass of 35,000 kD and a novel two-domain structure. The
amino-terminal domain shows homology with erythropoietin
(Epo), the lineage-specific growth factor for red blood cell
production, whereas the carboxyl-terminal domain isrich in
serine, threonine, and proline residues and contains seven
potential N-linked glycosylation sites® Several groups of
investigators have shown that TPO acts on both the prolifera-
tive and maturative pools of megakaryocytopoiesis, stimulat-
ing the growth and differentiation of megakaryocyte progeni-
tors as well as the release of functional platelets in vitro.**3
The central role of TPO in thrombopoiesis is also provided
by c-Mpl—null mice, which present a severe although nonle-
thal thrombocytopenia.** Moreover, TPO is able to function-
aly activate mature platelets in vitro.*®

It has been well established that the appearance of surface
markers, including platelet glycoproteins, in cells of the
megakaryocytic lineage varies with the degree of differentia-
tion.* In particular, 835 integrin, aso known as GPIlb-
I11a,¢ starts to be expressed very early during the megakary-
ocyte commitment at the level of CD34" megakaryocyte
progenitor cells.*™® «,,,3; represents the major protein ex-
pressed on the platelet surface, being the receptor for fibrin-
ogen, fibronectin, and von Willebrand factor (VWF). While
in mature platelets a functional modulation of ay,8; is re-
quired to alow the induction of fibrinogen binding and sub-
sequent platelet aggregation after vascular injury,®® the
only known function of «,,8; in mature megakaryocytes
is the receptor-mediated endocytosis of fibrinogen into «
granules®

Once activated, «,,083 shows the ability to specifically
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a5 integrins were completely ineffective, clearly indicating
that «,,8; participates in this association. A role for Pl 3
kinase (Pl 3-K) in the TPO-mediated increase in «;,3; func-
tion in megakaryocytic cells was suggested by the ability of
the Pl 3-K inhibitor wortmannin (100 nmol/L) and antisense
oligonucleotides directed against the p85 regulatory subunit
of Pl 3-K to completely block the TPO-induced increase in
B3 integrin activity upon TPO stimulation. The modula-
tion of adhesiveness to extracellular matrix proteins con-
taining the RGD motif mediated by TPO likely plays a physio-
logic role in megakaryocytopoiesis, as pretreatment of
CD34" cells with RGDS or anti-a;, MoAb significantly re-
duced the number of megakaryocytic colonies obtained in
a fibrinclot semisolid assay.

© 1997 by The American Society of Hematology.

interact with fibrinogen and other RGD-containing extracel-
lular matrix proteins in mature platelets.”® The purpose of
this study is to investigate whether intracellular signals gen-
erated by TPO/c-Mpl interactions are able to modulate a3
expression, activation state, and function in megakaryocytic
cells. To address thisissue, we used primary CD34" hemato-
poietic progenitor cells, induced to differentiate along the
megakaryocytic lineage in liquid suspension cultures by 100
ng/mL TPO. Paralel experiments were performed on the
HEL pluripotent hematopoietic progenitor cell ling,?® which
was chosen as a model system for the following reasons:
HEL cells show a constitutive high expression of «,,53, they
can be induced to differentiate along the megakaryocytic
lineage by phorbol esters,®? and they express significant
levels of c-Mpl receptor.?®

MATERIALS AND METHODS

Growth factors, chemicals, oligonucleotides, peptides, and anti-
bodies. Human recombinant TPO and human recombinant Epo
were purchased from Genzyme (Cambridge, MA) and Cilag (Milan,
Italy), respectively.

The fungal metabolite wortmannin (WT), which represents a po-
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tent inhibitor of phosphatidylinositol 3 kinase (Pl 3-K),% was pur-
chased from Sigma Chemicals (St Louis, MO). It was initialy dis-
solved in dimethyl sulfoxide (DM SO) and further diluted in Iscove's
Modified Dulbecco’s Medium (IMDM). Apyrase and adenosine tri-
phosphate (ATP) were purchased from Sigma.

The sequences of antisense (5'-GTACTGGTACCCCTCAGC-
ACTCAT-3) and sense (5'-ATGAGTGCTGAGGGGTACCAG-
TAC-3') phosphorotioate oligonucleotides specific for the regulatory
p85 subunit of Pl 3-K were prepared according to Skorski et al.®
The p85 antisense oligonucl eotides used in this study are not comple-
mentary to any other known gene sequence.

LGGAKQAGDV (y402411) fibrinogen y-chain and RGDS and
RGES peptides were synthesized and purified by high-performance
liquid chromatography at the Biotechnology Department of the Uni-
versity of Ferrara (Italy). They were added in culture at the final
concentrations of 1 mmol/L.

Monoclonal antibodies (MoAbs) to CD34 and CD41la directly
conjugated with fluorescein were purchased from Becton Dickinson
(San Jose, CA) and Serotec (Oxford, UK), respectively. MoAb to
CDA41b (SZ22, mouse 1gG1), which reacts against the «,;, subunit
independently of the presence of 35, was purchased from Immuno-
tech Inc (Westbrook, ME). The activation-dependent anti-c,03;
PAC1 (mouse IgM) and the LM609 specific for «,8; (mouse 1gG1)
MoAb were purchased from the University of Pennsylvania (Phila-
delphia) and from Chemicon Internationa Inc (Temecula, CA), re-
spectively. Fibrinogen directly conjugated with fluorescein (FITC-
fibrinogen) was a generous gift of Dr Pascal Goldshmidt-Clermont
(Division of Cardiology, Department of Medicine, Johns Hopkins
University, School of Medicine, Baltimore, MD). MoAb to CD49%,
recognizing the a5 chain of one of the high-affinity receptors for
fibronectin, was purchased from British Bio-Technology Products
(Oxon, UK). Anti-mouse IgM rabbit antibody directly conjugated
with fluorescein was from Immunotech.

Cells and liquid suspension cultures. Informed consent to the
study was obtained according to the Helsinki declaration of 1975
from 18 normal blood donors. Mononuclear cells were isolated from
leukapheresis units by Ficoll-Pague (density = 1.077 g/mL; Phar-
macia, Uppsala, Sweden), rinsed, and adherence-depleted overnight.
After removal of adherent cells, CD34" cells were isolated using a
magnetic cell sorting program Mini-MACS (Miltenyi Biotec, Au-
burn, CA) and the CD34 isolation kit in accordance with the manu-
facturer’s recommendations.

The purity of CD34-selected cells was determined for each isola-
tion by FACScan using an MoAb that recognizes a separate epitope
of the CD34 molecule (HPCA-2; Becton Dickinson) directly conju-
gated to fluorescein. CD34" cells averaged about 85% to 98%.

HEL cells,? obtained from American Type Culture Collection
(ATCC; Rockville, MD), were maintained at an optimal cell density
of 5x 10°to 1.5 x 10° cells/mL. To avoid the interference of serum,
both HEL and purified peripheral blood (PB) CD34" cells were
resuspended in a chemically defined serum-free medium: IMDM
(GIBCO, Grand Island, NY) containing 10~* mol/L bovine serum
albumin (BSA)-adsorbed cholesterol, nucleosides, 10 ug/mL each,
0.5% BSA (fraction V Chon), 10 pg/mL insulin, 200 pg/mL iron-
saturated transferrin, 5 X 107 mol/L 2-3-mercaptoethanol (all pur-
chased from Sigma). In some experiments, 2 X 10° primary megakar-
yocytic or HEL cells were seeded into 48-multiwell culture plates
(Costar Corp, Cambridge, MA) in 1 mL of serum-free medium
supplemented with 100 ng/mL of TPO. Sense or antisense p85 oligo-
nucleotides were added at a concentration of 80 pg/mL at the begin-
ning of the culture, and readded every day for 3 days at a concentra-
tion of 40 ug/mL. The PI 3 kinase (Pl 3-K) inhibitor WT was added
to the cultures at various concentrations for 2 hours. Control cells
were incubated with the same concentrations of DM SO.

Semisolid cultures.  Colony-forming units-megakaryocyte (CFU-
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meg) were grown using the same serum-free ingredients asin liquid
culture and the fibrincl ot technique as described previously.” Briefly,
5 X 10° CD34" cells were seeded in IMDM, supplemented with
200 pg/mL iron-saturated transferrin, 0.5% BSA, 280 ug/mL CaCl,,
10~* mol/L BSA-adsorbed cholesterol, 20 ug of L-asparagine, 10
wug/mL insulin, nucleosides (10 ug/mL each), 5 x 10~° mol/L 2-43-
mercaptoethanol, 0.1 mL of 0.2% (wt/vol) purified fibrinogen resus-
pended in phosphate-buffered saline (PBS), and 0.1 mL of 0.2 U/
mL purified human thrombin (95%) in PBS. All reagents, except
fibrinogen provided by Kabi (Stockholm, Sweden), were purchased
from Sigma.

RGDS or RGES peptides (1 mmol/L), anti-CD41b, or «,[s-spe-
cific MoAb (20 ug/mL) were added to cell suspension (5 x 10°
CD34* celldplate) immediately before performing the semisolid
assays. Colonies were quantified after 12 days of culture by an
immunofluorescence labeling technique using CD41a MoAb directly
conjugated with fluorescein. Dishes were scanned under an inverted
microscope. CFU-meg were always unifocal and composed of 3 to
50 megakaryocytic cells/colony.

Platelet preparation. Blood drawn from four healthy volunteers
who had not ingested aspirin during the preceding 10 days was
collected into 1/10 vol of 3.8% sodium citrate and then centrifuged
at 400g for 20 minutes at room temperature. Platelet-rich plasma
was removed and centrifuged in the presence of 1 umol/L prosta-
glandin E; (PGE;; Sigma) at 800g for 15 minutes to form a platelet
pellet. The pellet was then resuspended in a modified HEPES-Ty-
rode’'s buffer, pH 7.4, with 2 U/mL apyrase (Sigma) added. The
platelet suspension was layered onto a Sepharose 2B (Pharmacia
Biotech, Piscataway, NJ) column preequilibred with HEPES-Ty-
rode's buffer, and platelets were then collected at a concentration
of 2to 3 x 10° mL.

Evaluation of phenotype and nuclear ploidy. The membrane
phenotype of CD34-derived primary cells, HEL, and platelets was
analyzed by FACScan (Lysis || program; Becton Dickinson). Stain-
ing was performed on 5 x 10* cells or 10° platelets in 200 pL of
PBS containing 1% BSA, 0.1% azide, 10 ug of CD41la MoAb, or
5 pg of PACL or 50 pg FITC-fibrinogen at 4°C for 30 minutes. In
the case of PAC1, a second incubation step at 4°C for 30 minutes
was performed using 5 p.g of anti-mouse IgM rabbit antibody directly
conjugated with fluorescein. Autofluorescence was assessed using
cells treated only with 20% normal mouse serum for 10 minutes to
block potentially unoccupied binding sites. Nonspecific fluorescence
was assessed by using isotype-matched controls: anti-CD8 directly
conjugated to fluorescein for anti-CD41a, and mouse IgM myeloma
(Calbiochem, La Jolla, CA) followed by anti-mouse IgM rabbit anti-
body for PAC1. In some experiments, cells were treated with RGDS
or RGES peptides (1 mmol/L) for 1 hour at 37°C before performing
the phenotypic analysis. To quantify cell-associated immunofiuo-
rescence, the FACScan was calibrated before each phenotype analy-
sis by quantitative fluorescein microbeads standards (Flow Cytome-
try Standards Corp, Research Triangle Park, NC). A standard curve
was constructed by plotting the mean fluorescence intensity against
the log of fluorescein molecules per bead. Samples were run in
duplicate (10,000 events recorded) and the mean fluorescence inten-
sity was expressed in arbitrary units.

Tota «yp8; expression and the activated form in platelets were
determined essentially as described by Kovacsovics et al, using
the anti-CD41a MoAb and FITC-fibrinogen, respectively. Platelets
(2 x 10”/mL) were treated with either human thrombin (10 mu/
mL) or TPO (100 ng/mL) for 60 minutes at 37°C. In some experi-
ments, platelets were pretreated with RGDS (1 mmol/L), RGES (1
mmol/L), WT (100 nmol/L), ATP (25 umol/L), or apyrase (2 U/
mL) for 45 minutes before adding TPO (100 ng/mL). Anti-CD41a
(10 pg) or FITC-fibrinogen (100 pg/mL) was added to 200 uL of
gel-filtered platelets for 30 minutes at 4°C and then platelets were
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fixed with 2% paraformaldehyde. The samples were gated for plate-
lets, and aggregates were excluded based on forward and side scatter
profiles.

To evaluate nuclear ploidy, 5 x 10* primary megakaryocytic or
HEL cells were fixed in 1 mL cold 70% ethanol at 4°C for 1 hour.
The cells were centrifuged, washed in PBS, resuspended in 0.4 mL
PBS, and treated with 0.5 ug RNAse (Type I-A; Sigma) for 1 hour
at 37°C. Propidium iodide (PI; Sigmain PBS), 40 ug/mL, was next
added to each sample, and after gentle mixing samples were incu-
bated in the dark at 4°C for 10 minutes and then analyzed. The Pl
fluorescence of individua nuclei was measured by FACScan
equipped with an Argon ion laser (Spectra Physics 2020) tuned at
514-nm wavelength, 300-mW output.

Adhesion assays. Ninety-six flat-bottomed multi-wells were
coated overnight at 4°C with one of the following proteins diluted
in 100 pL of PBS: 5 mg/mL BSA, 10 pg purified human fibrinogen,
10 pg human fibronectin, 10 ug/mL murine myeloma protein 1gG1
(MOPC-21), 10 pug/mL poly-L-lysine (all from Sigma except fibrin-
ogen that was from Kabi). The plates were then washed twice with
PBS, blocked for 2 hours at 37°C with 5 mg/mL BSA, and then
washed twice with HEPES-Tyrode's buffer.

Primary CD34-derived megakaryocytic (2 x 10°) or HEL (2 X
10°) cells or platelets (2 x 107) were loaded with 1 pCi of (**Cr)car-
rier-free (DuPont NEN, Boston, MA) for 2 hours at 37°C. The cells
and platelets were then washed twice and resuspended in 100 ulL
of abinding buffer: modified HEPES-Tyrode' s buffer supplemented
with 1% BSA, 2 mmol/L CaCl,, and 1 mmol/L MgCl, and then
added to each protein-coated plate. After 90 minutes at 37°C, nonad-
herent cells were washed off. Quantitation of adherent cells or plate-
lets per well was performed by liquid scintillation counting.

In some experiments, RGDS or RGES (1 mmol/L) or SZ22
(CD41b) MoAb or «a,8sspecific MoAb or a5 (CD49e)-specific
MoADb (20 ug/mL) were added to cell or platelet suspension immedi-
ately before adding the cells or platelets to protein-coated plates.

Assay of Pl 3-K activity. HEL cells (107 cells per experimental
point) were treated with 100 ng/mL TPO for the indicated times at
37°C, washed twice with ice-cold buffer A (137 mmol/L NaCl, 20
mmol/L Tris, 1 mmol/L MgCl,, 1 mmol/L Vanadate [Sigma], pH
7.5), and lysed in lysis buffer (buffer A plus 10% glycerol, 1%
NP-40, and 1 mmol/L phenylmethylsulfonyl fluoride [PMSF]). The
lysates were incubated for 2 hours at 4°C with 20 ug of antiphospho-
tyrosine (PY 20; Transduction Laboratories, Lexington, KY) MoAb
or 2.5 ug of arabbit polyclonal anti-p85 serum (UBI, Lake Placid,
NY; dilution 1:2,000), directed against the p85 regulatory subunit
of PI 3-K. Protein A-Sepharose (4 mg/mL lysate, precoupled to
rabbit—anti-mouse 1gG when using anti-PY MoAb) was then added
for 1 hour at 4°C to the lysates. After precipitation, the lysates were
washed twice in lysis buffer, twice in buffer containing 0.5 mol/L
LiCl and 0.2% NP-40, and, finally, in 10 mmol/L phenyl phosphate.

The PI 3-K assay on the immunoprecipitates was then performed
by adding sonicated phosphatidylinosital (P, in 10 mmol/L HEPES,
1 mmol/L EDTA, pH 7.5; 0.5 mg/mL final concentration) and 10
uCi of (y-*P)ATP to the immunoprecipitates for 15 minutes at room
temperature. The reaction was stopped by adding 100 uL 1N HCI
and 160 pL of methanol:chloroform (1:1 mixture). The lipid-con-
taining organic phase was resolved on oxal ate-coated thin-layer chro-
matography plates (Silica Gel 60; JT Baker Inc, Phillipsburg, NJ)
developed in chlorophorm/methanol/H,O/NH,OH (43:38:7:5 vol/
vol). Radiolabeled spots, identified by autoradiography on Kodak
X-Omat S films (Eastman Kodak, Rochester, NY'), were excised and
quantified by scintillation counting.

In some experiments, high-performance liquid chromatography
(HPLC) analysis of the lipid products was performed. Separation of
deacylated phosphoinositides was performed on a Parthisphere SAX,
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120 x 4.6-mm column, equipped with a Sax precolumn insert fol-
lowing a previously described procedure.®

Western blot analysis. For Western blot experiments, extracts
obtained from equal numbers (2 x 10° of HEL cells were diluted
1:1 with loading buffer (250 mmol/L Tris-HCI, pH 6.8, 10~* mol/
L 2-g-mercaptoethanol, 40% glycerol, 8% sodium dodecyl sulfate
(SDS), 0.003% bromophenol blue) and subjected to SDS-polyacryl-
amide gel electrophoresis (SDS-PAGE) on 7.5% gel. Gels were
then transferred to nitrocellulose membrane by Trans-Blot (Bio-Rad,
Richmond, CA). SDS-PAGE and transfer were done according to the
manufacturer’ srecommendations. The membranes wereincubated in
PBS (GIBCO), supplemented with 3% (wt/vol) nonfat dry milk for
30 minutes at room temperature, then incubated overnight at 4°C
with anti-p85 serum or anti—A-tubulin MoAb (Sigma; dilution
1:1,000). After four washings with PBS/0.1% Tween 20/0.1% BSA,
peroxidase |labeled goat anti-rabbit (for p85) or anti-mouse (for §-
tubulin) 1gG (both dilutions 1:1,500; Cappel, Durham, NC) was
applied to the membrane for 60 minutes at room temperature. Bound
antibody was visualized by use of the ECL Western blotting detec-
tion reagents and Hyperfilm-ECL luminescence detection film (Am-
ersham Corp, Arlington Heights, IL).

Actin polymerization. To assess changesin actin polymerization
upon TPO stimulation, duplicate samples of primary megakaryocytic
or HEL cdlls (2 x 10° cells/sample in a volume of 1 mL PBS plus
0.1% BSA) were either left unstimulated or stimulated with 100 ng/
mL TPO for 2 hours a 37°C in the absence or presence of 100
nmol/L WT. After stimulation, cells were fixed and permeabilized
with cold 70% ethanol. After permeabilization, 20 uL of a6.6 pmol/
L stock of BODIPY -fluorescein phallacidin (Molecular Probes, Eu-
gene, OR) was added and the samples incubated for an additional
10 minutes at 37°C. Samples were then centrifuged, resuspended in
ice-cold Hanks' Balanced Salt Solution (HBSS) and analyzed on a
FACScan. The mean channel fluorescence from each of the two
duplicate samples was averaged and then normalized in arbitrary
units to the average mean channel fluorescence of unstimulated cells
in the absence of WT.

Satistical analysis. Statistical analysis was performed using the
two-tailed Student’s t-test for unpaired data.

RESULTS

TPO upregulates the expression of surface a;,8; in pri-
mary CD34-derived megakaryocytic cells. Initialy, total
a B3 expression was examined with aCD41a MoAb in both
CD34" primary cells and HEL cell line, seeded in serum-
free liquid cultures in the absence or presence of 100 ng/mL
TPO or 4 IU/mL of Epo. Both cytokines were added in
culture at day 0 and then every 3 days and CD41a analysis
was performed at various time points. These preliminary
experiments allowed us to establish that a 6-day treatment
with TPO represented the optimal condition to investigate
therole of a5 during the process of megakaryocyte devel-
opment before platelet formation.

Although freshly isolated primary CD34* cells showed
negligible levels of CD4la (<5%), approximately 70% of
primary cells expressed high levels of «,,8; after 6 days of
exposureto TPO (Fig 1A). At thistime point, TPO induced a
significant (P < .01) increase of the DNA content in primary
CD34-derived cells with the appearance of 4-8-16N poly-
ploid cells (Fig 1B). Moreover, a morphological anaysis, a
fraction of TPO-treated cells aready showed the characteris-
tic features of megakaryocytes (Fig 1C and D), athough
proplatelet formation was still absent or very rare.
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Fig 1. Analysis of a,8; expression (A), DNA content (B), and morphology (C and D) of CD34" cells, performed before or after 6 days of
liquid culture with 100 ng/mL TPO. ay,,3; expression was examined with anti-CD41a MoAb directly conjugated to fluorescein and fluorescence
was analyzed by FACScan. Negative controls are represented by cells treated with an isotype-matched irrelevant MoAb (anti-CD8) directly
conjugated to fluorescein. The DNA content was examined by FACScan after Pl staining. Cytospins were observed at light microscopy after
May-Grunwald Giemsa staining (original magnification x 400). Flow cytometry results are expressed in arbitrary fluorescence units and

represent means + SD of four separate experiments.

On the other hand, the majority of untreated HEL cells
(approximately 90%) displayed a high level expression of
B3, whose mean fluorescence intensity did not signifi-
cantly increase upon TPO treatment (Fig 2A). Moreover,
TPO-treated HEL cells only showed a modest increase in
the DNA content with respect to untreated controls (Fig 2B).
On the basis of these data, all the following experiments
were performed on CD34" cells, precultured for 6 days with

A

CD41a expression

0 100 200 300

Relative fluorescence intensity

Fig 2. Analysis of «ay,; expression (A) and DNA content (B) of
HEL cells, performed before or after 6 days of liquid culture with 100
ng/mL TPO. The a;,B; expression and DNA content were examined
as described in the legend to Fig 1. Flow cytometry results are ex-
pressed in arbitrary fluorescence units and represent means + SD of
four separate experiments.

100 ng/mL TPO (primary megakaryocytic cells) and un-
treated HEL cells.

TPO induces the binding of both primary megakaryocytic
cells and HEL to fibrinogen- or fibronectin-coated plates
through o ,8:. We next investigated whether TPO treat-
ment was able to modulate megakaryocyte cell adhesion to
fibrinogen, the extracellular ligand of 833, or other immo-
bilized proteins. A 2-hour exposure to 100 ng/mL TPO be-
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fibronectin+RGES+TPO gz Fig 3. Stimulation with TPO (100 ng/mL) results
fibronectin+RGDS+TPO in the upregulation of a;,B;-mediated adhesion of
51Cr-labeled primary megakaryocytic cells and HEL
fibronectin+TPO pz cells to immobilized fibrinogen (A) or fibronectin (B).
] ) ———1 Binding of cells stimulated with TPO to various im-
fibronectin alone fZ mobilized substrates was assessed as described in
' T ' Materials and Methods. Results are expressed in
0 20000 40000 60000 80000 cpm and represent means *+ SD of five separate ex-
cpm

fore performing the adhesion assay induced asixfold to nine-
fold increase of binding to fibrinogen in both 5'Cr-labeled
primary megakaryocytic cellsand HEL cell line with respect
to untreated cells (Fig 3A). In contrast, adhesion to wells
coated with BSA, poly-L-lisine, or 1gG proteins was not
affected by TPO stimulation. Moreover, chelation of divalent
cations by EDTA abolished adhesion on immobilized fi-
brinogen. These results suggested that increased adhesion of
both primary megakaryocytic and HEL cells to fibrinogen
in response to TPO may be mediated by the high-affinity
state of the calcium-dependent integrin «,,83. To further
establish that adhesion to immobilized fibrinogen was ay 63~
specific, we tested the effects of some «53-Specific antago-
nists. The RGDS peptide but not RGES at 1 mmol/L abol-
ished primary megakaryocyte and HEL cell adhesion to
fibrinogen. Moreover, adhesion was aso significantly inhib-
ited (P < .05) by an anti-a,;, (CD41b) but not by an anti-
a3 MOAD.

Because a3 also serves as a receptor for other RGD-
containing matrix proteins, including fibronectin,*®=! binding
experiments were next performed on fibronectin-coated
plates (Fig 3B). TPO was aso able to increase adhesion of
megakaryocytic cells on fibronectin in an RGD-dependent
manner. a,0s integrin also appears to play a primary role

periments.

in TPO-mediated binding to fibronectin matrix as anti-a,;,
(CD41b) MoADb significantly (P < .01) inhibited adhesion
to fibronectin, while an anti-as (CD49€) MoAb directed
against one of the high-affinity integrin receptors (asg3,) for
fibronectin® reduced somewhat megakaryocytic cell adher-
ence, but not to a significant extent.

To determine a time course of TPO stimulation, 5Cr-
labeled primary megakaryocytic and HEL cells were treated
with 100 ng/mL TPO for various time points before plating
onimmobilized ligands (Fig 4). The effect of TPO wasrapid,
showing apeak after 0.5 to 3 hours, but it was also reversible
with a progressive decline toward the basal condition after
24 hours.

TPO stimulates PI 3-K activity in HEL cells. Because it
was previously shown that the exposure of platelets to TPO
induces an increase in anti—PY -immunoprecipitable Pl 3-
K,* which plays a central role in the process of platelet
aggregation,® we investigated the ability of TPO to stimulate
Pl 3-K activity in HEL cells. Figure 5A showsPl 3-K activity
immunoprecipitated by HEL cell homogenates using an anti-
PY MoAD at different time points after addition of TPO. A
rapid and significant (P < .05) activation of Pl 3-K associ-
ated to anti-PY was observed after 15 minutes from the
addition of TPO in culture. Activation of Pl 3-K was further
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Fig4. Time course of TPO treatment on megakaryocytic cell adhe-
sion to fibrinogen. *'Cr-labeled primary megakaryocytic (A) and HEL
(B) cells were incubated with TPO (100 ng/mL) for increasing periods
before plating onto fibrinogen-coated wells. Results are expressed
in cpm and represent mean + SD of three separate experiments.

investigated using a polyclona serum directed against the
85-kD subunit of the p85/p110 type Pl 3-K. Asshown in Fig
5B, TPO (100 ng/mL) stimulated the anti-p85 precipitable PI
3-K activity, and maximal stimulation was observed at 15
minutes after addition of TPO. The product of lipid kinase
activity recovered in either anti-PY and anti-p85 immunopre-
cipitates was analyzed by deacylation and HPLC separation
and shown to be PI;P (Fig 5C).
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TPO promotes the functional activity of «,8s in both
primary megakaryocytic cells and HEL through Pl 3-K.
We next tested by FACScan analysis whether the fungal
metabolite WT was able to inhibit the conformational change
ina,pB3. WT, 100 nmol/L, was added to primary megakary-
ocytic and HEL cells for 2 hours together with 100 ng/mL
TPO before performing the phenotypic analysis of either
CD41a or PAC1 MoAb, which specifically reacts against an
activated state of ay,85.2° The addition in culture of 100
nmol/L WT specifically inhibited the catalytic activity of PI
3-K but not that of PI 4-K, as shown by the decreased pro-
duction of PI;P in WT-treated HEL cells with normal
amounts of Pl,P detected by HPLC (data not shown). At
100 nmol/L, WT did not induce any significant variation in
thetotal 35 surface expression, while it almost completely
abolished the TPO-induced immunoreactivity to PACL1 in
both primary megakaryocytic (Fig 6A) and HEL (Fig 6B)
cells. The specificity of PAC1 immunoreactivity was con-
firmed by the significant (P < .01) inhibition of PAC1 bind-
ing observed aso in the presence of RGDS but not RGES
peptides. This result was confirmed by analyzing the binding
of FITC-fibrinogen (100 ug/mL) to TPO-stimulated cellsin
the presence of WT.

In another set of experiments, primary megakaryocytic
and HEL cells were incubated with sense and antisense p85
oligonucleotides specific for the regulatory p85 subunit of
Pl 3-K for 3 days. The treatment of HEL cells with antisense

C

gPI-4.p

gPI-3-P

4000+

3000+

15 16 17 18 19 20
Elution time (min)

Fig 5. TPO stimulation of HEL cells results in activation of Pl 3-K.
HEL cells were stimulated with 100 ng/mL TPO for 0 to 60 minutes
at 37°C, lysed in Pl 3-K lysis buffer, and then immunoprecipitated
with anti-PY MoAb (A) or anti-p85 serum (B). Samples were then
tested for Pl 3-K activity as described in Materials and Methods. Data
are expressed as means * SD of five separate experiments. (C) HPLC
analysis of deacylated (*2P) PIP produced by an anti-p85 immunopre-
cipitate of HEL cells stimulated by TPO for 15 minutes (O, left peak)
or by a total HEL cell lysate used as a standard source of PI-4-P (—,
right peak). Equivalent counts of (*?P) PIP, obtained from an anti-p85
immunoprecipitate or total HEL cell lysates, were separated by thin-
layer chromatography, deacyled, and subjected to HPLC separation,
as described in Materials and Methods.
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oligonucleotides induced a significant reduction of the
amount of p85 protein, as determined by Western blot analy-
sis performed with anti-p85 rabbit serum or anti—S-tubulin
MoAb (Fig 7A) with a 75% inhibition of the Pl 3-K catalytic
activity (data not shown). Although p85 antisense did not
induce any significant variation in the CD41a surface expres-
sion, a significant (P < .01) inhibition of the TPO-induced
PAC1 expression was noticed in both primary megakaryo-
cytic (Fig 7B) and HEL (Fig 7C) cdlls.

The PI 3-K inhibitor WT inhibits TPO adhesion regula-
tion. Figure 8 shows that treatment of HEL cells with 100
nmol/L of WT completely inhibited the ability of TPO to
upregulate «,8s-mediated adhesion to immobilized fibrin-
ogen. The half-maximal concentration (1Csp) of WT that
inhibits TPO-mediated increases in HEL adhesion to fibrin-
ogen is in the range of 30 to 40 nmol/L. This ICs, value is
consistent with concentrations of WT found to specifically
inhibit Pl 3-K —dependent cellular responses and Pl 3-K ac-
tivity in other systems.”” Therefore, the signal transduced
by TPO stimulation, which results in upregulation of «,33
integrin function in megakaryocytic cells, appears to be de-
pendent on Pl 3-K.

TPO induces a WT-sensitive increase in F-actin content.
Activation of Pl 3-K has also been implicated in alterations
of the cytoskeleton.®® Because such cytoskeletal rearrange-
ments could have an effect on cell adhesion, we investigated
whether TPO stimulation of primary megakaryocytic or HEL

Fig6. WT does not affect the total levels of ay,f33,
but inhibits the activation state of «,,8;. Primary
megakaryocytic (A) and HEL (B) cells were preincu-
bated with 100 nmol/L WT, 1 mmol/L RGDS or RGES
peptides, or vehicle buffer (TPO alone) for 2 hours at
37°C and stained with anti-CD41a MoAb, PAC1
MoAb, or FITC-fibrinogen. Staining was assessed by
FACScan, as described in Materials and Methods.
Data are expressed as means + SD of three to six
separate experiments.

cells resulted in actin polymerization, as measured by in-
creased staining of the F-actin. Figure 9 shows that stimula-
tion of both primary megakaryocytic cells and HEL cells
with 100 ng/mL TPO for 2 hours resultsin increased F-actin
content when compared with unstimulated cells. A role for
Pl 3-K in TPO-mediated actin polymerization is also sug-
gested by the ability of 100 nmol/L WT to inhibit the in-
crease in F-actin content observed in primary megakaryo-
cytic and HEL cells upon stimulation with TPO.

aypBa-Fibrinogen interactions enhance the yield of CD34-
derived megakaryocytic colonies in semisolid fibrinclot cul-
tures. We next investigated whether the increased binding
to immobilized fibrinogen or fibronectin mediated by TPO
through «,,8; might play a physiologic role in the growth
of megakaryocyte progenitors. To address thisissue, CD34"
cells were resuspended with RGDS, RGES, y-chain syn-
thetic peptides, anti-«,,, (CD41b) MoADb, or anti-a,8; MOAb
for 1 hour at 37°C before performing semisolid fibrinclot
cultures supplemented with 100 ng/mL TPO. The presence
of anti-a;, MOAb, RGDS, or y-chain synthetic peptides but
not anti-a, 53 MoAb or RGES peptides resulted in avariable
but significant (P < .01) reduction in the number of mega-
karyocyte colonies (Table 1), suggesting that adhesive inter-
action of RGD-containing extracellular matrix protein with
a8z might play aprimary role also in the process of mega
karyocyte development and maturation.

TPO also promotes the functional activity of «;,,8; in a

20z aunf 0 uo 3sanb Aq jpd €88/9801 L 71 /£88/€/68/4Pd-al01E/PO0|qABU"SUOHEDIIgNdYSE//:dRY WOy papeojumod



TPO ENHANCED ADHESION OF MEGAKARYOCYTES

A 1 2 3

m.w.
p85- ” s 85 kDa
B-tubulin- m 55 kDa

C

TPO+ p85 sense

CD41a
B raci

TPO+p85 antisense

t T T T T T g
0 40 80 120 160 200 240

Relative fluorescence intensity

Pl 3-K—dependent manner in platelets. Inthe last group of
experiments, we investigated the ability of TPO to modulate
apB3 function in peripheral platelets. The addition of 100
ng/mL of TPO to platelets increased the immunoreactivity
to FITC-fibrinogen to approximately 50% of the levels ob-
served in the presence of thrombin (10 mU/mL), a major
platelet agonist (Fig 10A). To investigate the role of adeno-
sine diphosphate (ADP) release in the action of TPO on
a3 function, experiments were performed in the presence
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Fig 8. TPO-mediated upregulation of adhesion of HEL cells to fi-
brinogen is completely inhibited by the Pl 3-K inhibitor WT. Binding
of *'Cr-labeled HEL cells to fibrinogen-coated plates was assessed in
the presence of no stimulus (nil) or 100 ng/mL TPO in the absence
or presence of various doses of WT. Results are expressed in cpm,
and represent means + SD of three separate experiments.
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Fig 7. Inhibition of p85 and PAC1 but not total a,,8; expression
upon p85 antisense treatment. HEL and primary megakaryocytic cells
were treated with p85 sense or antisense oligonucleotides for 3 days,
while control cells were left untreated. (A) p85 protein and B-tubulin
were sequentially detected on the same filter after SDS-PAGE and
Western blotting with specific antibodies. Lanes: 1, untreated HEL
cells; 2, HEL cells treated with p85 sense; 3, HEL cells treated with
p85 antisense. m.w., molecular weights. The expression of activated
and total a,,8; was analyzed by FACScan with PAC1 or anti-CD41a
MoADb, respectively, in primary megakaryocytic (B) and HEL (C) cells
as described in Materials and Methods. Data are expressed as means
+ SD of three separate experiments.

of the ADP scavanger apyrase (2 U/mL) or ATP (25 umol/
L), an ADP receptor antagonist. The TPO-mediated binding
of FITC-fibrinogen to platel ets was somewhat decreased un-
der these conditions, but not to a significant extent. These

primary megakaryocytic cells
HEL cells

TPO + WT

TPO

Relative F-actin content

Fig 9. TPO-induced increases in actin assembly in primary mega-
karyocytic and HEL cells can be inhibited by WT. Cells were either
unstimulated or stimulated for 2 hours with 100 ng/mL TPO in the
absence or presence of 100 nmol/L WT. After stimulation, cells were
permeabilized, labeled with BODIPY fluorescein-conjugated phallaci-
din, and fluorescence assessed by FACScan as described in Materials
and Methods. All results in a given experiment are normalized to the
mean channel fluorescence of unstimulated HEL or primary CD34-
derived cells, which was given an arbitrary value of 1. Relative F-actin
contents greater than 1 indicate an increase in actin polymerization
relative to unstimulated cells.
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Table 1. Evaluation of the Number of Megakaryocytic Colonies
in a Fibrinclot Serum-Free Fibrinclot Assay

No. of CFU-meg/5 x 10°

CD34" Cells
Medium alone 1.5 +1
TPO (100 ng/mL) 36 = 6.5
TPO (100 ng/mL) + RGDS 20 * 4%

TPO (100 ng/mL) + RGES 41+ 8

TPO (100 ng/mL) + 402-411 y peptide 18.6 = b*
TPO (100 ng/mL) + anti-ay, 21 + 6.4*
TPO (100 ng/mL) + anti-a,83; 33838

Data represent the means = SD of five separate experiments per-
formed in triplicate.

* Statistically significant (P < .05) differences between cultures
stimulated with TPO alone or TPO plus various peptides.

data, together with the ability of WT to significantly (P <
.01) suppress FITC-fibrinogen binding to platelet, suggest
that TPO can directly modulate 35 function through PlI-
3K signaling events also in platelets.

We next evaluated the effect of TPO treatment of platelets
on their interaction with immobilized fibrinogen. Platelets
labeled with *'Cr were stimulated with TPO or a buffer
control for 10 minutes at 37°C and then added onto fibrino-
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gen-coated plates (Fig 10B). These platel et-fibrinogen inter-
actions were almost completely abolished (P < .01) by 1
mmol/L RGDS but not RGES. As previously shown for
megakaryocytic cells, treatment with anti-«,, antibody also
significantly (P < .01) inhibited these interactions.

In agreement with previous findings,**** we were able to
confirm that TPO on its own had no effect on platelet shape
change, aggregation, or dense-granule secretion, but induces
a general potentiation of these responses by other stimuli
such as thrombin (data not shown).

DISCUSSION

Activation-dependent upregulation of integrin activity is
characterized by qualitative alterations in the integrin recep-
tor itself as measured by adhesion to relevant ligands or
counter-receptors, without changes in the level of cell-sur-
face integrin expression.® This implies the existence of con-
formational changes that alter the affinity of an integrin for
a ligand, and/or cellular responses, such as receptor mi-
croclustering that alter the avidity of integrin-dependent cel-
lular interactions and mediate inside-out transduction
through the integrin cytoplasmic domains.®®

It has been shown that multiple different receptors on
hematopoietic progenitors are capable of delivering a signa

CD41a
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Fig 10. TPO (100 ng/mL) upregulates the activa-
tion state of ay;,3; (A) and the ay;,3;-binding adhesion
of 5'Cr-labeled platelets to immobilized fibrinogen
(B). FACScan analysis and binding experiments were
performed as described in Materials and Methods.
In (A), data are expressed as means = SD of three
to six separate experiments. In (B), data are ex-
pressed in cpm and represent means + SD of three
separate experiments.

20z dunr $0 uo 1s8nb Aq Jpd'€88/9801 | i 1/€88/€/68/Pd-8l01E/POO|q/1OU"SUONEDIGNdYSE//:dNY WOy papeojumod



TPO ENHANCED ADHESION OF MEGAKARYOCYTES

that upregulates integrin activity.® In particular, a specific
binding of erythroid progenitors to fibronectin has been
shown and likely occurs through the as3; integrin receptors
in response to Epo.*” Moreover, the a,8; and as3; have
been reported to be differentially expressed during myeloid
differentiation induced by the addition of granulocyte col-
ony-stimulating factor (G-CSF) to CD34" hematopoietic
progenitors.®® Thus, the rapid and reversible upregulation of
the functional activity of integrin receptors on hematopoietic
progenitors is a vital step in the adhesive interactions that
occur during recognition of hematopoietic progenitors with
BM extracellular matrix proteins. Although the ligation of
several different cell surface receptors has been shown to
rapidly upregulate integrin function in peripheral platelets,
little is known about the role of integrin activation during
the process of megakaryocyte differentiation from CD34*
pluripotent hematopoietic progenitor cells.

In this study we showed that, when cultured in the pres-
ence of TPO, primary megakaryocytic cells displayed a
marked enhancement of «,,,35 integrin function with respect
to cells cultured in the absence of TPO. This was expressed
by the reactivity to the anti-PAC1 MoAb and by an enhance-
ment of adherence to fibrinogen- or fibronectin-coated wells.
The ay,85 Specificity of this enhancement was demonstrated
by its marked reduction in the presence of RGDS peptide
or an anti-a, (CD41b) MoAb.

The number of «,833 complexes only slightly increased
in TPO-treated cells, whereas anti-PAC1 MoAb showed a
substantial change in the conformational state of the com-
plex. Therefore, the enhancement of cell adhesion induced
by exposure to TPO likely represents a manifestation of
differences in the «,,85 receptor function and activation to
either a high-affinity state or an intermediate state, and not
in the number of a8 complexes in megakaryocytic cells.
An aternative potential mechanism of activation is repre-
sented by an increased exposure or recruitment of resting
a3 on the basal cell surface.

Activation of «;,8; with adhesion to fibrinogen substra-
tum was likely caused by ‘‘inside-out’’ transmembrane sig-
naling with cytoskeletal rearrangements mediated by Pl 3-
K. In fact, (1) TPO significantly enhanced Pl 3-K catalytic
activity in HEL cells, and (2) inhibition of Pl 3-K by either
WT or p85 antisense oligonucleotides reduced the whole
content of F-actin and resulted in the almost compl ete rever-
sa of the TPO-mediated activation of «,,83 in both primary
megakaryocytic and HEL cells. These findings underline the
role of cytoskeletal rearrangement and focal contact forma-
tion in mediating the «,,,8; adhesion to fibrinogen or fibro-
nectin.*

Pl 3-K phosphorylates the D-3 position of the inositol ring
of phosphoinositols and produces novel D-3 phosphoinosi-
tides (PI-3P, PI-3P,, and PI-3,4P;).*° A body of experimental
evidence indicates that 3’-phosphorylated inositides repre-
sent a class of second messenger molecules whose function
and interaction with other proteins remains to be fully eluci-
dated, although recent studies have suggested that the lipid
products generated by Pl 3-K can activate some isoforms of
protein kinase C (PKC)* and p70 S6 kinase.* In this respect,
we and others®% have previously shown that differentia-
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tion of HEL cells along the megakaryocytic lineage is ac-
companied by a selective activation of specific PKC iso-
forms, including PKC-C, one of the main targets of the Pl
3-K lipid products. A role for PKC in a3 activation is
also consistent with the observations of other investigators
showing that a brief exposure of both myeloid and lymphoid
cell lines to phorbol esters greatly enhanced cell adhesion
to plates coated with fibrinogen or PAC1 MoAb.*“®

PI 3-K found in cellular complexes with ligand-activated
growth factor receptors and oncogene protein tyrosine ki-
nases (PTKs) is a heterodimer composed of a p85 (regula-
tory) and a p110 (catalytic) subunits.*® The former acts as
an adaptor protein alowing the p110 catalytic subunit to
interact with receptor and nonreceptor PTKs and tyrosine-
phosphorylated proteins, resulting in the activation of Pl 3-
K enzymatic activity. The best-characterized mode of associ-
ation of PI 3-K with upstream signaling receptors occurs via
tyrosine phosphorylation-dependent association of Pl 3-K
mediated by src-homology 2 (SH2) domains found on the
p85 subunit.*”*® The p85 subunit also contains proline-rich
sequences capable of mediating the binding of proteins con-
taining SH3 domains.* The SH3 domains of the intracel lular
tyrosine kinases abl, Ick, fyn, and lyn have been shown to
associate with this sequence in the p85 subunit. Finally, the
p85 subunit itself contains an SH3 domain.*

A wide variety of cdlular functions appears to be dependent
on Pl 3-K, including growth factor—dependent mitogenesis,
cytoskeletal rearrangements, glucose uptake, prevention of
apoptosis, cytokine production, and endocytic trafficking.>
Moreover, the ligand stimulation of c-kit, Epo, interleukin-3
(IL-3), granulocyte-macrophage CSF (GM-CSF), or M-CSF
receptors™> causes association of the receptor and activation
of PI 3-K, strongly suggesting that PI 3-K might also play a
role for the development of norma hematopoaietic cells.

We have shown that TPO is also able to stimulate PI 3-
K cataytic activity. It remains to be determined whether
TPO-mediated activation of Pl 3-K requires tyrosine phos-
phorylation, as demonstrated in peripheral platelets,*® or can
take place through aternative (SH3-mediated) mechanisms
as proposed in a different model system.>” Consistently with
this latter hypothesis, Drachman et a* have shown that the
BaF3 hematopoietic cell line engineered to express the c-
mpl receptor did not show any tyrosine phosphorylation of
p85 in the presence of TPO and rather showed a constant
association of p85 to the receptor also in untreated cells.

The ability of either RGDS peptides or anti-«,;, antibody
to significantly reduce the number of CFU-meg when added
to CD34" cells before plating in a semisolid fibrinclot assay
supplemented with 100 ng/mL of TPO suggests that the Pl
3-K—mediated activation of « 53 might play a physiologic
role during the process of megakaryocyte development. If
this hypothesis is correct, the early expression of «a; 83 in
megakaryocytic progenitors might allow the expansion of
megakaryocytic cells in the presence of specific growth fac-
tors and BM matrix proteins containing the RGD seguence,
such as fibronectin, which represents a major component of
the BM microenvironment.>*%

REFERENCES

1. Zauli G, Catani L: Human megakaryocyte biology and patho-
physiology. Crit Rev Oncol Hematol 21:135, 1995

20z dunr $0 uo 1s8nb Aq Jpd'€88/9801 | i 1/€88/€/68/Pd-8l01E/POO|q/1OU"SUONEDIGNdYSE//:dNY WOy papeojumod



894

2. Souyri M, Vigon |, Penciolelli JF, Heard JM, Tambourin P,
Wendling F: A putative truncated cytokine receptor gene transduced
by the myeloproliferative leukemiavirusimmortalizes hematopoietic
progenitors. Cell 63:1137, 1990

3. de Sauvage FJ, Hass PE, Spencer SD, Malloy BE, Gurney AL,
Spencer SA, Darbonne WC, Henzel WJ, Wong SC, Kuang WJ, Oles
KJ, Hultgren B, Solberg LA Jr, Goeddel DV, Eaton DL: Stimulation
of megakaryocytopoiesis and thrombopoiesis by the c-Mpl ligand.
Nature 369:533, 1994

4. Lok S, Kaushansky K, Holly R, Kuijper JL, Lofton-Day CE,
Oort PJ, Grant FJ, Heipel MD, Burkhead SK, Kramer JM, Bell LA,
Sprecher CA, Blumberg H, Johnson R, Prunkard D, Ching AFT,
Mathewes SL, Balley MC, Forstrom JW, Buddle MM, Osborn SG,
Evans SJ, Sheppard PO, Presnell SR, O'Hara PJ, Hagen FS, Roth
GJ, Foster DC: Cloning and expression of murine thrombopoietin
cDNA and stimulation of platelet production in vivo. Nature
369:565, 1994

5. Kaushansky K, Lok S, Holly R, Broudy VC, Lin N, Balley
MC, Forstrom JW, Buddle MM, Oort PJ, Hagen FS, Roth GJ, Papa-
yoannopoulou T, Foster DC: Promotion of megakaryocyte progeni-
tor expansion and differentiation by the c-Mpl ligand thrombopoie-
tin. Nature 369:568, 1994

6. Wendling F, Maraskovsky E, Debili N, Florindo C, Teepe M,
Titeux M, Methia N, Breton-Gorious J, Cosman D, Vainchenker W:
c-Mpl ligand isahumoral regulator of megakaryocytopoiesis. Nature
369:571, 1994

7. Bartley TD, Bogenberger J, Hunt P, Li YS, Lu HS, Martin F,
Chang MS, Sama B, Nichol JL, Swift S, Johnson MJ, Hsu RY,
Parker VP, Suggs S, Skrine JD, Merewether LA, Clogston C, Hsu
E, Hokom MM, Hornkohl A, Choi E, Pangelinan M, Sun Y, Mar
V, McNinch J, Simonet L, Jacobsen F, Xie C, Shutter J, Chute H,
Basu R, Selander L, Trollinger D, Sieu L, PadillaD, Trail G, Elliott
G, lzumi R, Covey T, Crouse J, Garcia A, Xu W, Del Castillo J,
Biron J, Cole S, Hu CT, Pacifici R, Ponting I, Saris C, Wen D,
Yung YP, Lin H, Bosselman RA: Identification and cloning of a
megakaryocyte growth and development factor that is a ligand for
the cytokine receptor Mpl. Cell 77:1117, 1994

8. Kaushansky K: Thrombopoietin: The primary regulator of
platelet production. Blood 86:419, 1995

9. Hunt P, Li Y-S, Nichol JL, Hokom MM, Bogenberger JM,
Swift SE, Skrine JD, Hornkohl AC, Lu H, Clogston C, Merewether
LA, Johnson MJ, Parker V, Knudten A, Farese A, Hsu RY, Garcia
A, Stead R, Bosselman RA, Bartley TD: Purification and biologic
characterization of plasma-derived megakaryocyte growth and de-
velopmental factor. Blood 86:540, 1995

10. Kaushansky K, Broudy VC, Lin N, Jorgensen MJ, McCarty
J, Fox N, Zucker-Franklin D, Lofton-Day C: Thrombopoietin, the
Mpl ligand, is essential for full megakaryocyte development. Proc
Natl Acad Sci USA 92:3234, 1995

11. Debili N, Wendling F, Cosman D, Titeux M, Florindo C,
Dusanter-Fourt 1, Schooley K, Methia N, Charon M, Nador R, Bet-
taieb A, Vainchenker W: The Mpl receptor is expressed in the mega-
karyocytic lineage from late progenitors to platelets. Blood 85:391,
1995

12. Banu N, Wang JF, Deng B, Groopman JE, Avraham H: Mod-
ulation of megakaryocytopoiesis by thrombopoietin: The c-Mpl li-
gand. Blood 86:1331, 1995

13. Guerriero R, Testa U, Gabbianelli M, Mattia E, Montesoro
E, Macioce G, Pace A, Ziegler B, Hassan HJ, Peschle C: Unilineage
megakaryocytic proliferation and differentiation of purified hemato-
poietic progenitorsin serum-freeliquid culture. Blood 86:3823, 1995

14. Gurney AL, Caver-Moore K, de Sauvage FJ, Moore MW:
Thrombocytopeniain c-mpl deficient mice. Science 265:1445, 1994

15. Chen J, Herceg-Hariacek L, Groopman JE, Grabarek J. Regu-

ZAULI ET AL

lation of platelet activation in vitro by the c-Mpl ligand, thrombo-
poietin. Blood 86:4054, 1995

16. Philips DR, Charo IF, Parise LV, Fitzgerald LA: The platelet
membrane glycoprotein I1b-111a complex. Blood 71:831, 1988

17. Murray LJ, Mandich D, Bruno E, DiGiusto RK, Fu W-C,
Sutherland DR, Hoffman R, Tsukamoto A: Fetal bone marrow
CD34" CD41" cells are enriched for multipotent hematopoietic pro-
genitors, but not for pluripotent stem cells. Exp Hematol 24:236,
1996

18. Dolzhanskiy A, Basch RS, Karpatkin S: Development of hu-
man megakaryocytes: |. Hematopoietic progenitors (CD34" bone
marrow cells) are enriched with megakaryocytes expressing CDA4.
Blood 87:1353, 1996

19. Shattil SJ, Hoxie JA, Cunningham M, Brass LF: Changes in
the platelet membrane glycoprotein Ilbllla complex during platelet
activation. J Biol Chem 260:11107, 1985

20. Kovacsovics TJ, Bachelot C, Toker A, Vlahos CJ, Duckworth
B, Cantley LC, Hartwig JH: Phosphoinositide 3-kinase inhibition
spares actin assembly in activating platelets but reverses platelet
aggregation. J Biol Chem 270:11358, 1995

21. Handagama P, Scarborough RM, Shuman MA, Bainton DF:
Endocytosis of fibrinogen into megakaryocytes and a pha-granules
is mediated by aphallb (glycoprotein I1b-1118). Blood 82:135, 1993

22. Martin P, Papayannopoulou T. HEL cells: A new human
erythroleukemia cell line with spontaneous and induced globin ex-
pression. Science 216:1233, 1982

23. Long MW, Heffner CH, Williams JL, Peters C, Prochownik
EV: Regulation of megakaryocyte phenotype in human erythroleuke-
mia cells. J Clin Invest 85:1072, 1990

24. Namciu S, Lieberman MA, Stavnezer E: Induction of the c-
ski proto-oncogene by phorbol ester correlates with induction of
megakaryocyte differentiation. Oncogene 9:1407, 1994

25. Zauli G, Bassini A, Catani L, Gibellini D, Celeghini C, Bor-
gatti P, Caramelli E, Guidotti L, Capitani S: PMA-induced megakar-
yocytic differentiation of HEL cellsisaccompanied by striking modi-
fications of protein kinase C catalytic activity and isoform
composition at the nuclear level. Br J Haematol 92:530, 1996

26. Salgado F, Fischer E, Kikly K, Pelus LM, Erickson-Miller
C: Megakaryocytic differentiation of M-07e and HEL cell lines but
not of K562 or UT7-Epo cell linesinduced by thrombopoietin. Blood
86:366a, 1995 (abstr, suppl. 1)

27. Powis G, Bonjouklian R, Bergren MM, Gallegos A, Abraham
R, Ashendel C, Zakow L, Matter WF, Dodge J, Grindey G, Vlahos
CJ: Wortmannin, a potent and selective inhibitor of phosphatidylino-
sitol 3-kinase. Cancer Res 54:2419, 1994

28. Skorski T, Kanakaraj P, Nieborowska-Skorska M, Ratajczak
MZ, Wen S-C, Zon G, Gewirtz AM, Perussia B, Calabretta B:
Phosphatidylinositol-3 kinase activity is regulated by BCR/ABL and
isrequired for the growth of Philadel phiachromosome-positive cells.
Blood 86:726, 1995

29. Zauli G, Vitde M, Gibellini D, Capitani S: Inhibition of
purified CD34" hematopoietic progenitor cells by HIV-1 or gpl120
is mediated by endogenous TGF-41. J Exp Med 183:99, 1996

30. Auger KR, Serunian LA, Soltoff SP, Libby P, Cantley LC:
PDGF-dependent tyrosine phosphorylation stimulates production of
novel polyphosphoinositides in intact cells. Cell 57:167, 1989

31. Ginsberg MH, Forsyth J, Lightsey A, Chediak J, Plow EF:
Reduced surface expression and binding of fibronectin by thrombin-
stimulated thrombasthenic platelets. J Clin Invest 71:619, 1983

32. Zhang Z, Vuori K, Reed JC, Ruodlahti E: The a541 integrin
supports survival of cells on fibronectin and up-regulates Bcl-2 ex-
pression. Proc Natl Acad Sci USA 92:6161, 1995

33. Guinebault C, Payrastre B, Racaud-Sultan C, Mazarguil H,
Breton M, Mauco G, Plantavid M, Chap H: Integrin-dependent trans-
location of phosphoinosidite 3-kinase to the cytoskeleton of throm-

20z dunr $0 uo 1s8nb Aq Jpd'€88/9801 | i 1/€88/€/68/Pd-8l01E/POO|q/1OU"SUONEDIGNdYSE//:dNY WOy papeojumod



TPO ENHANCED ADHESION OF MEGAKARYOCYTES

bin-activated platelets involves specific interactions of p85a with
actin filaments and focal adhesion kinase. J Cell Biol 129:831, 1995

34. Rodriguez-Linares B, Watson SP: Thrombopoietin potentiates
activation of human platelets in association with JAK2 and TYK2
phosphorylation. Biochem J 316:93, 1996

35. Clark EA, Brugge JS: Integrins and signal transduction path-
ways: The road taken. Science 268:233, 1995

36. O'Toole TE, Katagiri Y, Faull RJ, Peter K, Tamura R, Qua-
ranta V, Loftus JC, Shattil SJ, Ginsberg MH: Integrin cytoplasmic
domains mediated inside-out signa transduction. J Cell Biol
124:1047, 1994

37. Vefaillie CM, McCarthy JB, McGlave PB: Differentiation of
promitive human multipotent hematopoietic progenitors into single
lineage clonogenic progenitorsis accompanied by aterationsin their
interaction with fibronectin. J Exp Med 174:693, 1991

38. Kerst M, Sanders JB, Slaper-Cortenbach ICM, Doorakkers
MC, Hooibrink B, van Oers RHJ, von dem Borne AEG, van der
Schoot CE: @441 and o541 are differentially expressed during my-
elopoiesis and mediate the adherence of human CD34" cells to
fibronectin in an activation-dependent way. Blood 81:344, 1993

39. Yamada KM, Miyamoto S: Integrin transmembrane signaling
and cytoskeletal control. Curr Biol 7:681, 1995

40. Panayotou G, Waterfield MD: Phosphatidyl-inositol 3-kinase:
A key enzyme in diverse signaling processes. Tr Cell Biol 2:358,
1992

41. Nakanishi H, Brewer KA, Exton JH: Activation of the {
isoenzyme of protein kinase C by phosphatidylinositol 3, 4, 5-tris-
phosphate. J Biol Chem 268:13, 1993

42. Weng Q-P, Andrabi K, Klippel A, Kozlowski MT, Williams
LT: Phosphatidylinositol 3-kinase signals activation of p70 S6 kinase
in situ through site-specific p70 phosphorylation. Proc Natl Acad
Sci USA 92:5744, 1995

43. Hong Y, Martin JF, Vainchenker W, Erusalimsky JD: Inhibi-
tion of protein kinase C suppresses megakaryocytic differentiation
and stimulates erythroid differentiation in HEL cells. Blood 87:123,
1996

44. Boudignon-Proudhon C, Patel PM, Parise LV: Phorbol ester
enhances integrin o ,5:-dependent adhesion of human erythroleu-
kemic cells to activation-dependent monoclonal antibodies. Blood
87:968, 1996

45. Loh E, Beaverson K, Vilaire G, Qi W, Mortimer P, Bennett
JS: Agonist-stimulated ligand binding by the platelet integrin a,83
in a lymphocyte expression system. J Biol Chem 270:18631, 1995

46. Woscholski R, Dhand R, Fry MJ, Waterfield MD, Parker PJ:
Biochemical characterization of the free catalytic pl10a and the
complexed heterodimeric p110-p85 forms of the mammalian phos-
phatidylinositol 3-kinase. J Biol Chem 269:25067, 1994

47. Kim H-H, Sierke SL, Koland JG: Epidermal growth factor-

895

dependent association of phosphatidylinositol 3-kinase with the
erbB3 gene product. J Biol Chem 269:24747, 1994

48. Sung CK, Sanchez-Margalet V, Goldfine ID: Role of p85
subunit of phosphatidylinositol-3-kinase as an adaptor molecule
kinking the insulin receptor, p62, and GTPase-activating protein. J
Biol Chem 269:12503, 1994

49. Coughlin SR, Escobedo JA, Williams LT: Role of phosphati-
dylinositol kinase in PDGF receptor signal transduction. Science
243:1191, 1989

50. Kapeller R, Prasad KVS, Janssen O, Hou W, Schaffhausen
BS, Rudd CE, Cantley LC: Identification of two SH3-binding motifs
in the regulatory subunit of phosphatidylinositol 3-kinase. J Biol
Chem 269:1927, 1994

51. Cheatham B, Vlahos CJ, Cheatham L, Wang L, Blenis J,
Kahn CR: Phosphatidylinositol 3-kinase activation is required for
insulin stimulation of pp70 S6 kinase, DNA synthesis, and glucose
transporter trandocation. Mol Cell Biol 14:4902, 1994

52. Roche S, Koegl M, Courtneidge SA: The phosphatidylinositol
3-kinase ais required for DNA synthesis induced by some, but not
al, growth factors. Proc Natl Acad Sci USA 91:9185, 1994

53. Rottapel R, Reedijk M, Williams DE, Lyman SD, Anderson
DM, Pawson T, Bernstein A: The Steel/W transduction pathway:
kit autophosphorylation and its association with a unique subset of
cytoplasmic signalling proteins is induced by the Steel factor. Mol
Cell Biol 11:3043, 1991

54. Damen JE, Mui AL-F, Puil L, Pawson T, Krystal G: Phospha-
tidylinositol 3-kinase associates, via its Src homology 2 domains
with the activated erythropoietin receptor. Blood 81:3204, 1993

55. Redijk M, Liu X, Pawson T: Interactions of phosphortidyl-
inositol kinase, GTPase-activity protein (GAP), and GA P-associated
proteins with the colony-stimulating factor receptor. Mol Cell Biol
10:5601, 1990

56. Corey S, Equinoa A, Puyana-Theall K, Bolen JB, Cantley L,
Mollinedo F, Jackson TR, Hawkins PT, Stephens LR: Granulocyte
macrophage-colony stimulating factor stimulates both association
and activation of phosphoinositide 30H-kinase and Src-related tyro-
sine kinase(s) in human myeloid derived cells. EMBO J 12:2681,
1993

57. Shimizu Y, Mobley JL, Finkelstein LD, Chan ASH: A role
for phosphatidylinositol 3-kinase in the regulation of 41 integrin
activity by the CD2 antigen. J Cell Biol 131:1867, 1995

58. Drachman JG, Griffin JD, Kaushansky K: The c-Mpl ligand
(thrombopoietin) stimulates tyrosine phosphorylation of Jak2, Shc,
and c-Mpl. J Biol Chem 270:4979, 1995

59. Dexter TM: Haemopoiesis in long-term bone-marrow cul-
tures. A review. Acta Haematol 62:299, 1979

60. Zuckerman KS, Wicha MS: Extracellular matrix production
by the adherent cells of long term murine bone marrow cultures.
Blood 61:540, 1983

20z dunr $0 uo 1s8nb Aq Jpd'€88/9801 | i 1/€88/€/68/Pd-8l01E/POO|q/1OU"SUONEDIGNdYSE//:dNY WOy papeojumod



